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An equation for the mean residence time (MRT) of drug in the body is derived for the system where
drug is injected intravenously into a one-compartment model and eliminated by a single, capacity-lim-
ited process. This MRT is a complex function of dose, volume, V,,, and K,, but degenerates into the
classical volume/clearance expression under limiting low-dose conditions (KX, > C;). The equation
was validated by comparison of the MRT obtained by direct calculation versus numerical area estima-
tion for simulated data. The equation may be useful analytically in the estimation of the fundamental

Michaelis—Menten parameters

, V,, and K,,, from experimental data.
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INTRODUCTION

Statistical moment analysis has become extensively
used as a noncompartmental approach to the estimation of
pharmacokinetic parameters such as plasma clearance (CL),
mean residence time (MRT), and steady-state volume of dis-
tribution (V) (1-4). The generation of these parameters by
conventional methods has been limited to linear pharmaco-
kinetic systems, and they have been qualified as dose- and
time-average values when drug disposition is nonlinear (4,5).
The purpose of this communication is to derive the mathe-
matical equation for the MRT of a drug injected intrave-
nously into a one-compartment system and eliminated by a
single, capacity-limited process based on the Michaelis—
Menten equation. Also, we will demonstrate the analytical
applicability of the derived MRT equation for generating the
relevant pharmacokinetic parameters for this type of dispo-
sition system.

THEORETICAL

The condition is assumed of intravenous injection of a
dose of drug (D) into a one-compartment system of apparent
volume of distribution, V. Drug elimination occurs by a
single saturable, Michaelis—-Menten process with a capacity
constant, V,, (units amount/time), and coefficient, K,
(units = concentration). The rate of decline of drug concen-
trations (C) with time (#) can be described by the equation

ic _V,-C
dt K.+ C
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with drug concentration at the initial condition of

Co = DIV )

The objective is to derive the coefficients of MRT as
defined (1) by

MRT=Jt~C'dt/JC'dt (3a)
0 0

or

MRT = AUMC/AUC (3b)

The AUC value has been derived previously by Wagner

(6) for this system as
(5 &)
= 4+ K,
2

[However, it should be noted that Wagner’s equation differs
from Eq. (4) by his incorporation of V into V,, to produce a
hybrid V,, term with units of amount/volume/time rather
than amount/time.]

In order to generate AUMC, rearrangement of Eq. (1)
gives

C,
AUC = V-2~ @)
v,

m

K.+ C
V.__.___.
v

m

dC = C- dt
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Multiplying both sides of Eq. (5) by the variable, ¢, yields

-V 1%
— K, t-dC ——-C-t-dC =1¢t-C-dt ©)
1% 1%

m m

It follows that

—V'—Jt-dC——JC-t'dC Jt'C-dt )
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0
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which, when solved over the integration limits of C = C, at ¢
= 0and C = 0 at ¢t = = using the method of integration by
parts, becomes

Km it V2 K,,,'C02 C03
V-——fC-dt+—- om0 =2
v w \T2v, 3v,
=fz-c~dz @®)
0

By substituting the components of Egs. (3) and (4) into Eq.
(), the result is

And on rearranging the final relationship is
V-Cy 2C, + 3K,
6V, C,+ 2K,

Ko

AUC  V,

(10)

In the limiting low-dose case such that K, is much
larger than C,, Eq. (10) reduces to

MRT = V-K,/V,, an

Also, when K,, > C, Eq. (1) can be shown to yield

CL = V,/K,, = DIAUC 12)

The latter two equations are compatible with the classic dis-
positional MRT relationship for a mammillary system having
a linear clearance process occurring from the plasma com-
partment:

MRT = V,/CL (13)

where V = V for a one-compartment model.

METHODS

An integrated form of the Michaelis—Menten equation
describing the time course of drug concentration in a one-
compartment system was initially presented by Henri in
1902 (7):

CO—C
V

m m

Km CO
+ Ve—rIn— =1t
C

V- (14)

Simulated concentration, time data based on Eq. (14) were
generated by assigning numerical values of V, (433.2
mg/da), K,, (3.62 mg/liter), and C,. For the latter, a V of 57
liters and doses (D) of 30, 100, 600, 1200, and 1800 mg were
used.

