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Preface

Pharmacokinetics is the study of the time course of drug absorption,
distribution, metabolism, and excretion. It also concerns the relation-
ship of these processes to the intensity and time course of pharma-
cologic (therapeutic and toxicologic) effects of drugs and chemicals,
Pharmacokinetics is a quantitative study that requires a preexisting
competence in mathematics at least through caleulus. It is also a
biologic study and can be very useful to the biomedical scientist.

At a fundamental level, pharmacokinetics is a tool to optimize the
design of biological experiments with drugs and chemicals, All bio-
logists would benefit from some knowledge of pharmacokinetics when-
ever they engage in data analysis. It has become increasingly impor-
tant in the design and development of new drugs and in the reass-
essment of old drugs. Clinical applications of pharmacokinetics have
resulted in improvements in drug utilization and direct benefits to
patients.,

There is consensus that the origin of pharmacokinetics can be
traced to two papers entitled "Kinetics of distribution of substances
administered to the body" written by Torsten Teorell and published
in the International Archives of Pharmacodynamics in 1937. Since
this unheralded beginning, the study of pharmacokinetics has matured
rapidly; undoubtedly growth has been stimulated by major break-
throughs in analytical chemistry, which permit us to quantitatively
detect minute concentrations of drugs and chemicals in exceedingly
small volumes of biological fluids, in data processing, and by the bril-
liant insights of many scientists. Dost, Kruger-Theimer, Nelson,
Wagner, Riegelman, and Levy are among those scientists and must be
reserved a special place in the history of the development of phar-
macokinetics.,

Our goals in preparing this revision were similar to those that
prompted us to undertake the initial effort. The need for revision
was amply clear to us each time we looked at our files, bulging with
research papers and commentaries on pharmacokinetic methods and

iii



v Preface

applications published since 1975, The buzz words today are clearance
concepts, noncompartmental models, and physiologic pharmacokinetics.
Again, we strived to present the material in an explicit and detailed
manner, We continue to believe that Pharmacokinetics can be used in
formal courses, for self-study, or for reference purposes.

We thank our colleagues for their work and publications, our
staffs for their labors and support, and our families for their love

and understanding.

Milo Gibaldi
Donald Perrier
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7

Nonlinear Pharmacokinetics

At therapeutic or nontoxic plasma concentrations, the pharmacokinetics
of most drugs can be adequately described by first-order or linear
processes. However, there are a small number of well-documented
examples of drugs which have nonlinear absorption or distribution
characteristics [e.g., ascorbic acid [1] and naproxen [2,3], re-
spectively], and several examples drugs that are eliminated from

the body in a nonlinear fashion.

MICHAELIS-MENTEN KINETICS

Drug biotransformation, renal tubular secretion, and biliary secretion
usually require enzyme or carrier systems. These systems are rel-
atively specific with respect to substrate and have finite capacities
(i.e., they are said to be capacity limited). Frequently, the kinetics
of these capacity-limited processes can be described by the Michaelis-
Menten equation:

_Q(_::—-_—Vmc (7.1)
dt K_+C '

where —dC/dt is the rate of decline of drug concentration at time t,
Vi the theoretical maximum rate of the process, and Ky the Michaelis
constant. It is readily seen by determining C when —dC/dt = (1/2)V
that Ky, is in fact equal to the drug concentration at which the rate

of the process is equal to one-half its theoretical maximum rate.
Equation (7.1) can be derived based on the following scheme (see
Appendix G for derivation):

k
-1 K,

E+C == EC ——» E+M
Ky

271



272 Pharmacokinetics

In this scheme C is the concentration of drug, E the concentration of
enzyme, EC the concentration of the enzyme-drug complex, and M the
concentration of metabolite. The constants kg and k_; are first-order
rate constants, and ki is a second-order rate constant. The Michaelis-
Menten equation is of value for describing in vitro and in situ as well
as certain in vivo rate processes. For in vivo systems the constants
Vm and Ky, are affected by distributional and other factors and there-
fore must be viewed as functional, model-dependent constants.

SOME PHARMACOKINETIC CHARACTERISTICS OF
MICHAELIS-MENTEN PROCESSES

There are two limiting cases of the Michaelis-Menten equation. If Kp,
is much larger than C, (7.1) reduces to

\'

dC m
3t K C (7.2
This equation has the same form as that describing first-order elimina-
tion of a drug: (1) after intravenous administration in a one-compart-
ment model, (2) in the postabsorptive phase after some other route of
administration in a one-compartment model, or (3) in the postabsorp-
tive, postdistributive phase in a multicompartment model. Assuming
apparent first-order elimination of a drug which confers one-compart-
ment characteristics to the body and which is eliminated by a single
biotransformation process, the first-order rate constant K is actually
Vm/Kp. As shown in (7.2), if treatment with an enzyme inducer
causes an increase in the amount of enzyme (and therefore of V), the
apparent first-order rate constant of the process will also be increased.
Given the fact that drug elimination is so frequently observed to follow
apparent first-order kinetics, one must conclude that the drug con-
centration in the body (or, more correctly, at the site of an active
process) resulting from the usual therapeutic dosage regimens of
most drugs is well below the Km of the processes involved in the dis-
position of these drugs.

There are some notable exceptions to this generalization and among
them are ethanol [4], salicylate [5,6], and phenytoin [7]. The elim-
ination kinetics of phenytoin [8] and ethanol [9] appear to be ade-
quately described by a single Michaelis-Menten expression, while
salicylate elimination [6] may be described by two capacity-limited
and three linear processes. Marked deviations from apparent first-
order drug elimination have also been noted frequently in cases of
drug intoxications. In the latter situation there is often some ambigu-
ity as to whether the deviations are due to capacity-limited biotrans-
formation of the high drug levels in the body [described by (7.1)] or
due to some toxicologic effect of the drug.
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Another limiting case of the Michaelis-Menten equation is that
which results when the drug concentration is considerably greater
than K. Equation (7.1) then reduces to

dacC
at m (7.3)

Under these conditions, the rate is independent of drug concentra-
tion, so that the process occurs at a constant rate V. The kinetics
of biotransformation of ethanol [4] have been observed to approach
the condition described by (7.3) even at drug levels in the body
that are appreciably lower than those considered to be toxic.

Based on the discussion above, if ~dC/dt is plotted as a function
of plasma concentration, —dC/dt would initially increase linearly
with concentration, indicating first-order kinetics (Fig. 7.1). As the
concentration increases further, —dC/dt would increase at a rate less
than proportional to concentration, and eventually asymptote at a

| I | 1
50 100 150 200

CONCENTRATION (ug/ml)

Fig. 7.1 Relationship between drug elimination rate -dC/dt and drug
concentration C for a Michaelis-Menten process. In this particular
example the Michaelis constant K, is equal to 10 yg/ml and the max-
imum rate Vg, is equal to 2(ug/ml)h'1.
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Log scale— plasma concentration of diphenylhydantoin (p2g/ml)

o] 50 00 150
Time measured from |2 h after last dose (h)

Fig. 7.2 Phenytoin (diphenylhydantoin) concentration in plasma 12 h
after the last dose of a 3 day regimen of the drug at three different
daily doses. The data are described by Eq. (7.9). O: 7.9 mg/kg;
A: 4.7 mg/kg; O: 2.3 mg/kg. (From Ref. 10, © 1972 PJD Publica-

tions Ltd., reprinted with permission.)

rate equal to V, which would be independent of concentration (i.e.,
a zero-order rate).

The time course of drug plasma concentration after intravenous
injection of a drug that is eliminated only by a single capacity-limited
process can be described for a one-compartment system by the inte-
grated form of the Michaelis-Menten equation., Rearrangement of

(7.1) yields

dcC _
C (C+Km) —Vm dt (7.4)
or
Kde
-dC - =V dt (7.5)
C m
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Integration of this equation gives the expression
—C~—X InC=V t+i (7.6)
m m
where i is an integration constant. Evaluating i at t = 0, where
C = Cyp, yields

1=-CO—Km In CO (7.7)

Substituting this expression for i in (7.6) and rearranging terms glves

c —-C K C

0 m 0
D e — _— .
t v v In C (7.8
m m
100
1.0
] i
] 8
. g
- g
o) Y
10 250 500
s 3 TIME {min)
o N
@
g -
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Z
>
o
=
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]
.
0.4+ , . . .
o] 200 400 600 800
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Fig. 7.3 Amount of drug in the body following intravenous adminis-
tration of 1, 10, and 100 mg doses of a drug that is eliminated by a
single Michaelis-Menten process. A one-compartment system is as-
sumed; Kp = 10 mg and V, = 0.2 mg/min. The inset shows a plot of
amount of drug in the body divided by administered dose versus time
to show that the principle of superposition does not apply.
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Fig. 7.4 Elimination of salicylate after oral administration of 0.25,
1.0, and 1,5 g doses of aspirin. Vertical arrows on the time axis
indicate t5qg, the time to eliminate 50% of the dose. (From Ref. 5,
reprinted with permission.)

Unfortunately, it is not possible to solve this equation explicitly for
C. Rather, one must determine the time t at which the initial concen-
tration C has decreased to C. A modified form of (7.8), that is,

C 0" C Km Cc 0
—_— D e o — — .
t tO v In C (7.9
m m

has been used to fit phenytoin levels in the plasma as a function of
time 12 h after administration of the last of several oral doses to human
subjects (see Fig. 7.2). In this case Cg represents the phenytoin
plasma concentration at 12 h after the last dose, tg= 12 h, and C is
the phenytoin plasma concentration at time t, where t > t,.

Conversion of (7.8) to common logarithms (In x = 2.303 log x)

and solving for log C yields

COHC Vm
logC=§-.-§6§k~;-+logCo"'z—Wn't (7.10)
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Figure 7.3 shows the time course of elimination, as described by (7.10),
of three different doses of a drug that is eliminated by a process with
Michaelis-Menten kineties. The lowest dose represents the case where
Km >> C. At this dose the decline in plasma concentrations is first
order with a slope of —V;,/2.303K,. On the other hand, the highest
dose yields initial concentrations which are considerably above Ky,

so that drug levels decline initially at an essentially constant rate (see
inset to Fig. 7.3). The curves show that the time required for an
initial drug concentration to decrease by 50% is not independent of
dose, but, in fact, increases with increasing dose. This particular
pharmacokinetic property may present considerable clinical difficulty
in the treatment of drug intoxications. Figure 7.3 also shows that re-
gardless of the initial dose, when the plasma concentration becomes
significantly less than Ky, elimination is describable by first-order
kinetics and the slope of this linear portion of the curve is inde-
pendent of dose. Semilogarithmic plots of plasma concentration or
amount unexcreted versus time after administration of phenytoin (Fig.
7.2) or salicylate (Fig. 7.4) show characteristics that are remarkably
similar to those described by the curves in Fig. 7.8.

To assess whether or not a drug possesses nonlinear kinetic prop-
erties, a series of single doses of varying size should be administered.
If a plot of the resulting plasma concentrations divided by the ad-
ministered dose are superimposable, the drug in question has linear
kinetic properties over the concentration range examined. If, how-
ever, the resulting curves are not superimposable (see inset to Fig.
7.3), the drug behaves nonlinearly.

IN VIVO ESTIMATION OF K, AND V,

For a drug that is eliminated by a single capacity-limited process,

there are a number of general methods which permit the initial estima-
tion of apparent in vivo K and V, values from plasma concentration-
time data in the postabsorptive-postdistributive phase. Such estimates
require the determination of the rate of change of the plasma concentra-
tion from one sampling time to the next, AC/At, as a function of the
plasma concentration Cy, at the midpoint of the sampling interval (see
Appendix F). The data are usually plotted according to one of the
linearized forms of the Michaelis-Menten equation, such as the Line-
weaver-Burk expression,

1 Km

1
) 1 7.11)
AC/at V.C TV (
m m m

so that a plot of the reciprocal of AC/At versus the reciprocal of Cp,
yields a straight line with intercept 1/V,, and slope Kp/Vyy. Two
sometimes more reliable [11,12] plots are the Hanes-Woolf plot [13} and
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the Woolf-Augustinsson-Hofstee plot [13]). They are based on the
relationships

Cm Km Cm
aC/at V. TV (7.12)
m m
and
5C vy _ (_Af_’_‘it_’_lirz (7.13)
At m Cm '

respectively. Based on (7.12), a plot of C,/(AC/At) versus Cp,
should yield a straight line with a slope of 1/V; and an intercept of
Km/Vm. Equation (7.13) indicates that a plot of AC/At versus
(AC/at)/Cy, gives a straight line with a slope of ~Kp and an inter-
cept of V.

