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Estimation of biological availability after oral drug
administration when the drug is eliminated by urinary
excretion and metabolism

Most drugs undergo “first-pass™ metabolism in the liver after oral administration and
the reduction of the total area below the blood concentration-time curve, following
oral drug administration, compared with that obtained after intravenous drug
administration cannot be regarded as a correct estimate of biological availability.

Pharmacokinetic models (see Fig. 1) that account for the “first-pass” effect require
orally administered drug to be absorbed into a peripheral compartment from which
drug elimination occurs, whereas intravenously given drug is absorbed directly into the
central compartment (Gibaldi, Boyes & Feldmann, 1971; Vaughan & Beckett, 1974).
In these pharmacokinetic models the vascular site being sampled is regarded as an
integral part of the central compartment and the liver as an integral part of the
peripheral compartment.

Gibaldi & others (1971) have derived an expression (eqn 1) by which the fraction
of an orally administered dose absorbed into the hepatic portal system and the extent
of “first-pass’ metabolism can be calculated.

Areaoral F (flow rate)
Arealv ~ flow rate 4+ F dose/areacrsl

O

In equation 1, flow rate is the hepatic blood flow, area®ra! and arealv are the total
areas below the blood level-time curve obtained after oral and intravenous drug
administration respectively, dose is the oral drug dose and F is the fraction of the
oral dose absorbed. When applying equation 1 the mean hepatic blood flow of
1:53 litre min—* (Bradley, Ingelfinger & Bradley, 1952) is used.

Equation 1 has been extensively used in biopharmaceutical studies (Gibaldi &
others, 1971; Perrier, Gibaldi & Boyes, 1973; Johnsson, Norrby & Solvell, 1967 ;
Boyes, Scott & others, 1971; Cohen, Bakke & Davies, 1974).
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FiG. 1. A general linear mammillary model consisting of n compartments, of which n-1 are
reversibly connected to the central compartment. Drug elimination is allowed from any compart-
ment.

n
By definition E, = K, + z Ky By = Ky + Km and E; = Ky, + Kjo

J
forj =3 ton. K¢and Kn are the first-order rate constants for urinary excretion and drug
metabolism respectively; K,; and K;; are the first-order constants for drug transference from
compartments 1 to j and from compartment j to 1 respectively; Kjo is the first-order rate constant
for drug elimination from compartment j for j = 3 to n. )

The purpose of this communication is to demonstrate that eqn 1 is only strictly
applicable to drugs that are exclusively eliminated from the body by hepatic meta-
bolism and to derive an equation applicable to drugs that are eliminated by urinary
excretion and hepatic metabolism.

The ratio of the total areas below the blood level-time curves after oral (areacral)
and intravenous (area!v) drug administration, or the ratio of the cumulative urinary
excretion of unchanged drug, normalized in respect to the doses, is given by:

Areaoral Ky F K, F

Area? — Ky +Km B @)

In eqn 2 K, is the first-order rate constant for drug transfer from the peripheral
compartment (designated compartment 2) to the central compartment (designated
compartment 1) and Ky is the first-order rate constant for drug metabolism or
elimination in compartment 2 (see Fig. 1); F is the fraction of the oral dose absorbed.

The expression (eqn 2) is true for all linear mammillary models of the type shown
in Fig. 1 and is independent of both the absorption rate constant and the urinary
excretion rate constant (Vaughan & Trainor, 1975).

Equation 1 can be derived from eqn 2; this requires the multiplication of the numer-
ator and denominator on the right hand side of eqn 2 by V, (the volume of compart-
ment 2) and substitution of K,, V, for flow rate (Bischoff & Dedrick, 1968). Assuming
the identity of KmV, = F dose/area®ra! (Gibaldi & others, 1971) then substitution
into eqn 2 results in eqn 1.

However, the total area below the blood level-time curve following oral drug
administration is given by eqn 3 (Vaughan & Trainor, 1975) as:

F DK,
Areaoral  — 3)
ViE | B — > Kika
B
j=

In eqn 3; D is the dose of orally administered drug; E,, E, and E; are the sums of
first-order exit rate constants out of compartments 1, 2 and j respectively (j = 3ton);
K,; and Kj, are the respective first-order rate constants for drug transfer from com-
partment 1 to j and from compartment j to 1; n is the number of compartments in
the phamacokinetic model (see Fig. 1).
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Assuming that drug elimination occurs only from compartments 1 and 2 (i.e. via
metabolism and urinary excretion) then in eqn 3 E; = Ky, for j =3 to n. From
eqn 3 by using the identity V,/V, = K4 /K,, it can be shown that KnV, = F dose/

area°r® only when
n
E, = Z Ky

i=2

This latter condition does not allow drug to be excreted from the central compartment
via the urine (i.e. the total dose of administered drug is eliminated by metabolism).
Clearly this condition does not apply for most drugs.