To validate Eq. (10), values of MRT at different doses
were generated by two approaches: (a) calculation of
AUMC and AUC by LaGrange cubic polynomial approxi-
mation (8) for the sets of simulated C, ¢ data and (b) calcula-
tion of MRT directly from Eq. (10). Values of MRT obtained
from both methods for the same sets of parameters, V,,, K,,,
and C,, were compared.

To illustrate the analytical applicability of Eq. (10),
values of V,, and K, were iteratively fitted (9), where MRT
values calculated by means of the LAGRAN program at dif-
ferent doses were employed as the dependent variable and
C, (D/V) served as the independent variable.
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RESULTS

The simulated concentration versus time data shown in
Fig. 1 for five drug dose levels were generated using Eq.
(14). The curves show the typical Michaelis—Menten pat-
tern, with linear disposition occurring at the low dose and a
saturation curve seen as the drug concentrations appreciably
exceed the K, value of 3.62 mg/liter. The parameters, D, C,,
AUC, AUMC, and MRT, which characterize the curves in
Fig. 1 are listed in Table 1. As shown in the table, both
methods of calculating MRT, namely, numerical integration
and direct use of Eq. (10), give the same values at each dose.

We next sought to recapture the assigned V,, and K,,
values by means of iterative fitting of Eq. (10) to the mea-
sured values of MRT. The results obtained were V,, =
432.06 mg/da and K,, = 3.60 mg/liter, which are essentially
identical to the corresponding values used to originally gen-
erate the curves.

DISCUSSION

The pharmacokinetic term MRT, the average duration
of time that drug molecules remain in the body after intro-
duction into the plasma compartment, is a constant in linear
pharmacokinetic systems as it relates directly to constant
parameters such as V and CL as shown in Eq. (13). The
calculation of MRT using Eq. (3) has not been considered to
be directly meaningful for a saturable elimination process.
Indeed, this has been verified by our demonstration that the
AUMC/AUC ratio for a plasma disposition profile of a Mi-
chaelis-Menten process is related to dose, V,,, and K,,, in a
complex fashion [Eq. (10)]. However, by knowing the struc-
ture of the MRT equation for a nonlinear process, it is pos-
sible to utilize such a relationship in an iterative analytical
fashion, i.e., to estimate values of V,, and K,, given C,,
AUC, and AUMC. Unfortunately, because the function pro-
duces a cubic polynomial, it is not convenient to rearrange
Eq. (10) to generate V,, and K,,,.

CONCENTRATION, mg/L

TIME, days

Fig. 1. Simulated concentration—time profiles using Eq. (14)
with V,, = 433.20 mg/da, K,, = 3.62 mgliter, V4 = 57 liters,
and the indicated drug doses.
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Table I. Comparison of MRT Values Predicted by Eq. (10) and
Those Obtained by Numerical Integration of Simulated Data at
Different Doses of Drug

AUCH AUMCH

Dose Cy (mg - da/ (mg - da%/ MRT“ MRT?
(mg) (mg/liter) liter) liter) (da) (da)
1800 31.58 80.75 145.25 1.80 1.80
1200 21.05 39.16 52.44 1.34 1.34
600 10.53 12.29 10.96 0.89 0.89
100 1.75 1.03 0.56 0.54 0.54
30 0.53 0.27 0.13 0.49 0.49

¢ Estimated by numerical integration using Eq. (3) and data from
Fig. 1.
b Predicted from Eq. (10).

This report further demonstrates the utility of moment
analysis as an analytical method for resolving the funda-
mental parameters of any pharmacokinetic model. Moment
analysis can often be used along with the more conventional
approaches of deriving explicit equations to describe the
time course of plasma, tissue, and excretory drug concen-
trations or amounts and the use of computer numerical inte-
gration techniques to arrive at parameters of assigned differ-
ential equations. As indicated here it is often feasible to de-
velop solutions for the moments of a pharmacokinetic
function which, in turn, can be used to solve for the basic
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clearance and volume parameters of interest (4). Further ef-
forts are needed to extend this approach to additional routes
of administration and polyexponential disposition pro-
cesses.
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