A method for estimating V, and K, directly from log C versus time
data, obtained following the intravenous administration of a drug that
can be adequately described by a one-compartment system, is also
available [14]. Extrapolation of the terminal log-linear portion of the
log C versus time plot, where the plot is described by (7.10), would
vield a zero-time intercept of log CE (see Fig. 7.5). The resulting
straight line can be described by

A%

= *_o___m
log C = log C, 2‘303Kmt (7.14)

At low plasma concentrations (7.10) and (7.14) are identical. By
setting the right-hand sides of these two equations equal to each
other, the following expression is obtained:

c. -C v \
0 ipC - =B t=logC - —2 (7.15)
2.303K 0 2.303K_ 0" 2.303K_

Cancellation of the common term, V,t/2.303Ky, and rearrangement

yields
*

CO— C C0
7303K_ - ©8 & (7.16)
m 0

Since the equality given by (7.15) is valid only at low concentrations,
C, can be assumed to be significantly greater than C, and therefore
C0 — C » Cy. Making this simplification in (7.18) and solving the re-
sulting expression for K, gives

C

_ 0
fm = 2,303 Tog (C3/C ) (7.17)
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1000 TN

100 - ~

CONCENTRATION IN PLASMA (ug/ml)

TIME (h)

Fig. 7.5 Graphical method for estimating K and V, after intravenous
administration of a drug that is eliminated by a single Michaelis-
Menten process. The solid line is described by Eq. (7.10). The
terminal slope gives an estimate of the ratio of V; to K, and the
ratio of CD to Cg is used to estimate K, [see Eq. (7.17)].

Since C} and Cp can be estimated from a log C versus time plot, an

estimate of K, is possible employing (7.17). V; can be calculated

from the slope of the terminal log-linear segment of the concentration

versus time curve. Since slope = —V/2.303K,, Vi = —2.303(slope)Kp.
It is plausible to consider that drug elimination may involve a

capacity-limited process in parallel with one or more first-order proc-

esgses, Under these conditions, the foregoing methods for estimating

Vi and K, do not apply. When capacity-limited and first-order elim-

ination occur in parallel, the rate of decline of drug levels in the

plasma after intravenous administration in a one-compartment system

is given by

v C
ac _ o, m
at KC+Km+C (7.18)

where K' is the rate constant characterizing the various parallel
first-order processes. The time course of drug levels under these
conditions may be determined by integration of (7.18) as follows.

Expansion of (7.18) yields
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K'C(K +C)+V C KK C+YV C+K'C2
- L= = — = = 2 (7.19)
dt K +C K +C :
m m
Further simplification gives rise to
1 t
-d—g—=C(KKm+KVm+KC)=C(a+KtC) (7.20
dt K +C K +C :
m m

where a2 = K'Kp, + V. Inversion and rearrangement of (7.20) yields

at —(K_+0) ) K, 1 721
dC ~C(a+K'C)  C(a+K'C) a+K'C )
This equation is separable and can be rewritten as
—-K dC
dt L - dc (7.22)

“C(a+K'C) a+KTC

The two terms in this equation are of the form 1/x(a + bx) and

1/(a + bx), respectively, the integrals of which are (—1/a) In [(a +
bx)/x] and (1/b) In (a + bx) [15]. Therefore, integration of (7.22)
gives

t:Ka-—m-lng':EI-{-'—C-—%ln(a+K'C)+i (7.23)
Evaluating i at t = 0, where C = Cy, yields
Km a+ K‘C0
iz—_E—lnT+I—(_’ln (a+K'CO) (7.24)

Substituting this value of i in (7.23) and simplifying the resulting
expression yields

C0 a a+K‘CO
&t=Km ln—C' + IF"K!I] lnm (7.25)

Since a = K'Ky, + Vi,

C, (KK _+V KK_+V_+K'C,
(KK +V )t=K In—+| —— M _g |1 m
m m m C m

K TEKK +V +KC
m m
(7.26)
or
cC. Vv (C.+K )K'+V
_ 1 0, m 0 m m
t= oy [KmlnC+K, N E T RE TV ] (7.27)
m m m m
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12

Km

A i L i idiiil hd b L A 122d bomdecd A A LAl L b Al Liiikt -

001 0.l ] 10 100
Dose

Fig. 7.6 Comparison of dose dependence of tgpq (time for elimination
of 50% of the dose) after intravenous administration of a drug that is
eliminated by =z single Michaelis-Menten process (upper curve) or
one that is eliminated by a single Michaelis-Menten process in parallel
with a first-order process (lower curve). In each case, Ky = 1.0
and Vi = 0.2. The rate constant K' for the first-order process is
equal to 0.1, (Data from Ref, 16.)

Equation (7.27), like (7.8), does not permit an explicit solution for

C. Both (7.8) and (7.27) indicate that the time required to reduce

an initial drug concentration by 50% is indeed dependent on the ad-

ministered dose. Examples of this dependency are shown in Fig. 7.6.
Expanding (7.27) and solving for In C gives

Vm (C0 + Km)K‘ + Vm Vm
= ! e
InC=1n CO+K'K iIn CFE K +V K +K t (7.28)
m m m m
which in terms of common logarithms is
v (C_+K )XK'+V K'+V /K
log C = log C. + =2 log —2——10 m _ m_ o,
0 K'Km (C + Km)K' + Vm 2,303

(7.29)
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At low concentrations (i.e., K, >> C), (7.29) becomes

v_ (Co+K DK +V K +V /K
log C=log Cp+ g 108 — g g1 v T 2303 ¢
m m m
(7.30)
or
K'+V_/K
log C = log c;-——2—‘—§%—ﬂt (7.31)
where
' (Co+ K K +V_
(7.32)

* . m
log CO-log' CO+K'K log K K +V
m m m

As can be seen from (7.31), the slope of the terminal linear portion of
a semilogrithmic plot of plasma concentration versus time at low plasma
concentrations (i.e., Ky >> C) will yield an estimate of the first-order
elimination rate constant of a drug, K' + V,/K,, (see Fig. 7.7). The
extrapolated intercept of this terminal linear phase will be log Ca.

For certain drugs that exhibit parallel capacity-limited and first-
order elimination, it may be possible toc administer sufficiently high
doses intravenously so that initial drug concentrations are substan-
tially larger than K. Under these conditions and where a one-com-
partment model applies, the initial segment of a semilogarithmic plot
of plasma concentration versus time will be linear (see Fig. 7.7).

The slope of this linear segment will be —K'/2.303 [14]. This can be
demonstrated by assuming C to be much greater than K, in (7.18)
and solving for C. Therefore, estimates of both K' and K' + V/Ky,
can be obtained directly from a semilogarithmic plot of plasma concen-
tration versus time and the ratio V /Ky, can be calculated for the case
where there is one capacity-limited process in parallel with one or
more first-order processes. The following approach can then be used
to obtain initial estimates of K, and Vi, for this model. Expansion of
the logarithmic term of (7.32) and rearrangement of this equation

yields

K'Km C; COK'
v loga— = log (1+m— (7.33)
m 0 m m

Division of the numerator and denominator of this logarithmic term by
K, gives

*
K'Km C0 l: COK' ]
~— log =— =log|l+ : (7.34)
Vm C0 Km(K + Vm/Km)
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Fig. 7.7 4-Hydroxybutyric acid (4-HBA) concentration in plasma
after intravenous administration. The compound appears to be elim-
inated by a Michaelis-Menten process in parallel with a first-order
process. The initial slope gives an estimate of K' and the terminal
slope provides an estimate of the ratio of Vi, to K;. K, may be de-
termined from Eq. (7.35). The deviation from theory for a short
time after administration probably reflects drug distribution and the
lack of strict adherence to a one-compartment model. (Data from

Ref. 14.)

A solution for K, based on this equation is
t LIS
C 0K /(K Vm/Km)

A= KK_/V_
(C4/Cy) -1

(7.35)
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Since Cj and Ca' can be obtained directly from a semilogarithmic plasma
concentration-time plot, and K' and Vp, /Ky can be estimated as de-
scribed above, an estimate of K, is possible employing (7.35). Once
K, is known, V can be readily determined.

Although this is an interesting approach for the estimation of K',
Vi, and Ky where there are parallel first-order and nonlinear elimina-
tion pathways, caution must be exercised. Initial plasma concentrations
have to be sufficiently high (i.e., C >> K,) to yield a semilogarithmic
plasma concentration-time curve which is truly linear. If these con-
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Fig. 7.8 Graphical method for estimating K' (designated K, in the
plot), Vp and K, based on Egs. (7.36) to (7.39). At high concentra-
tions, a plot of —A In C/At versus 1/C will be linear with a slope of
Vi and an intercept equal to K' [see Eq. (7.38)]1, whereas at low con-
centrations the plot will asymptotically approach a limiting value equal
to K' + (V,/Kpp) [see Eq. (7.39)]. (From Ref. 17, © 1973 Plenum

Publishing Corp.)
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centrations are not attained, an overestimate of K' will result. This,
in turn, will produce errors in the estimates of V and K.

A different approach can also be used for the estimation of Ky,
and V;, where nonlinear and linear processes of drug elimination occur
in parallel. At high plasma concentrations (i.e., C >> Kp), (7.18)

reduces to

_49€ _xie £V (7.36)

dt

Division of both sides of (7.36) by C and recognition that (—dC/dt)/C
equals —d In C/dt gives

v
dinC ., m
—ar - K+ C (7.37)
At low plasma concentrations (i.e., Ky >>C), (7.18) becomes
v
aC _ ip 4 0
at -KC+KmC (7.38)

and, therefore, the analogous expression to (7.37) is

v
_dmlmCc ., . m (7.39)

dt K
m

A plot of — A In C/At versus 1/C will consequently be linear with a
slope of V_, and an intercept of K' at high plasma concentrations [Eq.
(7.37)]1, but will reach an asymptotic value of K' + V,/Kp, at low con-
centrations {Eq. (7.39)] from which K, can be calculated (see

Fig. 7.8).

This method for estimating K', V,, and K; has limitations which
are similar to those noted for the previous approach. Sufficiently
high plasma concentrations are required to yield a straight line from
the —A In C/At versus 1/C plot to permit accurate estimates of V,
and K'.

Urine data can also be used to estimate V, and K. Consider
the following scheme:

Xg

Kl
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where X is the amount of drug in the body, Xg the amount of drug
eliminated by the linear or first-order processes, M the amount of
metabolite in the body which is formed by a capacity-limited process,
and M;; the amount of this metabolite present in the urine. All of
these amounts are time dependent. The constants K' and kp, are
first-order rate constants, V;n is the maximum rate of metabolite forma-
tion in units of amount per time, and K;n is the Michaelis constant in
units of amount. Assuming that the urinary excretion rate of the
metabolite (AM,;/At) is rate limited by its formation, end therefore
reflects the rate of formation, the following relationship for sMy /At

‘can be written:

aM V!X

At K' +X (7.40)
m m

1004 *

SA IN BODY/SPG EXCRETION RATE {h)

T 14

[
0.b 1.0 1.5 2.0 25
SA IN BODY (g}

Fig. 7.9 Plot of linearized form of the Michaelis-Menten equation to
describe the formation of salicyl phenolic glucuronide (SPG) after a
single dose of salicylic acid (SA). According to Eq. (7.40) and the
corresponding form of Eq. (7.12), a plot of SA in the body divided
by the excretion rate of the metabolite (assuming that excretion of
SPG is rate limited by its formation) versus SA in the body should be
linear with slope equal to 1/V'y and an intercept equal to K;n. If the
formation of SPG followed first-order kinetics, the slope of the line
would be equal to zero. (From Ref. 23.)



7 / Nonlinear Pharmacokinetics 287

where X, is the amount of drug in the body at the midpoint of the
urine collection interval. Division of the numerator and denominator
by the apparent volume of distribution V yields
M, v;ncm
- (7.41)

At K +C
m m

where K, is as defined previously and equals K;n /V, and C, is the
plasma concentration of drug at the midpoint of the collection interval.
Equation (7.41) can be readily linearized [see Eqs. (7.11) to (7.13)] to
yield estimates of V., and Ky,. This approach has been used to eval-
uate the Michaelis-Menten parameters for two metabolites of salicylate,
salicyl phenolic glucuronide, and salicyturic acid [6], and is illustrated
in Fig. 7.9. The major limitation of this method is the assumption that
the urinary excretion rate of the metabolite is rate limited by its forma-
tion. This situation certainly does not hold for all drugs and the as-
sumption must be verified.

CLEARANCE, HALF-LIFE, AND VOLUME OF DISTRIBUTION

As with linear kinetics, the total body clearance Clg of a drug can be
defined for the nonlinear situation as being equal to the rate of drug
elimination dXg/dt divided by the plasma concentration of drug C:

dXE/dt
Cls = T (7.42)

The rate of elimination for a drug eliminated by only one capacity-
limited process is given by

dX VmC

% th=Km+C (7.43)
or

dX, V_VC

at =Km+C (7.44)

Division of both sides of (7.44) by C yields
dXE/ dt VmV

C =K + C (7.45)
m

Substitution of V_ V/(Kp + C) for (dXg/dt)/C in (7.42) gives the
following concentration-dependent expression for clearance:
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= m
Cls———-——-—— (7.46)

v (7.47)

whereas at high plasma concentrations, where C >> K,

<

m
ClS =T \% (7.48)
Therefore, clearance is independent of concentration at very low
concentrations, but decreases with increasing concentration; that

is, the higher the plasma concentration of a drug, the slower the
drug will be cleared from the plasma. The influence of nonlinear
clearance on a drug's half-life (t;,4) can be readily illustrated by
recognizing that

_0.693V
typ = “—CIS (7.49)

Substituting the value of Clg given in (7.46) for Clg in (7.49) and
canceling common terms yields
_ 0.693(Km + C)

1/2 Vm

t (7.50)

It is readily apparent from this relationship that the half-life of a drug
is independent of plasma concentration at low concentrations, whereas
at high concentrations the half-life, or t5gg, will increase with an in-
crease in the plasma concentration of drug (see Fig. 7.6).