When urinary excretion as well as drug metabolism occurs in the body, the ratio
FD/area°r! ig given by eqn 3 as

F.D. ViE, KKy KoE,
NN K,y |:Ke + K E, 2| B+ K,, @)

The last term in eqn 4 is obtained by substitution of V,K,,/K,, for V,. Using eqn 4 and
the identity flow rate = V,K,; then:
Flow rate K21

Dose. F~ (%)
reaoral Ez (1 + )

Flow rate +

Solving eqn 5 for K,,/E, and substitution into eqn 2 gives:

Areao™ K, .F F flow rateose B
Areal? E, flow rate 4 aTeaoTel K12

The last term in eqn 6, Ke i is identical to KWy Since V;/V, = Ky /K,

K12 K12V1
and V,K,, = flow rate then V,K;, = flow rate. The term K.V, is identical to
the renal clearance of a drug. Renal clearance is the gradient of a plot of urinary
excretion rate of unchanged drug versus the blood concentrations of drug. Substi-
tution of these latter two identities into eqn 6 gives

Areaoral F flow ratedose ]  Tenal clearance renal clearance 7
Arealv flow rate + ——— " flow rate

are aora.l

The equation presented is general and independent of the number of compartments
in the disposition model (see Fig. 1). If the fraction of the oral dose absorbed is
equated to one then eqn 8 can be used to estimate the extent of hepatic ““first pass™
metabolism in situations where for various reasons it is not possible to administer an
intravenous drug dose.

To estimate F, the fraction of an oral dose that is absorbed into the hepatic portal
system, a rearranged form of eqn 7 can be useful, viz:

Area%rdl, flow rate

IjArea“’(l + W). flow rate] —(dose) (®)
flow rate

F =
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As is indicated by eqn 8, neglect of renal drug clearance results in underestimation
of the percentage of an oral drug dose not absorbed (i.e. (1-F).100). The following
abstract example illustrates the importance of renal clearance values in these calcu-
lations. Consider two drugs with respective renal clearances of 120 and 500 ml min—1
whose total areas below the blood concentration time curves after oral and intravenous
administration of a unit dose are 0-373 and 1-12 respectively. Then by neglect of
renal clearances the amount of drug unabsorbed after oral administration is calculated
(eqn 1) as 20 %, whereas by application of eqn 8, 32 (renal clearance = 120 ml min-?)
and 539 (renal clearance = 500 ml min—?') of the drug dose remains unabsorbed.

Since in eqn 8 the area!v, area® and renal clearance are subject to individual
variations the estimated value of F is also subject to statistical variation. Since these
variables are not directly controllable their influence can be best diminished by increas-
ing the number of determinations to obtain a better estimate of F. An estimation
of the expected standard deviation of F can be obtained by considering the three
variables as stochastically independent and using the addition theorem: this gives

8 = V28%y + 8% + 8% where 8%y, 8% and 8%, are the respective variances of
arealv, area®! and renal clearance. Assuming a standard deviation of 5-109 about
the mean values of arealv, area®r®! and renal clearance then 8 would have a standard
deviation between 10 to 20 9/ about its mean value. Standard deviations of 39} about
the mean cumulative urinary excretion of pentazocine, codeine and dihydrocodeine,
under conditions of an acidic urinary pH, have been observed (Vaughan, 1972)
and recent observations on the renal clearance of pethidine (Vaughan & Chan,
unpublished data) indicate a similar deviation. Consequently, it would seem that
standard deviations of between 5-109, for the three variables are realistic.

The application of eqns 8 and 9 assume that the total area under the blood concen-
tration-time curves for both oral and intravenous drug administration are linearly
related to the dose (i.e., the principle of superposition applies). Some drugs show dose
dependent kinetics and their availability increase with dose. However, the appli-
cations of eqns 7 and 8 are valid provided the doses used lie within a range in which the
total areas under the blood-concentration time curves for both oral and intravenous
administration are apparantly linear with respect to the dose and parallel to each other.

In conclusion, despite urinary excretion of unchanged drug the blood flow equations
(eqns 7 and 8) provide a minimum estimation of the “first-pass™ effect and can be
useful for estimating the biological availability of orally administered drugs.
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