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ABSTRACT Purpose. For simple pharmacokinetic
compartmental models, analytical solution to the
governing differential equations along with common
graphical methods provide a mean to evaluate the
associated rate constants. These graphical methods,
however, can not be used for the more complex
multi-compartment models. Furthermore, parameter
estimation using slope and intercept values from the
graphical methods is often accompanied with error.
In this study a numerical solution is applied for the
solution of the governing differential equations and a
simple direct search optimization procedure utilizing
random numbers is used for pharmacokinetic
parameter estimation. Method. The methodology is
demonstrated with reference to experimental
literature data for ciprofloxacin and ofloxacin whose
pharmacokinetic behavior has been reported in terms
of a two-compartment model. Results. Examination
of the predicted drug concentrations from the
graphical method and the optimization methodology
indicate that both methods have comparable accuracy
in predicting the drug concentrations. The graphical
method, however, only shows good accuracy in the
carly stages both after and oral drug
administration whereas the optimization procedure,
due to the nature of the objective function
formulation, provides good accuracy over the entire
range of times after drug administration.
Conclusions. The methodology is simple, provides
optimized parameters which accurately predict drug
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concentrations, and is flexible to include more weight
on the early-time data or be extended to multi-
compartment models.

INTRODUCTION

Pharmacokinetic models are used to describe drug
absorption, distribution, and elimination in human
and animal body. In these models, the body is
described in terms of one or more compartments to
and from which drugs could be absorbed, transferred,
and eliminated according to simple kinetic rate
expressions. These expressions result in one or more
ordinary differential equations with time as the
independent variable. The solution to these equations
would give the drug concentration in each
compartment as a function of time. For the simple
single-compartment and two-compartment models,
analytical solutions for the governing differential
equations are readily available and simple graphical
techniques can be wused for pharmacokinetic
parameter estimation. These graphical methods,
however, are only applicable for simple models and
can not be used for the more complex multi-
compartment models. Furthermore, parameter
estimation using slope and intercept values from the
graphical methods is often accompanied with error.
In this study a numerical solution is applied for the
solution of the governing differential equations and a
simple direct search optimization procedure utilizing
random numbers is used for pharmacokinetic
parameter  estimation. This  methodology is
demonstrated with reference to experimental
literature data for ciprofloxacin and ofloxacin. The
pharmacokinetic behavior of these antibacterial drugs
which belong to the flouroquinolones family has been
reported in terms of two-compartment models.
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Single Compartment Models

Compartmental models have been used extensively to
describe the time course of drugs in the body. The
simplest of such models is the single compartment
model. Drug elimination from this compartment is
represented by a first order elimination rate constant,
kg. In the case of an i.v. dose, the drug concentration
in the compartment (plasma concentration) is given
by the following expression:

C = Cye KE! (1)
where C, is the initial drug concentration and C is the
drug concentration in the plasma which could be
measured experimentally from blood samples taken
at different times. In the case where administration of
drug into the central compartment is via infusion with
a zero order rate constant, the following expression is
obtained:

kit
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kg
For an oral dose, absorption of drug into the central
compartment is usually represented by a first order

absorption rate constant, k,, and analytical solution to
the governing differential equations results in the
following expression for the drug concentration:
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where Vc is the volume of the central
compartment and Xp is the drug dose.
Pharmacokinetic parameters for the single
compartment models can be estimated from the
experimental drug concentration as a function of
time, C, using common graphical procedures
outlined elsewhere (1).

Multi-Compartment Models

In multi-compartment pharmacokinetic models, the
body is considered in terms of two or more
compartments including a central compartment.
Distribution of drug can occur in all compartments
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whereas absorption and elimination is usually
considered for the central compartment only.
Although various multi-compartment models have
been proposed (1), the pharmacokinetic behavior of
most drugs can be represented by single or two
compartment models. For the two compartment
model with an 1i.v. bolus dose, the governing
differential equations and associated initial conditions
are as follows:

dC
d_tl = —kpC —kgC Tk G 4)
dC
—2 =k, C - ky Gy (5
dt
att—O,Cl=Cl,maX,C2=0 (6)

where C .y 1S the initial drug concentration in the
central compartment after i.v. bolus dose and C, and
C, are the drug concentration in the central and
second compartment, respectively. The equations for
a two compartment model with an oral dose are
similar except that an additional term involving drug
absorption in to the central compartment is
considered with a first order absorption constant k,.
The governing differential equations and associated
initial conditions are as follows:

d G
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d

where V4 is the drug volume of distribution.
Analytical solution results in the following
expressions for the drug concentration in the central
compartment:

-0t | g e—Bt

C; = Ae (11)
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Cy (12)
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Equation (11) is for an i.v. bolus dose and equation
(12) is for an oral dose. The parameters, for example