For the case where there are linear pathways of elimination in
parallel with a nonlinear process, the rate of drug elimination is given

by
=B LKC (7.51)

1
vV dt K +C
m

Multiplication of both sides of (7.51) by V/C yields

' dX/dt vV
= + K'V (7.52)

C K +C
m

Therefore, clearance is given by the relationship
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va
Cl - + K'V (7.53)

s K_+C
m
Substitution of this value for Clg in (7.49) gives the following rela-
tionship between half-life and plasma concentration:

0.693
t, .= , (7.54)
/2 IV _J(K_+C) +K

At low drug concentrations both clearance and half-life are in-
dependent of concentration., As the concentration increases clearance
decreases; at very high concentrations, clearance attains a limiting
value of K'V. On the other hand, the half-life increases with concen-
tration, ultimately reaching a limiting value of 0.693/K' (see Fig. 7.6).

A method for estimating the apparent volume of distribution of a
drug eliminated only by Michaelis-Menten kinetics has been described
[18]. This method was applied to ethanol in the cat and yielded an
average value of 635 ml/kg, which is equivalent to total body water in

this species.

DRUG CONCENTRATION AT STEADY STATE

The significance of a decrease in clearance with increasing plasma
concentration of drug can be readily appreciated by considering
chronic drug administration. The steady-state concentration Cgg
of a drug is given by (see Chap. 3)

DR
Css =Tl (7.53)
s

DR is the dose rate and equals infusion rate in the case of intravenous
infusion and F dose/t in the case of multiple oral dosing, where F is
the systemic aveailability of the drug and tis the dosing interval. As
is illustrated in Fig. 7.10 and by Eq. (7.55), when Clg is given by
(7.46) or (7.53), an increase in dose produces more than a propor-
tional increase in steady-state concentration of a drug. The greater
the contribution of the capacity-limited process to the overall elimina-
tion, the more dramatic is the increase in steady-state levels with in-
creasing dose. This can be exemplified by salicylate where a twofold
increase in the dose from 0.5 to 1.0 g every 8 h can result in a more
than sixfold increase in steady-state salicylate body levels (Fig. 7.11).
In addition, since half-life increases with concentration {see (7.50)
and (7.54)], the time required to reach steady state will also increase
with an increase in dose size. In the salicylate example cited above,
the time to reach steady-state increased from 2 to 7 days.
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STEADY-STATE CONC/DOSE
i

DOSE

Fig. 7.10 Relationship between dose-adjusted steady-state concentra-
tions and administered dose for drugs eliminated by first-order
kinetics (A), parallel first-order and Michaelis-Menten kinetics (B),
and Michaelis-Menten kinetics (C). (Data from Ref. 19.)

TIME TO STEADY STATE

The dependence in nonlinear systems of the time to reach steady state
or some fraction thereof on the rate of drug administration can be
demonstrated mathematically. If a drug is administered at a constant
rate kg and is eliminated by a single pathway that is capacity limited,
the following differential equation can be written:
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Fig. 7.11 Accumulation of salicylic acid in the bedy as a function of

dose number when either 0.5 (O) or 1.0 (@) g doses are given every
8 h. (From Ref. 20, reprinted with perimnission.)

k vV C
ac _ ¢ ___m (7.56)

Expansion of (7.56) and collection of common terms yields

ac i} (kOKm/V) + [(kO/V) - VmIC (7.57)
dt Km +C '

This equation is of the general form

dC _x + yC
dt ~ z+C (7.58)
which can be rearranged to give
C
x+yCdC+x+yC dC = dt (7.59)

The integral of (7.59) is [15]
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Elnx+yC) +S - X In (x+yC) =t +1i (7.60)
y y y2

which can be simpiified to
C,oy—x,, (x +yC) =t +1i (7.61)
y 2
y
Att=0, C =0 and

i= 9’—;35 In x (7.62)
¥y
Substitution for i in (7.61) and rearrangement yields
t=Ce W Xy (1+Xc) (7.63)
N yZ X

Recognizing that x = koK, /V, y = (kg/V) — V and z = K, [(7.57)
and (7.58)1,

. C . Km[(kOIV) — Vm] - kOKm/V
(k. ./V) -V 2
0 m {(KUIV) - Vm]
(k /V) -V
0 m
In [1 + kK 7V C] {7.64)
0 m

Simplification gives the following:

C Kme kO - va
t - Zln 1+ —-—C (7.65)

Tk V) =V B K K
0 m [(kOIV) Vm]

0 m

The steady-state concentration Cgqg of a drug that obeys the model
above is given by
k k(K +C )
__0_"0 m SS
Cos = Cl VVm (7.66)

o]

where Clg at steady state is given by (7.46). Solving (7.66) for Cgg
yields
k K
_ 0 m
—Css "k, —- VV (7.87)
' Q m

Substituting —1/Cgg for (kg — VVmp) /kgKm in (7.65) and setting

C/Cg4g equal to fgg, the fraction of the steady-state concentration, and
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C equal to fg5Cgs gives the following expression for the time to reach
a given fraction of steady state:

f-?»SCSS KLV
t - m_m In (1~£ ) (7.68)

Tk V) -V Y
0 m o [k /V) = V]

The dependence of time to steady state on the rate of administration
is clearly demonstrated. A relationship of the same form as (7.68)
has been obtained from plasma concentration versus time data using
numerical integration [21}. At a low administration rate (kg and
Cgs ~ 0), (7.68) reduces to

1
t-——‘—]—'"TK—— In (1 — fss) (7.69)
m m
and hence time to steady state is independent of the rate of adminis-
tration, while at a high infusion rate (kg and Cgg + «)

fsscss
t= v (7.70)
0
and the time to steady state is independent of drug elimination.

For the case where there is one or more first-order processes of
elimination in parallel with & saturable process, the expression for
time to reach a given fraction of steady state becomes relatively com-
plex (see Appendix G). This expression is

gt ey
1 (Km+b)ln 2K'C +b — /=g 1

t=—— P —— -~
Wars 2K b - /=g 1= 1
2
1 —_— 1
. 2—Ialn8+bc K'C (7.71)

where a = koK /V, b = (kg/V) — K'Kpy — Vm, and —q = b2 + 4kgKK'/
V. When the rate of administration (i.e., kq) is small, (7.71)
simplifies to (see Appendix G)

-1

gy vk i) (-
m m

s88

t

This relationship is identical in form to (7.69), illustrating that the time
to achieve a certain fraction of steady state is dependent only on the
rate constant or half-life of elimination under linear conditions. How-
ever, when the rate of administration becomes large, (7.71) reduces

to (see Appendix G)

. 3 -
t=-=In(l-f ) (7.73)
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Therefore, at high administration rates the time to steady state is
dependent on the elimination rate constant for the first-order process.

AREA UNDER THE CURVE AND BIOAVAILABILITY

In theory, the area under the blood or plasma level versus time curve
is proportional to the dose administered for drugs eliminated by first-
order kinetics., However, for drugs that are eliminated by capacity-
limited processes, area is not proportional to the administered dose.
Rather, one finds that the area increases more than proportionally
with an increase in dose. The total area under the drug level versus
time curve ( f 6" C dt) after the intravenous injection of a drug that is
eliminated by a single capacity-limited process can be calculated for a
one-compartment system as follows. Inversion of (7.1) and rearrange-
ment of the resulting expression gives

K +C

C dt=- ——%——-——dC (1.74)
m

The expansion of (7.74) followed by integration over the limits C = Cy
att=0and C = 0 at t = « yields

© 0 Kan 0 C
C dt = — 7 dC - v dC (7.75)
0 C m C m

0 0
It follows that
0 CZ 0
L Cdt=——n:C]C0—'2'{;;CO (7.78)
which when solved becomes
C2 C C
/; =‘—fﬂco+§§;=‘—,r9n-(xm+-£-) (7.70)
At sufficiently low doses such that Ky >> Cy/2, (7.77) reduces to
® Km KmX0
‘/(; Cdt=v-n;- D——\};\_f- (7.78)

where Cg = X(/V and V is the apparent volume of distribution. Under
these conditions the area under the curve is simply proportional to
the dose X;. Inspection of (7.77) readily indicates for the nonlinear
situation that as the dose is increased, the area shows a stronger de-
pendence on the dose. At sufficiently high dosage levels where

Co/2 >> Ky, (7.77) reduces to
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. e x
C dt = = (7.79)
0

2V m VA 2V
m

which indicates that under these conditions the area is proportional
to the square of the dose and a relatively modest increase in the dose
may produce a dramatic increase in the total area under the drug
level in the plasma versus time curve.

The area under the curve after administration of a fixed dose of
a drug showing capacity-limited elimination may also vary with the
rate of absorption. The more rapidly & given dose is absorbed, the
more closely will the area approach that calculated by (7.77). In
other words, the area calculated from (7.77) for a given dose is a
maximum since it assumes that absorption is instantaneous. If absorp-
tion is sufficiently slow, the area will approach the minimum given by
(7.78). Figure 7.12 illustrates the effect of dose and absorption rate
on the area under the plasma concentration-time curve.

A nonlinear change in area with dose becomes important when
attempting to assess the bioavailability of a drug, since this param-
eter is generally determined by comparing the area under the curve
resulting from the administration of some test dosage form to the area
under the curve from the administration of a standard. Bioavailability
can be estimated for drugs eliminated by capacity-limited processes
in the following manner [17]. Integration of the term —dC/dt yields

o -]
/ —g——f-dt=[ ~dC = —C
0 0

where C, is plasma concentration at time zero following intravenous
drug administration. For a one-compartment system, Cg equals the
intravenous dose X divided by the apparent volume of distribution
V. Therefore,

T4 ., A L
j(;-dt dt=Cy =

From (7.81) it follows that a plot of fg (—-dC/dt) dt versus Cj or
X3/V will be linear and pass through the origin regardless of whether
or not the model is linear. The value of Cj or Xy/V can be determined
by numerical differentiation of intravenous plasma concentration versus
time data, and measurement of the area under the curve resulting from
a plot of ~dC/dt versus time.

After oral administration the rate of drug elimination from the body
dXg/dt, is given by

dX vV C

_E o, WM
at —-KC+K rars) (7.82)

-]

0=CO (7.80)

(7.81)

<|

<\~
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Fig. 7.12 Effect of absorption rate and dose on the area under the
drug concentration in serum versus time curve after single doses

of phenytoin. The curves reflect doses of 1.8, 4.6, and 9.2 mg/kg.
The arrow marks the approximate absorption rate constant in a typical
patient with the dosage form studied. (From Ref. 22, © 1976 Plenum

Publishing Corp.)

where X is the amount eliminated to time t. If the amount ultimately
eliminated is equal to the amount absorbed [i.e., (Xg), = FXg, where
F is the fraction of the orally administered dose absorbed], then

1 " dXE oo VmC FX0

il — = 1 — -

v gt dt KC+K T C dt 7 (7.83)
0 0 m

since [ (dXp/dt) dt equals (Xg),. The bioavailability or fraction
absorbed of an orally administered dose can be determined by dividing

Eq. (7.83) by Eq. (7.81). This yields
FX,/V [(1/V) [ (dXp/dt)]
X, /v

- _ oral (7.84)
[/, — (acravyatl,

If equal doses are administered intravenously and orally, and it is
assumed that volume of distribution remains constant,
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) [ fy (dXp/dt)at] 1.55

F =
[f, — (dC/avatl,

Therefore, the absolute bioavailability of an oral dosage form can be
determined by measuring the area under a —dC/dt versus time plot
using intravenous data, and generating values of (dXg/dt)/V from
oral plasma concentration versus time data using (7.82). The latter
determination requires K', Vp, and Kp,, which can be obtained from
the intravenous data by methods discussed previously in this chapter.
Once the (dXg/dt)/V data are calculated, the area under a plot of
(dXg/dt)/V versus time provides an estimate of the numerator of
(7.85). This method has been applied to the determination of phenytoin
bioavailability. It was demonstrated that the use of the nonlinear
approach yielded a bioavailability estimate of 0.98 as compared to

0.87 when linear kinetics were assumed [22].

COMPOSITION OF URINARY EXCRETION PRODUCTS

For a drug eliminated from the body by multiple pathways, one of which
is nonlinear, the composition of urinary excretion products will vary
with dose. We illustrate this with the following scheme:

X\
M > M

K ,V k u
m’ m mu

It is assumed that there are two pathways of elimination for the parent
drug, a capacity-limited pathway for the formation of metabolite M and
a first-order pathway for the urinary exeretion of unchanged drug.
X, and My, are the cumulative amounts of unchanged drug and metabo-
lite in the urine at time t, and K' and kyy are the first-order rate
constants for urinary excretion of unchanged drug and metabolite,
respectively. X is the amount of unchanged drug in the body at

time t, and K, and Vp,; are the Michaelis-Menten parameters for the
capacity-limited formation of M. The rate of appearance of unchanged
drug in the urine is given by the differential equation

dX

— -

5 = KX (7.86)
or

dx

8- gwe (7.87)

dt
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since the amount of drug in the body X equals the product of the
volume of distribution and the plasma concentration. Integration of
Eq. (7.87) from time zero to infinity yvields

X" = K'Vf C dt (7.88)
u 0

where X is the total amount of unchanged drug eliminated in the urine
following the administration of a given dose, and [ a" C dt is the area
under the resulting plasma concentration versus time curve.

Equation (7.18) is the differential equation for plasma concentra-
tion for the model above. Factoring out C and expanding (7.18)

gives

K'K +V +K'C
m m

ac _
a C R+ C (7.89)
m
which when inverted and rearranged becomes
Km +C
Cdt=-— dcC (7.90)

K'K +V +K'C
m m

By expanding (7.90) and taking the integral over the limits C = C at
t=0and C = 0 at t = «, the following is obtained:

[ C dt = 0 Km dc - 0 C 4c
0 C.K'K +V_ +K'C K'K +V +K'C
0 m m C m m

0

(7.91)

The two terms to be integrated are of the general forms dx/(a + bx)
and x dx/(a + bx), respectively, the integrals of which are (1/b) In
(a + bx) and (x/b) — (a/b%) In (a + bx) [15]. Therefore, (7.91)

when integrated becomes

o K
S ' ey |0 - £ (0
[ oan-grman, v ewe ) - 28

0
' m+ m 0
JE e T 1
+ 3 In (K'K +V +KC)‘CO (7.92)

(K"

Collecting common terms and simplifying provides

K'|C 2

® c lo v 0
[ Cdt=-— +—2_In (K'K_+V_ +K'C) lC (7.93)
0 0 (K" 0
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Solving (7.93) gives the following expression for the area under the
curve:

fm C, V_ ( K'C,
Cdt=—- In{ = + 1) (7.94)
0 K" k2 KK_+V_

By substituting this value of [ C dt for [§C dt in (7.88), the follow-
ing expression for X is obtained:

. vV K'C,
X" =CyV ~ " 1In KR+ V. +1 (7.95)

At very low plasma concentrations the natural log term becomes
approximately equal to K'Cy/(XK'Kyy + V) since for very small numbers
In (1 + x) becomes approximately equal to x [15]. Therefore, at low
concentrations, (7.95) becomes

. vV K'C, CVV_ K'K_
X0"C%Y "% WKk +v "% "k +v “CVKK +V
m m m m m m
(7.96)

Recognizing that CoV equals the dose X, and dividing the numerator
and denominator by Ky, yields

°.x K
X=X x v v UK (7.90)
m m

This illustrates that at low doses the amount of unchanged drug in
the urine is directly proportional to the administered dose. As the
dose is increased and the capacity of the enzyme system becomes
limited, the amount of unchanged drug appearing in the urine will
increase more than proportionally to the increase in dose as illustrated

by (7.95).
According to the scheme above, at time infinity

Xu+Mu=X0 (7.98)

where M{‘; is the total amount of metabolite in the urine at time infinity,
Solving (7.98) for M: end substituting the value of X in (7.95) yields

) vV _ K'C, v _
Mam X T OV R MK vt TR

K’CO
In (m" + 1) (7.99)
m m
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Fig. 7.13 Effect of dose on metabolic fate of salicylic acid in humans.
The curves are based on urinary excretion data from four healthy
subjects. SU is salicyluric acid, SPG is salicyl phenolic glucuronide,
SA is salicylic acid, SAG is salicyl acyl glucuronide (dashed line),
and GA is gentisic acid. (Data from Ref. 23.)

This equation indicates that Mf; will increase less than proportionally
with an increase in dose. At low doses (7.99) reduces to

t
v - VVm K C0 COVVm

u_ K' KK +V KK +V (7.100)
m m m m

Substituting Xy for C¢V and dividing the numerator and denominator
by Ky gives
- Vm/Km
Mu=X0 K +V /K (7.101)

m m

As is evident from (7.101), at low doses My is directly proportional

to doese.
The influence of dose on excretion patterns is readily demonstrated

with salicylate. As can be seen in Fig. 7.13, the fraction of the dose
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eliminated as salicyluric acid, SU, a metabolite formed by a capacity-
limited process, decreases with dose. For those excretion products
formed or eliminated by first-order kinetics, the fraction of the dose
eliminated as such increases with dose (see SA, SAG, and GA). The
enzyme system responsible for the formation of the phenolic glucuronide
is capacity limited but has a higher capacity than the system responsible
for the formation of salicyluric acid. Consequently, the fraction elim-
inated as this metabolite initially increases with dose, and then de-
creases with dose as this enzyme system becomes saturated.

The composition of excretion products will also be dependent on
the rate of drug absorption when the drug is subject to capacity-
limited metabolism. The more rapid the absorption, the higher the
drug level in the body and the lower the fraction of the dose converted
to the metabolite formed by capacity-limited metabolism. This phe-
nomenon has been demonstrated in humans with p-aminobenzoic acid,
which is eliminated by capacity-limited acetylation as well as excreted
unchanged [24]. When 55 umoles/kg was given at once, 56% of the
dose was acetylated, whereas when 10 consecutive 5.5 umoles/kg doses
were administered at 30 min intervals, 91% of the dose was acetylated.
After administration of 110 ymoles/kg to fasted subjects, which should
result in rapid absorption, 51% of the dose was acetylated. However,
when the same dose was administered to subjects after a high-fat
meal, which is known to reduce gastric emptying and the absorption
rate of many drugs, 90% of the dose was acetylated.

OTHER NONLINEAR ELIMINATION PROCESSES

Dose-dependent elimination kinetics may be due to effects other than a
limited capacity of biotransformation or excretion processes. If a drug
is partly reabsorbed from renal tubules by a capacity-limited process,
the elimination (urinary excretion) of large doses proceeds more rapid-
ly than the elimination of smaller doses. Capacity-limited reabsorption
has been demonstrated for several compounds, including riboflavin [25],
bethanidine [26], cephapirin {27], and cephaloridine [27]. There is
evidence to suggest that some drug metabolites can inhibit their own
metabolism [28,29]. This process of product inhibition can also cause
dose-dependent effects, with large doses being relatively more slowly
eliminated than small doses [30]. However, whereas the rate of decline
of drug concentrations in the postdistributive phase at any given con-
centration of drug in the body will be independent of dose in the case
of simple Michaelis-Menten kinetics [see (7.1)], this rate will tend to
decrease with increasing dose in the case of product inhibition. More-
over, drug elimination may appear to be first order but with half-lives
increasing with increasing dose provided that the initial drug levels
(i.e., the intravenous doses) are lower than K, and elimination of the
inhibiting metabolite is relatively slow (see Fig. 7.14). These obser-
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Fig. 7.14 Effect of competitive inhibition by a metabolite (light lines)
on the time course of parent drug (heavy lines) after intravenous ad-
ministration of different doses of the drug. Although the semilog-
arithmic plots of amount of drug in the body are apparently linear,
the half-life increases with dose. (From Ref. 31, ¢ 1973 Plenum
Publishing Corp.)

vations can be explained by the following relationship, which describes
the rate of change in plasma concentrations for a drug with one path-
way of elimination that is subject to competitive product inhibition

[13]:
vV C

4aCc m
“a K (AFCTKOy+C (7.102)
m m T p

where C,, is the concentration of inhibiting metabolite and K, is the
equilibrium constant for the enzyme-metabolite (product) complex.
Dose dependence with similar characteristics has been observed in
humans with dicumarol [32] (see Fig. 7.15) and in dogs with
phenytoin [33].
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Fig. 7.15 Dicumarol concentration in plasma after intravenous ad-
ministration of different doses. (Data from Ref, 32.)

ENZYME INDUCTION

Another type of nonlinear kinetics is seen when a drug induces its
own metabolism. It has been suggested that enzyme induction is a
result of new protein synthesis and not a change in substrate affinity
[34]. Based on this premise, a model to describe the change in en-
zyme concentration following induction has been described by Berlin
and Schimke [35]. Prior to induction the rate of change of enzyme
levels, dE/dt, is a function of the rate of synthesis and rate of
degradation of the enzyme; that is,

dE _ . _
g =5 — KE (7.103)
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where S is the rate of enzyme synthesis and is assumed to be zero
order and k is the first-order rate constant for enzyme degradation.
Assuming that a steady state for the enzyme exists prior to induction
{i.e., dE/dt = 0), it follows that

=5
E=g (7.104)

Following induction, & new steady-state enzyme level, E', will be de-
termined by the new ratio S'/k'; that is,

t
E! =5 (7.105)

The rate at which E approaches E' can be given by the differential
equation

dE _ o _
Tl ] K'E (7.106)
Rearrangement of {(7.108) yields
dE
ST RE - dt (7.107)

which when integrated becomes
- l-{l,ln (8" - k'Et) =t+1i (7.108)
where E¢ is the concentration of enzyme at some time t after the start
of administration of the drug. At t = 0, E; = Eg, the enzyme level
prior to induction, and therefore
I § ' g
i= K In (S kEO) (7.109)
Substitution for i in (7.108) according to (7.109) and rearrangement
gives
LI 1
S k'E ¢

L TR
S kEO

which in exponential terms becomes
| t
§' - KE
ST RE - e (7.111D
0
Solving (7.111) for E; yields
S' — K'E
- S 0 -k't
Et—k' —E'_—"_e (7-112)

1 = —k't (7.110)
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Substitution of S/k for Ej according to (7.104) and further simplifi-
cation produces the following expression for E4:

L] t =1t
Et=%—(%—%)ekt (7.113)
Therefore, the enzyme level during induction is dependent on the pre-
induction and induced steady-state enzyme concentrations, S/k and
S'/k', respectively, and the first-order rate constant for enzyme
degradation, k'.

An expression similar to (7.113) can be obtained to describe the
change in maximum velocity th during induction. V_ is equal to

koE [see Appendix G, Eq. (G.8)} prior to induction, while at steady
state after induction Vg, = koE', where kg is the rate constant for the
formation of metabolite. Substitution of S/k for E and S'/k' for E’
according to (7.104) and (7.105), respectively, yields the expressions

S Vm
E = k__._2 (7.114)
and
V'
§'__m
X k2 (7.115)

Further, substitution for S/k and S'/k', according to (7.114) and
(7.115), as well as substitution of th/kz for E{ in (7.113) and cancel-
ation of common terms yields

- t
vV = v;n - (v;11 -V e k't (7.116)

M

The time course of the change in the systemic clearance Clst of a drug
following self-induction can be given by a similar expression,

_ ! v -k't
Cls“C = Cls (Cls Cls)e (7.117)
where Clg is the preinduction clearance and Cl; is the clearance at
steady-state postinduction, Equation (7.117) can be obtained from
(7.116) by recognizing that clearance equals the sum of the clearance
of the inducible Clsi and noninducible Clsn pathways, and that

\'
= = v _m
Cls' = Vki =V X (7.118)
i m
where ki is the first-order rate constant for elimination by the inducible
pathway.
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Of interest is the plasma concentration-time course of a drug
that is subject to self-induction., In a one-compartment system where
a drug is administered at a constant rate DR and is eliminated by

first-order processes,

-(Cls/V)t

C=="[1-e ] (7.119

where Clg and V are as defined previously. Once self-induction be-
gins, Clg will become time dependent and will be given by (7.117).
Therefore, substitution of Clg ¢’ according to (7.117), for Clg in

(7.119) will yield an expression that describes the plasma concen-
tration as a function of time for a drug that is subject to self-induc-
tion. If there is a time delay between drug administration and the
beginning of the self-induction, t in (7.117) should be replaced by
t — tg, where ty is the time at which induction began. The kinetic
properties of carbamazepine appear to behave in a nonlinear manner
as a result of self-induction (see Fig. 7.16) [36].

DRUG CONC. IN SERUM (mg/i)
N
—l 1
~ -
|
®
®
®

1 { { | i 1
1 2 3 4 5 6 7

TIME (days)

Fig. 7.16 Carbamazepine concentration in serum during continuous
constant rate intravenous infusion of the drug for 7 days to a monkey.
The data suggest pronounced autoinduction of carbamazepine metabo-
lism. The continuous line corresponds to the following equation:
C=2.04+2.06 exp [--0.693/5.8(t — ty)], where tg = 16 h. (Data

from Ref. 36.)
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Enzyme induction has been cited as an example of time-dependent
rather than dose-dependent or concentration-dependent pharmaco-
kinetics, The reason for this is that the changes in clearance one
observes are not obviously related to drug concentration or dose
but may be described as a function of time [see Eq. (7.117)]. Levy
[37], in a comprehensive discussion of time-dependent pharmacokinetics,
has noted the following: "A major distinguishing feature between
dose and time dependency is that the latter involves an actual physio-
logical or biochemical change in the organ(s) of the body associated
with the drug disposition parameters in question. For example, in
time dependence of the auto- or heteroinduction type, the increase
in drug intrinsic clearance results from an increase in amount of en-
zyme (in protein synthesis). However, in a typical Michaelis-Menten
dose-dependency, drug clearance changes with concentration and such
a system should not be considered time-dependent simply because the
values of pharmacokinetic parameters also change with time." Other
examples of time-dependent pharmacokinetics are circadian rhythms in
drug absorption, distribution, and elimination.