L, M, N, o, B, and k; in the case of an oral dose, are

combinations of various pharmacokinetic rate

constants (kg, kg, ki2, and ky;) and can be obtained
from the slope and intercept values of semilog plots
of drug concentration versus time using the Residual
Method as outlined elsewhere (1). A shortcoming of
this method is the error that can be associated with
the estimated parameter values specially when there
is some scatter in the experimental data. Here a
methodology is developed to obtain optimized model
parameters which minimizes an objective function
defined as the sum of squares of deviations between
predicted and experimental drug concentrations in the
central compartment. Predicted values are obtained
by numerical solution of the governing differential
equations using the fourth order classical Runge-
Kutta method (2). The optimization method is based
on a direct search algorithm with systematic
reduction of the search region (3).

Pharmacokinetic Parameter
Direct Search Optimization

Estimation using

The flowchart of the direct search optimization
algorithm for pharmacokinetic parameter estimation
is presented in Figure 1. Initially, an upper and lower
bound for each parameter is specified. The lower
bound for non-negative rate constants is taken as
zero. The upper bound can be specified by an
arbitrary high value that covers the range of values
typically reported in the literature. The mid point for
each parameter range is taken as the initial estimate
of the optimum parameter values. Determination of
the optimum parameters within the specified search
region proceeds by selecting a parameter value from
each range using random numbers. The governing
differential equations are then solved numerically
using the randomly selected parameters to obtain the
drug concentration in the central compartment at
different times.

For this purpose, the fourth order classical Runge-
Kutta method (2) with a step size of 0.01 hour is
used. The predicted drug concentrations are used to
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objective function, OF

set iteration counter i = 1
set iteration counter j = 1
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v
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to select parameter values
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v
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|
v
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Figure 1. Flowchart of the optimization algorithm for

parameter estimation

evaluate an objective function for optimization which
is formulated as follows:

P
OF = 2 (Ci,exp - Ci,calc )2 (13)
i=1
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where Ciep and Cice are the experimental and
predicted drug concentration in the central
compartment, respectively, and P is the number of
experimental measurements. The optimum parameter
values are those which minimize the above objective
function. The algorithm proceeds by another random
selection of parameters from the search regions and
subsequent evaluation of the objective function. The
procedure is repeated N1 times and the set of
parameters which results in the least value for the
objective function is stored as the optimum set for the
search region. The proposed value for N1 is between
100 and 500 (3) and in this study 100 is used. The
above procedure is repeated after a reduction of the
search region; the range for each parameter is
reduced by a factor of (1-€). The proposed value for
€ is between 0.005 and 0.05 (3) and in this study a
value of 0.05 is used. The number of reductions of
the search region, N2, used in this study was 200.

RESULTS

The above algorithm was applied for analysis of
available clinical data for ciprofloxacin and ofloxacin
whose pharmacokinetic behavior have been reported
in terms of a two compartment model (4-10). The
available data which are reported in Figures 2 and 3
for ciprofloxacin and ofloxacin, respectively,
represent i.v. and oral doses for healthy adults and
children as well as adults with respiratory problems.
The pharmacokinetic parameters obtained from
both the graphical method and the methodology
described in this work are summarized in Table L

DiSCUSSION

Examination of Figures 2 and 3 indicate that both the
graphical method and the procedure outlined in this
paper have comparable accuracy in predicting the
drug concentration in the central compartment. In
most cases, the graphical method only shows good
accuracy in predicting the drug concentration in the
early stages both after i.v. and oral administration of
drug whereas the procedure described in the paper
provides good agreement between predicted and
experimental drug concentration over the entire range
of times after drug administration as indicated by
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significantly lower values of the objective function
(Table I) for this method as compared with those for
the graphical method.
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Figure 2. Ciprofloxacin concentration in the central
compartment for healthy adults after a) 400 mg i.v.
bolus dose, b) 500 mg oral dose, and c) 250 mg oral
dose. In all the figures, filled triangles represent
experimental data obtained from clinical studies
reported in the literature. Hollow squares with solid
the

in the central

lines represent predicted values of drug

concentration compartment using
pharmacokinetic parameters that are obtained by
common graphical methods (1). Hollow circles and
dotted

concentration

lines represent predicted values of drug

in the central compartment using
pharmacokinetic parameters that are obtained by the

methodology described in this study.