NONLINEAR BINDING

In discussions of nonlinear pharmacokinetics, capacity-limited elimina-
tion generally receives greatest attention because it is the most common
and best understood. Although it is recognized that drugs are re-
versibly bound to proteins in the vascular space and to proteins and
other materials in the "tissues," it is generally assumed that the frac-
tion bound is essentially constant and independent of the drug concen-
tration at the site of binding. However, it is obvious that there is a
finite amount of each tissue which can bind a given drug and that the
amount of drug which can be taken up per gram of given tissue will
be related to the number of available binding sites and to some type of
affinity constant. Accordingly, at sufficiently high concentrations of
drug, one may find that the fraction bound decreases with increasing
concentration. This will result in an alteration in the kinetics of a drug.
The following model will serve as a basis for considering the effect
of nonlinear vascular protein and tissue binding on drug plasma con-
centration versus time profiles, and on the resultant pharmacokinetic
parameters derived from such profiles:

Vascular Space Nonvascular Space
Plasma-bound Tissue-bound
drug i drug
. 1 .
P 1
Free drug ~ Free drug
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The parameter k is the first-order elimination rate constant. In the
vascular compartment, drug will interact with protein to form a drug-
protein complex according to the scheme

T —
Cf + Pf"'_""cb

where C¢ and Cy, are the molar concentrations of free and bound drug
in the vascular space, respectively. Cy is equal to the concentration
of occupied protein binding sites. Py is the molar concentration of
free protein binding sites, and the parameters ko and ki are rate
constants. From the scheme it follows that

dC

f_
at - kZCb ]r*{lePf (7.120)
Based on the steady-state assumption (i.e., dCy¢/dt = 0),
k, C
k_2= ép £ (7.121)
1 b

The total concentration of vascular protein binding sites, nP, where
n is the number of binding sites per protein molecule and P is the molar
concentration of protein, is given by

1‘1P=Pf+Cb (7.122)

Solving (7.122) for P¢, substituting this value for Pg in (7.121), and
recognizing that kq9/k; is equal to the dissociation constant for the
drug-protein complex, Kq, yields

C.(nP — C.)
Ky = f = b (7.123)
b
which when solved for Cy, becomes
CfnP
C, = — (7.124)
b Kd + Cf

The total concentration of drug in the vascular space, C¢, is equal to
the sum of the concentrations of free and bound drug:

Ct =C (7.125)

£ %
Substitution for Cy, according to (7.124) gives
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CfnP
C,=C,+ 00— (7.126)
t f Kd~1-0f

An expression for the total drug concentration in the tissues, CtT,
which includes everything but the vascular space, can be obtained in
an analogous manner. The resulting equation is given by

c
cl- ¢ +——fA:—-— (1.127)
T R

atC

where Kg is the dissociation constant for the drug tissue complex and
A is a constant similar to nP. When the binding to vascular protein
or tissue is linear, total drug concentrations in the vascular space
and tissue are given by

Ce
C, = (7.128)
B
and
c
c;r= Fg (7.120)
T

respectively, where fg is the fraction free in the vascular space and
fp is the fraction free in the tissues.

Expansion followed by differentiation of (7.126) and (7.127)
and collection of common terms yields

2
dcC _ (dCf/dt){(Kd + Cf)(ch + Kd + nP) — {Cf + (Kd + nP)Cf]}

t
dt 2
(Kd + Cf)
(7.130)
and
T T T 2 T
dCt _ (dCf./dt){(Kd + Cf)(ZCf + Kd +A) - [Cf + (Kd + A)Cfi}
dt ~ T 2
(Kd + Cf)
(7.131)
These equations can be further simplified to give
2 2
dCt (dCf/dt)(Cf + 2Cde + nPKd + Kd)
at - 2 (7.132)
(Kq+Cp
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and
T 2 T T T. 2
dCt_ (‘:icf/dt)[cf + ZCde + AKd + (Kd) ]

2 (7.133)

dt ~ T
(Kd + Cf)

When there is linear binding, differentiation of (7.128) and (7.129)

results in the following two equations:

dCt ) dCf/dt (7130

dt fB :
and

dc;r_-dcf/dt . 135

ar - fT (7.135)

respectively. When a dose D of a drug is given, the following mass
balance can be written:

XB +XT+XE=D (7.136)
where Xp and Xp are the amounts of drug in the vascular space and
tissue, respectively, and Xg is the amount of drug eliminated from the
body by all routes of elimination. Differentiation of (7.136) yields

daX dX dX

B T E _
TR Tl el (7.137)

The rate of elimination, dXg/dt, is given by

dXE
Tl kVBCt (7.138)

where Vg is intravascular volume. Recognizing that Xg = VgC; and
X = VTCtT, where Vo is the tissue volume, (7.137) may be written

as

dC dCT dX

t { E
VB—_dt—”..VT-a{_-}.—d_{—_o (7.139)
where dXp/dt is given by (7.138). To evaluate the influence of linear
or nonlinear vascular protein and/or tissue binding on drug disposi-
tion, the appropriate expressions for dXy/dt, dCi/dt, and dCt /dt
as given by (7.138) and (7.132) to (7.135) can be substituted into
(7.139). Numerical analysis of the resulting equation will provide
insight into the influence of nonlinear binding to vascular protein
and/or tissue protein on drug disposition [38].
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The effect of nonlinear binding can be illustrated by the following
relationships:

fB
V=VB+f—-VT (5.49)
T
and
f_Cl
Bl
Cl=Q m (8.27)
B

where Vg, Vr, fg, and f are defined above, and V is the apparent
volume of distribution. Cl and Cli are clearance and intrinsic clear-
ance of free drug from the blood, respectively, and Q is blood flow to
the eliminating organ. The influence of nonlinear binding on the shape
of a log plasma concentration versus time can be illustrated by recog-
nizing that half-life (t1,2) equals 0.693V/Cl [Eq. (2.217)], and that if
half-life increases or decreases with time, a concave or convex curve
will result. For drugs with a low intrinsic clearance (i.e., @ >> fgCly),
where nonlinear binding occurs in the vascular space, a decrease in
volume of distribution and clearance should be observed as a function
of time after an intravenous bolus dose because of the decrease in free
fraction as drug concentration in the vascular space decreases. Under
the conditions noted above, the log plasma concentration versus time
curve may appear curved even when a one-compartment model with
first-order elimination is extant. The effect of binding on clearance
will tend to make the curves concave, whereas the effect of binding on
volume of distribution will tend to make the curves convex (see Fig.
7.17). As linear tissue binding increases, there is a general tendency
to straighten the concave log plasma concentration-time curves resuit-
ing from nonlinear protein binding in the vascular space. Nonlinear
tissue binding with linear protein binding in the vascular space will
result in no net change in clearance with time, but will result in an
increase in volume of distribution with time. This becomes readily
apparent by considering Eqs. (5.49) and (8.27). The consequence
will be a concave log plasma concentration versus time curve even
though a single compartment is extant.

Nonlinear protein binding in the vascular space or nonlinear tissue
binding will have the same effect on volume of distribution of drugs with
a high clearance as they do on drugs with a low clearance. However,
changes in protein binding in the vascular space should have little
if any effect on the clearance of highly cleared drugs (i.e., fBCIi >>
Q), and the total area under a plasma concentration versus time curve
should be a simple linear function of dose or amount absorbed. This
lack of dependence of clearance on binding can be readily appreciated
by considering (8.27). Therefore, the shape of log plasma concentra-
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Fig. 7.17 Effect of concentration-dependent plasma protein binding
(assuming no tissue binding) on the time course of free (Q) and total

(®) drug concentration in the plasma.

Also shown are the instan-

taneous apparent volume of distribution V and the free fraction in

the plasma f,,.

In the panel on the left, the effect of plasma protein

binding on clearance predominates and the total drug concentration
in plasma curve is concave, whereas in the panel on the right, the
effect of binding on volume of distribution predominates and the curve

describing total drug concentration in plasma is convex.

38, © 1979 Plenum Publising Corp.)

(From Ref.
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tion versus time curves will appear convex since the effect of protein
binding in the vascular space on volume of distribution will be the
primary factor influencing this shape. Such curves may be interpreted
incorrectly as indicating nonlinear or Michaelis-Menten drug elimina-

tion.

SOME PROBLEMS IN QUANTIFYING NONLINEAR
PHARMACOKINETICS

Because of the possible effects of nonlinear binding on log plasma
concentration versus time profiles, it is simplistic always to interpret
log plasma concentration times curves on the basis of multicompart-
ment pharmacokinetic models or to simply assume nonlinear elimination,
Interpretation is complicated by the fact that tissue binding is dif-
ficult to characterize since tissue represents such an heterogeneous
phase. Whether or not a multiexponential plasma concentration versus
time curve is a consequence of the distribution characteristics of a
drug or a result of nonlinear binding in the vascular or extravascular
space can be evaluated by giving an intravenous bolus dose and an
intravenous infusion of a drug such that drug concentrations immedi-
ately after the bolus dose and upon termination of the infusion are
equal, If the drug does in fact confer multiexponential characteristics
on the body as a result of its distribution properties, the distribution
phase postinfusion will be less pronounced than that after the intra-
venous bolus dose. However, if the multiexponential characteristics
are a result of nonlinear binding, the distributive phases postinfusion
and postbolus will be equivalent (see Fig. 7.18) [39].

Although the equations developed in previous sections of this
chapter have been based on a one-compartment system, the principles
discussed apply regardless of the compartmental characteristics of the
drug. However, in the case of capacity-limited elimination, errors do
occur in the estimation of Ky and Vp, if & one-compartment system is
assumed when in fact a multicompartment system is more appropriate.
This can be readily appreciated by considering that in a multicompart-
ment system, the ratio V_ /K equals kyg, the elimination rate constant,
not the smallest exponent (typically 8). If data are incorrectly assumed
to obey a one-compartment system, the estimate of V,/Ky will approx-
imate 8, the terminal disposition rate constant, rather than approximat-
ing kqg.

As would be expected, Vi /By estimated assuming a one-compart-
ment system will always be less than the value obtained when the data
are analyzed according to the appropriate multicompartment system,

In addition, the value of V, obtained by one-compartment analysis will
always be less than the V, of a multicompartment system, while K, may
be overestimated or underestimated when multicompartment data are
analyzed assuming a one-compartment system {40]. Therefore, Vp
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Fig. 7.18 Time course of drug concentration in plasma (O) following a single intravenous dose (panel on
left) , and during and after constant rate intravenous infusion (panel on right) of drug with nonlinear tissue
binding in a one-compartment system. Drug concentrations after the bolus and upon cessation of the infus-
ion are superimposable. Infusion at a lower rate yields proportionately lower steady-state concentrations
(1), but the time required to reach steady state is longer than during the higher rate infusion. Drug con-
centrations in plasma (@), predicted by incorrectly assuming that the data after intravenous bolus adminis-
tration could be described by a linear biexponential model, take longer to reach steady state and have a much
less pronounced postinfusion distribution phase. (From Ref. 39, © 1979 Plenum Publishing Corp.)
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and K values obtained assuming an incorrect model must be in-

terpreted and used with caution.
Another problem is encountered when a drug is eliminated by more

than one capacity-limited pathway. In linear models, first-order
elimination rate constants for parallel pathways can be summed as a
means of simplifying the model. It would be advantageous if data de-
scribed by parallel Michaelis-Menten equations could be approximated
over several orders of magnitude by a single Michaelis-Menten equation
with constants V;, and Ky, insensitive to large changes in dose. Ap-
proximation of data by a single Michaelis-Menten equation appears
reasonable when values of Ky, for parallel pathways are within a factor
of 3 of each other [41]., The constants obtained, however, are gen-
erally not characteristic of any one enzyme system. When values of
K, are separated by a factor of 5 or more, data cannot be well repre-
sented over several orders of magnitude by a single Michaelis-Menten
equation, and therefore, simplification of such a system is inappropri-
ate. In this case Vi, and Kny increase markedly with dose. To de-
termine whether a system can be adequately described by a single
Michaelis-Menten equation requires that the parameters V. and Ky,
be relatively constant over the extremes of the dose range of interest.
A final point to consider is that some drugs exert dose-dependent
effects on blood circulation, urine pH, and on other physiologic proc-
esses that may affect drug disposition. For example, it is well known
that the elimination of certain drugs is influenced largely by the rate
of hepatic blcod flow. Some of these drugs may actually reduce
hepatic blood flow either directly or indirectly via an effect on cardiac
index. In such cases one may observe a decrease in the half-life
and/or clearance of the drug with increasing dose.

REFERENCES

1. M. Mayersohn. Ascorbic acid absorption in man. Eur. J.
Pharmacol., 19:140 (1972),

2. R. Runkel, E. Forchielli, H. Sevelius, M. Chaplin, and E. Segre.
Nonlinear plasma level response to high doses of naproxen.

Clin, Pharmacol. Ther, 15:261 (1974).

3. R. Runkeil, M. D. Chaplin, H. Sevelius, E. Ortega, and
E. Segre. Pharmacokinetics of naproxen overdoses. Clin,
Pharmacol. Ther. 20:269 (1976).

4, F. Lundquist and H. Wolthers. The kinetics of alcohol elimination
in man. Acta Pharmacol. Toxicol. 14:265 (1958).

5. G. Levy. Pharmacokinetics of salicylate elimination in man.

J. Pharm. Sci. 54:959 (1965).

6. G. Levy, T. Tsuchiya, and L. P. Amsel. Limited capacity for
salicyl phenolic glucuronide formation and its effect on the
kinetics of salicylate elimination in man, Clin, Pharmacol. Ther.
13:258 (1972).



316

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Pharmacokinetics

K. Arnold and N. Gerber. The rate of decline of diphenyl-
hydantoin in human plasma, Clin. Pharmacol, Ther, 11:121
(1970).

E. Martin, T. N. Tozer, L. B. Sheiner, and S. Riegelman.
The clinical pharmacokinetics of phenytoin. J. Pharmacokinet.
Biopharm. 5:579 (1977).

P. K. Wilkinson, A. J. Sedman, E., Sakmar, R. H. Earhart,
D. J. Weidler, and J. G. Wagner. Blood ethanol concentrations
during and following constant-rate intravenous infusion of
aleohol. Clin. Pharmacol. Ther. 19:213 (1978).

N. Gerber and J. G. Wagner. Explanation of dose-dependent
decline of diphenylhydantoin plasma levels by fitting to the
integrated form of Michaelis-Menten eqliation. Res. Commun.
Chem. Pathol. Pharmacol. 3:455 (1972).

J. E. Dowd and D. S. Riggs. A comparison of estimates of
Michaelis-Menten kinetic constants from various linear transforma-
tions, J. Biol. Chem. 240:8863 (1965).

P. W. Mullen and R. W. Foster. Comparative evaluation of six
techniques for determining the Michaelis-Menten parameters
relating phenytoin dose and steady-state serum concentrations.
J. Pharm. Pharmacol. 31:100 (1979).

I. H. Segel. Enzyme Kinetics. Wiley, New York, 1975, pp.
208-214,

C. A. M. van Ginnekan, J. M. Van Rossum, and H. L. J. M.
Fleuren, Linear and nonlinear kinetics of drug elimination:

I. Kinetics on the basis of a single capacity-limited pathway
of elimination with or without simultaneous supply-limited
elimination. J. Pharmacokinet. Biopharm. 2:395 (1974).

W. H. Beyer (Ed.). CRC Standard Mathematical Tables.

CRC Press, West Palm Beach, Fla., 1978.

G. Levy. Dose-dependent effects in pharmacokinetics. In
Importance of Fundamental Principles in Drug Evaluation,

D. H, Tedeschi and R. E. Tedeschi (Eds.). Raven Press,
New York, 1968, pp. 141172,

L. Martis and R. H. Levy. Bioavailability calculations for
drugs showing simultaneous first-order and capacity-limited
elimination kinetics. J. Pharmacokinet. Biopharm. 1:283
(1973).

Y. J. Lin, D. J. Weidler, D. C. Garg, and J. G. Wagner.
Novel method for estimating volume of distribution of a drug
obeying Michaelis-Menten elimination kinetics. J. Pharmacokinet.
Biopharm. 6:197 (1978).

T. Tsuchiya and G. Levy. Relationship between dose and
plateau levels of drugs eliminated by parallel first-order and
capacity-limited kinetics. J. Pharm. Sci. 61:541 (1972).



7 |/ Nonlinear Pharmacokinetics 317

20.

21.

22,

23.

24,

25.

28.

27.

28,

29,

30.

31,

32.

33.

34,

G. Levy and T. Tsuchiya. Salicylate accumulation kinetics in
man. N. Engl. J. Med, 287:430 (1972).

J. G. Wagner. Time to reach steady-state and prediction of
steady-state concentrations for drugs obeying Michaelis-Menten
elimination kinetics. J. Pharmacokinet. Biopharm. 6:209
(1978).

W. J. Jusko, J. R. Koup, and G. Alvan. Nonlinear assessment
of phenytoin bioavailability. J. Pharmacokinet. Biopharm.
4:327 (1976).

T. Tsuchiya and G. Levy. Biotransformation of salicylic acid
to its acyl and phenolic glucuronides in man. J. Pharm. Sci.
61:800 (1972).

M. M. Drucker, S. H. Blondheim, and L. Wislicki. Factors
affecting acetylation in vivo of para-aminobenzoic acid by
humean subjects. Clin. Sci. 27:133 (1964).

W. J. Jusko and G. Levy. Pharmacokinetic evidence for
saturable renal tubular reabsorption of riboflavin. J. Pharm.
Sci, 59:765 (1970).

A. N. Chremos, D. Shen, M. Gibaldi, J. D. Proctor, and J. H.
Newman. Time dependent changes in renal clearance of
bethanidine in humans. J. Pharm. Sci. 65:140 (1976).

A. Arvidsson, O. Borga, and G. Alvan. Renal excretion of
cephapirin and cephaloridine: Evidence for saturable tubular
reabsorption. Clin, Pharmaccl. Ther. 25:870 (1979).

E. Jahnchen and G. Levy. Inhibition of phenylbutazone elim-
ination by its metabolite oxyphenbutazone. Proc. Soc. Exp.
Biol. 141:963 (1972).

J. J. Ashley and G. Levy. Inhibition of diphenylhydantoin
elimination by its major metabolite. Res. Commun. Chem. Pathol.
Pharmacol. 4:297 (1972).

d. 4. Ashley and G, Levy. Kinetics of diphenylhydantoin
elimination in rats. J. Pharmacokinet. Biopharm. 1:99 (1973).
D. Perrier, J. J. Ashley, and G. Levy. Effect of product in-
hibition on kinetics of drug elimination. J. Pharmacokinet.
Biopharm. 1:231 (1973).

R. A. O'Reilly, P. M. Aggeler, and L. S. Leong. Studies on the
coumarin anticoagulant drugs: A comparison of the pharmaco-
dynamics of dicumarol and warfarin in man, Thromb. Diath.
Haemorrh. 11:1 (1964).

P. G. Dayton, 8. A. Cucinell, M. Weiss, and J. M., Perel.
Dose-dependence of drug plasma level decline in dogs. J. Phar-
macol. Exp. Ther, 158:305 (1967).

A. Goldstein, L. Aronow, and S. M, Kalman (Eds.). Principles
of Drug Action: The Basis of Pharmacology. Wiley, New York,
1974, pp. 273--283.



318

35.

36.

37.

38,

39.

40‘

41,

Pharmacokinetics

C. M. Berlin and R. T. Schimke. Influence of turnover rates
on the responses of enzymes to cortisone. Mol. Pharmacol,
1:149 (1965},

W. H. Pitlick and R. H. Levy. Time-dependent kinetics: 1I.
Exponential autoinduction of carbamazepine in monkeys.

J. Pharm. Sci. 66:647 (1977).

R. Levy. Time-dependent pharmacokinetics. In "Pharmaco-
kinetics: Theory and Methods," M. Rowland and G. Tucker
(Subject Eds.), in The International Encyclopedia of Pharma-
cology and Therapeutics. Pergamon Press, Oxford, 1982.

P. J. McNamara, G. Levy, and M. Gibaldi. Effect of plasma
protein and tissue binding on the time course of drug concen-
tration in plasma. J. Pharmacokinet. Biopharm. 7:195 (1979).
P. J. McNamara, J. T. Slattery, M. Gibaldi, and G. Levy.
Accumulation kinetics of drugs with nonlinear plasma protein
and tissue binding characteristics. J. Pharmacokinet. Biopharm.
7:397 (1979),

A, J. Sedman and J. G. Wagner. Importance of the use of
the appropriate pharmacokinetic model to analyze in vivo
enzyme constants. J. Pharmacokinet. Biopharm. 2:161
(1974).

A. J. Sedman and J. G. Wagner. Quantitative pooling of
Michaelis-Menten equations in models with parallel metabolite
formation paths. J. Pharmacokinet. Biopharm. 2:149 (1974).



8

Clearance Concepts

Pharmacokinetic theory of drug elimination has traditionally been based
on rate concepts, and the apparent efficiency of elimination processes
has usually been described in terms of first-order rate constants or
half-lives. This approach has certainly been appropriate and useful
for many applications but leads to rather serious problems when one
wishes to apply pharmacokinetics in an anatomical/physiological con-
text and to examine drug elimination in a mechanistic sense. An
alternative approach that has been found to be much more valuable

for such applications is the use of clearance parameters to characterize

drug disposition.

ORGAN CLEARANCE

The best way to understand clearance is to consider the situation in
a single, well-perfused organ that is capable of drug elimination (see
Fig. 8.1). Blood flow through the organ is denoted as Q (ml/min).
The drug concentration in the arterial blood entering the organ is C,h,
whereas that in the venous blood leaving the organ is Cy. If the organ
metabolizes or excretes some of the drug, Cy < C,.

The rate at which drug enters the orgen is given by the product
of Cx and Q, whereas the rate at which drug leaves the organ is
given by the product of Cy and Q. Mass-balance considerations dictate
that the rate of drug elimination by the organ is equal to the difference
between the rate in and the rate out:

Rate of elimination = CAQ - CVQ = Q(CA - CV) (8.1)

If one compares the rate of drug elimination with the rate at which
drug enters the organ, one obtains a dimensionless quantity that is
termed the extraction ratio, ER:

319
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Clearing Organ
A 1’

Elimination

Fig. 8.1 Flow model for drug clearance by an organ. The term Q
denotes blood flow rate through the organ and the terms Cp and Cy
denote drug concentrations in arterial and venous blood, respectively.
If the organ is a site of drug elimination, Cy < Cy.

_Q(C, ~Cy) €y - Cy

ER = = (8.2)
QCA CA

The extraction ratio quantifies the efficiency of the organ with respect
to drug elimination under fixed conditions of flow. If the organ is
incapable of eliminating the drug, C, = Cy and the extraction ratio is
zero. On the other hand, if the organ is so efficient in metabolizing
or excreting the drug that Cy ~ 0 the extraction ratio approaches
unity.

We can also think of the extraction ratio as an index of how ef-
ficiently the organ clears the blood flowing through it of drug. For
example, an extraction ratio of 0.8 teils us that 80% of the blood flow-
ing through the organ will be completely cleared of drug. Following
this line of reasoning, we can define the organ clearance of a drug
as the product of extraction ratio and flow:

Q(C, — Cy)
CI=—-——-——-—-—'-—A v =Q + ER (8.3)

Ca

It follows that the ratio of clearance to flow is equal to the extraction
ratio,

We can also infer from Eq. (8.3) that clearance is the ratio of
elimination rate to the drug concentration in blood entering the organ.
This relationship makes it relatively easy to determine the renal
clearance of any drug that is excreted, to some measurable extent,
unmetabolized in the urine. The excretion rate of a drug can be
estimated by determining the drug concentration in a volume of
urine collected for relatively short, known periods of time after ad-
ministration. By dividing the excretion rate by the drug concentra-
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tion in plasma or blood at the midpoint of the urine collection period,
one can estimate renal clearance. The same method can also be used
under certain conditions to estimate biliary clearance.

TOTAL CLEARANCE

The total clearance of drug from the body almost always involves more
than one organ. By definition, total or systemic clearance is the sum
of all individual organ clearances that contribute to the overall elimina-
tion of a drug. However, the only organ clearance that can be routine-
ly determined independently in humans is renal clearance because,
for all practical purposes, this is the only organ for which we can
easily determine an elimination rate. Therefore, a different approach
is required to estimate the systemic or total clearance of most drugs.
We can state, by analogy to Eq. (8.3), that total or systemic
clearance Clg is equal to the ratio of overall elimination rate dX/dt
to drug concentration in blood or plasma C:

_ dx/dt
s g (8.4)

Integrating the right-hand side of Eq. (8.4) with respect to time
fromt = 0 tot = », we obtain

Cl

i : (dX/dt) dt
Cls = = (8.5)
i o Cdt
The term [g (dX/dt) dt is equal to the total amount of drug ultimately
eliminated, or the administered dose D in the case of intravenous ad-
ministration. The term | ¢ C dt is equivalent to the total area under
the drug concentration in blood or plasma versus time curve, AUC.

Therefore,
_ D
Cls = auC (8.6)
We can also show that the systemic clearance of a drug is equal to the

infusion rate kg divided by the steady-state concentration Cgg of drug
in blood or plasma after prolonged constant rate intravenous infusion:

K,
clL == (8.7)
88

and that Clg is equal to the dosing rate divided by the average drug
concentration in blood or plasma during a dosing interval at steady
state after repetitive intravenous administration of fixed doses at

fixed intervals, Cgg:
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C
88

Cls - dosing rate (8.8)

Dosing rate is usually expressed in terms of mg/h (i.e., dose/1),
where 1 is the fixed dosing interval. Equation (8.8) may be used

for oral repetitive administration when complete systemic availability
can be assumed. Hence for any drug we can determine renal clearance
and systemic clearance.