The value of the objective function provides a
measure of deviations between predicted and
experimental drug concentrations. The lower the
value of the objective function, the more accurate are
the predicted drug concentrations. In the
methodology described in this paper, the optimized
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pharmacokinetic parameters are those which
minimize the objective function. Since in the
formulation of the objective function experimental
points are included in both the early and late stages
after drug administration, the optimized model
parameters provide accurate predictions over the
entire range of times after drug administration. The
optimized parameters reported in Table I correspond
to an objective function in which equal weights are
placed on both the early and late time experimental
points. By introducing weighting factors in the
formulation of the objective function, more weight
can be place in the early time data (or vice versa), if
so desired. In such a case a modified objective
function would be represented by:

P
OF = z Wi (Ci,exp - Ci,calc )2

i=1

where W;’s are the weighting factors specified for
each data point. The results presented in Table I and
Figures 2 and 3 represent an objective function with
W; =1 for all data points. If one wishes to place more
weight on the early time data, the corresponding Wi
for early time experimental points could be set at a
higher value (for example 5). In such a case the
optimized parameters would result in very accurate
prediction in the early stages at the expense of a loss
in accuracy of the predicted concentrations in the late
stages.
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Figure 3. Ofloxacin concentration in the the central
compartment after a) 200 mg i.v. bolus dose for
patients with respiratory problems, b) 185 mg i.v. bolus
dose for children, c) 185 mg oral dose for children, and
d) 200 mg oral dose for healthy adults.

Table I. Summary of the pharmacokinetic parameters estimated from experimental data.

A) L.V. BOLUS DOSES

Figure # kg (h™) ki2 (h™) ky (h™) OF'
2(a)  0.464[0.398] 0.843[1.011] 0.907[1.037] 0.080 [0.110]*
3(a)  0.174[0.192] 0.320[0.256] 0.546[0.304] 0.075 [2.510]
3(b)  0.277[0.254] 0.347[0.286] 0.431[0.494] 0.017 [0.129]

B) ORAL DOSES

Figure # kg (h™) ki2 (h™) ky (h™) k, (h™) OF
2(c)  0.628[0.857] 0.844[0.781] 0.301[0.442] 0.984[2.128] 0.073[0.187]
2(b)  0.290[0.241] 0.233[0.357] 0.320[0.747] 1.489[1.721] 0.047 [0.163]
3(c)  0.039[0.262] 0.316[0.124] 0.027[0.217] 0.841[1.161] 0.355[0.880]

3(d)

0.208 [0.242]

1.010 [0.204]

2.550[0.261]

" OF is the calculated value of the objective function.

? Values inside brackets are obtained from the graphical method (1) and those outside brackets are obtained from the

optimization algorithm in this work.
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1.117[1.276]

0.019 [0.760]
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This flexibility is a major advantage of the
methodology described in this paper over common
graphical methods. Furthermore, the present
methodology can be very simply extended to the
more complex multi-compartment models.

In the case of oral administration, an important
parameter is the drug volume of distribution, V4. As
can be seen from equation (10), an important
parameter which has to be specified in the
optimization procedure is the initial condition Cy =
Xp F/V4 at t = 0. The reported literature value for
bioavalability, F, for ofloxacin and ciprofloxacin was
0.6 and 0.95, respectively. Since the drug dose in oral
administration is specified for each experiment, the
value of the optimized parameters and the
corresponding objective function value would depend
on the specified value of V4. In the case of i.v. doses,
the initial condition that has to be specified (equation
6) is C; = Cymu at t = 0 where Cl,max is the initial
drug concentration in the central compartment after
an i.v. dose which is taken as the first plasma
concentration immediately after an i.v. dose. Figure 4
indicates that in the case of ofloxacin, the optimum
value for Vd which provides the least value for the
objective function, the best estimation, is about 39
liter for adults and 21 liter for children.

The implementation of the above methodology in a
computer program is quite straight forward. Two
subroutines would be required; a subroutine for
random number generation which is available for
most programming languages, and a subroutine as a
differential equation solver using a numerical
method. If such a differential equation solver is not
available as a package, a simple explicit Runge Kutta
method (2) for solving the governing initial value
problem can be employed. Runge Kutta methods (2)
are quite simple and an algorithm along with a
computer program is readily available in many
numerical methods texts. As indicated above, the
parameter optimization is performed by a random
search in specified parameter ranges with a reduction
in the size of the search region at subsequent steps.
To implement this strategy two loops are necessary;
an outer loop which specifies the size of the search
region, and an inner loop in which parameter
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selection is made at random. The above optimization
algorithm is quite simple to implement but requires a
large computation effort; 20000 combinations of
parameters are tested.
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Figure 4. Objective function value versus volume of
distribution for a) 200 mg dose of ofloxacin for healthy
adults, and b) 185 mg oral dose of ofloxacin for
children.

CONCLUSIONS

In this paper an optimization procedure was applied
for estimation of pharmacokinetic parameters for
compartmental models. The methodology is quite
simple and provides optimized parameters which
accurately predict drug concentrations in the central
compartment over the entire range of time after both
1.v. and oral drug administration.
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