HEPAT!IC CLEARANCE

The difference between systemic clearance and renal clearance is often
termed nonrenasl clearance. For certain drugs we can assume that
nonrenal clearance is equal to hepatic clearance (i.e., the clearance of
drug from the blood by the liver). For drugs that are virtually com-
pletely metabolized (i.e., renal clearance is negligible), we can some-
times assume that systemic clearance is equal to hepatic clearance.
Under these conditions, it follows from Eq. (8.3) that hepatic
clearance (Cly) is given by

C1H=QH + ER (8.9

where Qg is hepatic blood flow (about 1.5 liters/min in humans) and
ER is the hepatic extraction ratio (which can range from 0 to 1),

The maximum value of Cly is hepatic blood flow. If the nonrenal
clearance of a drug exceeds hepatic blood flow, it is evident that
nonhepatic metabolism or other nonhepatic elimination processes (other
than renal excretion) are taking place and that nonrenal clearance is
not equal to hepatic clearance.

A cursory examination of Eq. (8.9) suggests that hepatic clearance
is directly proportional to hepatic blood flow. This is not the case,
however, because the extraction ratio is also dependent on hepatic
blood flow. In principle, the larger the blood flow, the smaller is the
extraction ratio [1]. The relationship between hepatic blood flow and
extraction ratio has been derived using compartmental models [2]
and using a perfusion model [3]. The latter approach is presented
in this chapter.

Consider the model in Fig. 8.2 and assume that a bolus of drug‘o
is introduced into the reservoir, yielding an initial concentration C;,.
The principles of mass balance require the following relationships to

exigt:
dC i

—VR Tl Q(C, - CO) (8.10)

and



8 / Clearance Concepts 323

ELIMINATING
C. ORGAN c

CEg VE

Ci+ VR

RESERVOIR

Fig. 8.2 Schematic representation of an isolated perfused organ system
consisting of a reservoir and an eliminating organ. The terms are
defined as follows: Q is perfusate (blood) flow rate, C; is drug con-
centration in the reservoir and in the arterial blood entering the organ,
Co is drug concentration in emergent venous blood, Vg and Vp are

the volumes of the eliminating organ and reservoir, respectively,

and kg, is the first-order rate constant for drug elimination. Cg is

the drug concentration in the eliminating organ and, in this case, is
equivalent to KpC,, where Kp is a partition coefficient.

dCo
PE dt
where C;j is the drug concentration in the reservoir and entering the
eliminating organ; Cg is the drug concentration leaving the eliminating
organ and entering the reservoir; Vg and Vy are the volumes of the
eliminating organ and reservoir, respectively; Q is blood flow; k; is
the intrinsic first-order rate constant for drug elimination; and Kp
is the apparent partition coefficient of drug between the eliminating
organ and the emergent blood (i.e., Kp = Cg/Cq, where Cg is the
drug concentration in the eliminating organ). Equation (8.10) tells
us that the net rate of loss of drug from the reservoir is equal to
the difference between the rate into and the rate out of the organ and
Eq. (8.11) tells us that the rate of change of the amount (VECp or
KpVECy) of drug in the eliminating organ is equal to the difference
between the rate in QCj and the sum of the rate out and the rate of
elimination (i.e., the sum of QCqy and knVECg or knKpVECy) .

K =Q(Ci - CO) -k K V_C (8.11)

mPEo
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Solving Eqs. (8.10) and (8.11) for C; and Cg in the usual manner,
we obtain [3]

(Q/K,.,V)+k =—a (Q/K_V_)+Kk — B
- oo PE "m ot _ o P'E’ "m -Bt
C; =0y - o e G g ®
(8.12)
and
C;’Q(e-at _ e-Bt)
C = — (8.13)
o KPVE(B o)
where
Q Q
a+ B = o= + +k (8.14)
VR KPVE m
and
Qk
o =—,\—,—"1 (8.15)
R

Since clearance is equal to the ratio of dose to area [see Eq.
{8.6)], it follows that
V. C?
c1=-1 (8.16)

fo C, at

Integrating Eq. (8.12) fromt = 0 to t = =, and substituting this ex-
pression into Eq. (8.16), we obtain {3]

k K _V
_ m P E
Cl=@Q ATk KV, kapVE (8.17)

It follows from Eq. (8.9) that

k K.V
p
ER = Q—————:;‘( = EV (8.18)

m P E
Equation (8.18) shows that the extraction ratio of a drug is a function
of both the intrinsic ability of the organ to eliminate the drug, kpKpVg,
and the blood flow to the organ.

Equation (8.17) may also be derived by assuming that drug is
infused into the reservoir at a constant rate k, until steady state is
achieved, rather than administered as a single bolus. The net rate
of loss of drug from the reservoir is now given by
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dCi
—VR rral Q(Ci - CO) - kO (8.19)
Equation (8.11) still describes the rate of change of the amount of
drug in the eliminating organ. At steady state C; and C, are con-
stant (i.e., Cj gg and Cq gg, respectively). Therefore, dCi gg/dt
and dCqy, gg/dt are equal to zero. It follows from Eqs. (8.19) and
(8.11) that

ko = Q(Ci,ss - Co,ss) = kaPVECo,ss (8.20)
and that
C - kaPVECo,ss * QCo,ss (8.21)
i,ss Q .

According to Eq. (8.3), clearance may be obtained by measure-
ments across the eliminating organ:

Q(C, - C )
Cl = "zs 9,88 (8.22)

i,ss

Substituting for the numerator according to Eq. (8.20) and for Cj gq4
according to Eq. (8.21), and rearranging terms, we obtain
Qk K, V_.C

m P E o,ss (8.23)

kaPvEco,ss * QGo,ss

Cl

which simplifies to Eq. (8.17).

The term kKpV_. in Eq. (8.17) or (8.18) is equivalent to the
clearance capacity or intrinsic clearance Cl; of the organ for the
specific drug. Thus we may write that

ClI

Cl=Qm;=Q + ER (8.24)

If Cly reflects solely hepatic metabolism of the drug by a single
enzyme system, consideration of classical enzyme kinetics indicates
that Cl is equivalent to the ratio of V;; (the maximum rate of metabo-
lism) to Ky, (the Michaelis constant) [4]. Experimental verification of
this hypothesis has been provided for several drugs [4,5]. Examples
are shown in Fig. 8.3.

Equation (8.24) tells us that the systemic clearance of a drug
that is eliminated solely by metabolism in the liver is a function of
both hepatic blood flow Q and the intrinsic ability of the liver to
metabolize the drug, Clj. For many drugs, including antipyrine,
most barbiturates, anticonvulsants, hypoglycemic agents, and
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Fig. 8.3 Correlation between extraction ratios observed in an isolated
perfused rat liver and those predicted from liver homogenate esti-
mates of Vi, and K. The drugs studied were alprenolol (Al), anti-
pyrine (An), carbamazepine (C), hexobarbital (H), lidocaine (L),
phenytoin (Ph), and propranolol (Pr). [From Ref. 4, © 1971 American
Society for Pharmacology and Experimental Therapeutics. The Williams
and Wilkins Company (agent).]

coumarin anticoagulants, we find that the intrinsic clearance in
humans is considerably smaller than hepatic blood flow. If Q >> Clj,
it follows that Eq. (8.24) reduces to
Cin ClI (8.25)
Equation (8.25) was developed without taking plasma protein bind-
ing into consideration and 1s, therefore, an oversimplification for
most drugs. It does, however, apply directly to antipyrine, because
this drug is virtually unbound in body water and is essentially com-
pletely metabolized by the liver. In humans, the systemic clearance
of antipyrine appears to be a direct measure of the liver's ability
to metabolize the drug. Certain diseases, administration of drugs or
chemicals that inhibit or induce enzymes in the liver, or other per-
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turbations that affect the quality or quantity of hepatic microsomal
enzymes or cellular access to these enzymes will proportionately affect
the systemic clearance of antipyrine or similar drugs. For this reason
it has been proposed that antipyrine clearance be used as an index

of liver function [6].

In recent years it has come to light that some drugs, including
many analgesics, tricyclic antidepressants, and beta blockers, have
intrinsic clearance values in humans that significantly exceed hepatic
blood flow. The systemic clearance of such drugs shows a strong
dependence on hepatic blood flow. The reason for this is easily
demonstrated by considering a second limiting case for Eq. (8.24).

If Cl} >>Q, then

Cl~Q (8.26)

Although this exact case is rare, Eq. (8.26) does approximate the sit-
uation for drugs such as propranolol or lidocaine. The systemic clear-
ance of drugs that show hepatic blood flow-dependent elimination is
affected by various factors that affect blood flow to the liver, includ-
ing heart disease and liver disease or the administration of certain
drugs that affect the cardiovascular system. On the other hand, the
systemic clearance of such drugs is rather independent of factors

that affect the drug-metabolizing enzymes in the liver, such as the
administration of enzyme-inducing drugs or chemicals.

HEPATIC CLEARANCE AND DRUG BINDING IN BLOOD

As we have noted, the preceding discussion applies strictly to drugs
that are unbound in the vascular space. However, it is well recog-
nized that most drugs are bound to blood constituents, particularly to
plasma proteins. Moreover, it has been generally believed that this
binding retards hepatic metabolism or renal excretion since the avail-
ability of drug to the metabolic or excretory sites is limited to the
fraction of drug in the circulating blood which is free or unbound.
Although this restriction is true for many drugs, there are excep-
tions. It is apparent that the elimination of certain drugs is not
limited to the free drug delivered to the liver or kidneys because their
extraction ratio is greater than their free fraction [1]. In fact, there
are examples, such as the elimination of propranolol in humans (see
Fig. 8.4), where clearance is essentially independent of binding in the
blood [7].

It is evident that Eq. (8.24) must be modified to take blood binding
into account. The following relationship has been proposed [1] and
experimentally verified [8]:

f, ClL
Bl
LT (8.27)
Q + fB ClI

Cl=Q



328 Pharmacokinetics

20 b

£ ®

£

8 o

2

g )

S 10 ®

-

o . f

-t

Q

-d

g

< o o

£ o @ o

Q

o

o
| ]
0.06 0.12

FREE FRACTION

Fig. 8.4 Lack of correlation between the systemic clearance of

propranolol and fraction of drug in the blood that is unbound. Be-
cause of propranolol's high hepatic extraction ratio, its clearance is
largely dependent on hepatic blood flow and relatively independent
of drug binding in blood or intrinsic hepatic clearance. (Data from

Ref. 7.)

where fp is the fraction free in blood [i.e., the ratio of free drug con-
centration in blood to total (bound and unbound) drug concentration

in blood] and Cli is the intrinsic clearance of free (unbound) drug.
The relationship between clearance and drug binding for warfarin,
phenytoin, and propranolol is shown in Fig. 8.5. Since most investiga-
tors rceasure the fraction free in plasma fp rather than in blood, it is
important to recognize that

f,C
f. = PP (8.28)

where Cg, is the total drug concentration in plasma and Cg is the
total drug concentration in blood. The drug concentration in blood
may be calculated from the drug concentration in plasma by means of

the following relationship:
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Fig. 8.5 Relationship between extraction ratio and fraction of drug in
the blood that is unbound, for a drug (under physiological condi-
tions) with a high extraction ratio (propranolol), one that has a low
extraction ratio (warfarin), and a third that has an intermediate ex-
traction ratio (phenytoin), in the isolated perfused rat liver. Through-
out most of the range of free fraction values the extraction ratio of
propranolol is virtually independent of drug binding, whereas that of
warfarin shows an almost linear dependence on drug binding. (From
Ref. 8.)

= . + -— .
CB CRBC HCT CP(1 HCT) (8.29)
where CRgc is the drug concentration in the red blood cells and HCT
is the hematocrit.

For drugs that show a low extraction ratio (i.e., mei << Q),
Eq. (8.27) reduces to

= 1

C1 fBCII (8.30)
These drugs are said to be restricted in their hepatic metabolism.
Systemic clearance is a function of both binding in the blood and the
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intrinsic ability of the liver to eliminate the drug. Perturbations that
affect plasma protein binding will have a direct effect on the clearance
of such drugs (see warfarin and phenytoin in Fig. 8.5).

On the other hand, for drugs that show a high extraction ratio
(i.e., fgCI} >> Q), Eq. (8.27) reduces to Eq. (8.26) (i.e., the
systemic clearance approximates hepatic blood flow). The clearance
of these so-called nonrestricted drugs is largely independent of
changes in plasma protein binding (see propranolol in Fig. 8.5).

DRUG BINDING AND FREE DRUG CONCENTRATION

Since the steady-state concentration of a drug in plasma or blood is

a function of clearance, it follows that a change in binding can marked-
ly affect total drug levels at steady state of a restricted (low ex-
traction ratio) drug, whereas the total levels at steady state of a non-
restricted (high extraction ratio) drug would be relatively unaffected.
However, it is also important to consider the effect of binding on the
steady-state concentration of free (unbound) drug since this is usually
considered to be the pharmacologically active component. Total drug
levels in blood after continuous constant rate intravenous infusion to

steady state are given by
k0
Css -T (8.31)
and free drug levels are given by
f k
_ B0
Cos,free - CI (8.32)

For a restricted drug, Cl ~ fBCli. Therefore,

kg
Cos © 7 (8.33)
8s fBCII
and
kg
Css,free = cr (8.34)

I

On the other hand, for a totally nonrestricted drug, Cl ~ Q. It

follows that
kO
= — 8.35
Cas Q (8.35)

and that
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f_k
B0

Css,free T Q (8.36)
Thus, for a poorly extracted drug, an increase in fg can markedly
affect systemic clearance and total drug levels but has little effect on
free drug concentrations [see Eq. (8.34)]. Conversely, for a very
well extracted drug, an increase in fg will have little effect on sys-
temic clearance and total drug levels but can substantially affect
free drug concentrations [see Eq. (8.36)].

HALF-LIFE, INTRINSIC CLEARANCE, AND BINDING

The half-life of a drug is related to its apparent volume of distribution
and its systemic clearance:

A
t1/2—0.693 Cls (8.37)

In any case, we may substitute Eq. (5.48) for V, and in the case of a
drug eliminated solely by hepatic metabolism, we may substitute Eq.
(8.27) for Clg, to obtain

_ VB + VT(fB/fT)

- ] 1
1/2 Q(fBCII)/(Q + fBCli

t ) (0.693) (8.38)

where Vg and fg are the volume and free fraction of drug in the
vascular space, Vp and fp are the volume and free fraction of drug in
the extravascular space, and Q is the hepatic blood flow.

It follows that for a drug with a high extraction ratio

VB + VT(fB/fT)

t1/2 = Q (0.693) (8.39)
whereas for a drug with a low extraction ratio
Vo + V, (£ /f)
_YB 'tVB''T
ty2 = T Fon (0.693) (8.40)
Bl
or
A% v
B T
t = ( -+ ,) 0.693 (8.41)
1/2 fBClI fTClI

Inspection of Eq. (8.39) indicates that the half-life of an unre-
stricted drug is a function of blood and tissue binding as well as
hepatic blood flow. A change in intrinsic clearance is expected to
have little effect on the half-life of a high-extraction-ratio drug. In
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support of this hypothesis, the half-life of alprenolol in healthy volun-
teers was found to be 2.3 h before and 1.8 h during treatment with
pentobarbital, an enzyme-inducing agent that increased the intrinsic
clearance of the drug by more than fourfold [9]. On the other hand,
a decrease in the plasma protein binding (i.e., an increase in fg) of a
drug with a high extraction ratio will increase the half-life of the
drug, whereas an increase in binding results in a decrease in half-
life [1]. Thus the response of such drugs to changes in binding
appears to run counter to the conventional thinking that plasma pro-
tein binding protects a drug from elimination.

A similar evaluation of Eq. (8.41), which applies to a drug with a
low extraction ratio, leads to more conventional conclusions. An in-
crease in intrinsic clearance should produce a proportional decrease
in half-life. An increase in plasma protein binding is predicted to
produce a decrease in half-life, but the extent of the change in half-
life depends on the relative magnitude of VB/fBCIi compared to
VT/fTCIE. If the first term predominates, an increase in binding
should yield a proportional decrease in half-life. If the second term
predominates, an increase in blood binding would have little effect
on half-life. The latter situation appears to be the more common.

FIRST-PASS EFFECT

A particularly important characteristic of drugs that show a high
hepatic extraction ratio, typified by propranolo! or lidocaine, is that
on oral administration presystemic or first-pass metabolism is sig-
nificant and the amount of drug reaching the systemic circulation may
be considerably less than the dose administered. Since the entire blood
supply draining the upper gastrointestinal tract passes through the
liver before reaching the general circulation, the fraction F of an oral
dose that reaches the systemic circulation, assuming complete ab-
sorption, is given by

F=1-ER (8.42)

where ER is the extraction ratic. Thus the area under the drug con-
centration in blocd or plasma versus time curve after an oral dose of
propranolol, which has a hepatic extraction ratio of 0.64 in humans
{71, is only about one-third of that found on intravenous administra-
tion of the same dose.

The area under the drug concentration in blood or plasma versus
time curve after oral administration of a drug that is completely ab-
sorbed and eliminated only by hepatic metabolism is, in fact, related
to intrinsic hepatic clearance. Recognizing that F is simply the ratio
of area under the curve after oral adminstration to that after intra-
venous administration and that ER is a function of intrinsic clearance
and blood flow [see Eq. (8.24)], we may rewrite Eq. (8.24) as
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AUCoral ClI
AGc, ST §wor (8.49)
i.v, I

Rearranging terms and multiplying both sides of the equation by the
administered dose D, we obtain

D(Q + Cl,)
I D 1 (8.44)

= =C
(Q)AUCi.v ) AUCoral oral

The ratio of dose to AUCpypg) has been termed the apparent oral
clearance. Recognizing that D/AUC; , is the systemic clearance Cl
and substituting for Cl according to Eq. (8.24), we obtain

_ Q(CIH(Q + Clp

Clor'al T oUQ + CII) (8.45)
On canceling terms we find that
= = !
Clorai ClI meI (8.46)

Thus, under the stated condition, we can obtain an estimate of the
intrinsic hepatic clearance of total drug Cl; by measuring the area
under the curve after oral administration [2]. Furthermore, by de-
termining the fraction free in blood, we can estimate the intrinsic
clearance of free drug Clj.

Equation (8.46) applies in principle to all drugs that are solely
eliminated by the liver and that can be described by linear pharma-
cokinetics, irrespective of hepatic extraction ratio. Hence, for a
drug with a low extraction ratio, the apparent clearance after oral
administration (assuming complete absorption) is identical to its
systemic clearance [see Eq. (8.30)]. This is not true for a drug with
a high hepatic extraction ratio. The systemic clearance of such a
drug is independent of Cli [see Eq. (8.26)], whereas its oral clearance
and the AUC resulting from oral administration are a direct function
of Cli . Thus various perturbations that affect liver enzyme activity
may have little effect on the pharmacokinetics of a high clearance
drug after intravenous administration but substantial effect after oral
administration. For example, treatment with an enzyme inducer may
have little effect on the systemic clearance of drugs such as propranolol,
lidocaine, or imipramine but may substantially increase the first-pass
effect to which the drug is subjected after oral administration, result-
ing in a far smaller systemic availability. In support of this hypothesis,
Alvan et al. [9] report a ratio of AUC values on intravenous administra-
tion of alprenolol before and during treatment with an enzyme-inducing
agent of 1.2, compared to a ratio of 4.6 on oral administration under
the same conditions.
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The equations presented above indicate that the area under the
drug concentration in blood versus time curve after oral administra-
tion (AUCqyypg1) under conditions of constant hepatic blood flow is a
function of administered dose (assuming complete absorption) and
intrinsic clearance but is independent of blood flow. This is some-
what puzzling since we know that for a drug with a high extraction
ratio, systemic clearance increases, extraction ratio decreases, and
therefore AUCj v, decreases and F increases with increasing blood
flow [see Eqs. (8.18), (8.24), and (8.42)]. However, AUC,,q) (as-
suming complete absorption) is given by

FD

AUCoral =Cl (8.47)
where F is the fraction of the dose escaping first-pass metabolism, and
we find that an increase or decrease in hepatic blood flow from one
administration to another produces exactly the same increase or de-
crease in both F and Cl so that there is no net effect on AUC . ;.

On the other hand, fluetuations in hepatic blood flow during a
dosing interval may affect AUC,pg]. For example, a higher than
average hepatic blood flow during the gastrointestinal absorption of
a drug with a high extraction ratio, followed by a return to normal
when absorption is essentially complete but most of the drug is still
in the body, will cause an increase in AUC,.., (see Fig. 8.6). The
reason for this is that the transient increase in hepatic blood flow
during absorption will have a much greater effect on the first-pass
metabolism than on overall systemic clearance (i.e., F is increased
more than is Cl). This phenomenon may explain why the administra-
tion of propranolol or metoprolol with a meal results in a larger AUCgpgl
than is found when the drug is given to fasted subjects [10].

Determination of the areas under the curves after intravenous and
oral administration of a high extraction ratio drug permits one to
estimate hepatic blood flow Q. The ratio of areas after administration
of equal doses gives the systemic availability F. Assuming that ab-
sorption is complete and elimination occurs solely by hepatic metabo-
lism, the extraction ratio is given by

ER=1-F (8.48)
Rearranging Eq. (8.24), we obtain

Cl
Q= ER (8.49)
where systemic clearance Cl is estimated from the ratio of intravenous
dose to AUC;y .-

The extent to which a drug is subject to first-pass metabolism may
be estimated from area-under-the-curve data obtained after oral or
intravenous administration of a high extraction ratio drug [11]. Since
the systemic availability of a drug is given by (8.42) and since systemic
clearance is the product of @ and ER, we can show that
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Fig. 8.6 Drug concentration in plasma after oral administration of a
drug with a high hepatic extraction ratio under fasting and nonfast-
ing conditions. The lower curve (labeled fasting) was simulated by
maintaining hepatic blood flow constant at 1.5 liters/min throughout.
The upper curve (labeled fed) was simulated assuming that, for the
first 2 h after drug administration, hepatic blood flow was elevated
to a value of 2.5 liters/min, then reduced to a value of 1.5 liters/min
for the remainder of the observation period. (From Ref. 18.)

1 -1 _Q-ER _., _ CI_., _ D
F=1-ER=1 Ta 1 Q 1 QM-AUCi N (8.50)

Thus the systemic availability of a drug subject to first-pass metabolism
may be estimated from Eq. (8.50) by determining AUCj y, and sub-
stituting an appropriate average value for Q (e.g., 1.5 liters/min in
humans). Equation (8.50) tells us that drugs with low systemic
clearances relative to hepatic blood flow will be subject to a negligible
first-pass effect and will have a systemic availability after oral admin-
istration that approaches unity provided that gastrointestinal absorp-
tion is complete and chemical or enzymatic conversions in the gut are
negligible. On the other hand, as systemic clearance approaches
hepatic blood flow, systemic availability approaches zero.

If we multiply Eq. (8.50) by AUCypg1, we obtain
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D . AUCOM1
F - AUCOI‘BI = AUCOI’&I - —Q—?m; (8.51)
or
FD
F . AUCoral = AUCoral ~Q (8.52)
Rearranging terms to solve for F, we obtain
Q Q
F= = (8.53)
Q + (D/AUC_ ) Q+ClL

Thus the systemic availability of a drug subject to first-pass metabolism
may also be estimated from Eq. (8.53) by determining AUC,,,; and sub-
stituting an appropriate average value for hepatic blood flow. Equa-
tion (8.53) tells that the higher the intrinsic hepatic clearance, the
lower is the systemic availability of a drug.

Equations (8.50) and (8.53) apply exactly only to drugs with
linear pharmacokinetic characteristics, which are absorbed completely
after oral administration and are eliminated only by hepatic metabolism,
Equation (8.50) may be applied to drugs that are partially excreted
unchanged if Cl is replaced by hepatic clearance Cly. Hepatic clear-
ance may be estimated from

ClH =Cl - Clr (8.54)
where CI is systemic or total clearance and Cl, is renal clearance.
Equation (8.54) assumes that all nonrenal clearance may be assigned
to the liver.

The actual systemic availability of a drug may be less than or
greater than the value predicted by Eq. (8.50). Less-than-predicted
values will be observed if the drug is incompletely absorbed because
of dosage form or permeability factors or if the drug is subject to chem-
ical or metabolic breakdown in the gut., Greater-than-predicted values
may be found if hepatic metabolism is capacity limited or if nonhepatic
systemic metabolism is significant.

GUT WALL CLEARANCE

The systemic availability F of drugs subject to both first-pass hepatic
and intestinal mucosa metabolism has also been considered [12,13].
Under certain conditions (see the model in Fig. 8.7), it can be shown
that F is given by

QHVQF‘V (8.55)
+ CIHI)(QPV + CIGI)

F =
(Quvy

where F = (AUC)oraI/(AUC)i.v. » Qv is total hepatic blood flow,
(i.e., the sum of hepatic arterial flow Q4 and portal venous flow



8 / Clearance Concepts 3317

DRUG
INPUT (i.v.) CENTRAL POOL S

a
HA
S LIVER -
HEPATIC
ELIMINATION
Qpy V
Cpy
P G! TRACT <
GUT
ELIMINATION

/ DRUG INPUT (ORAL)

Fig. 8.7 Flow model describing the perfusion of the gastrointestinal
tract and liver and showing the course of drug given orally and in-
travenously. After oral administration the drug is potentially subject
to first-pass effects in the gut wall and in the liver. Blood flow
terms are defined as follows: Qpy is total hepatic blood flow, Qya
is hepatic artery blood flow, and QPV is portal vein blood flow.

Qpv. which is equal to the flow in the hepatic vein), Cly; is intrinsic
hepatic clearance, and Clgj is intrinsic intestinal mucosal clearance.
The ratio of Qpy to Quvy is about 0.8 in the rat, 0.75 in the dog, and
0.7 in humans.

In the absence of gut wall metabolism, Eq. (8.55) reduces to
Eq. (8.53), wheh can be rearranged to give Eq. (8.50), where
Q = Qyv. In the absence of significant first-pass hepatic metabolism
(i.e., Clyr << QHV), Eq. (8.55) reduces to
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Q
F = Q—P-i'v(_j—l—— (8.56)
PV Gl
which can be rearranged to give
D
F=1- - (8.57)
AUCi.v QPV

When a drug is subject to both first-pass hepatic metabolism and
gut wall metabolism, it has been shown that the actual systemic avail-
ability is always intermediate between the vealue predicted by Eq.
(8.57) (underestimate) and that predicted by Eq. (8.50) (overestimate)
[12}.

The Pang-Gillette model [13] for first-pass metabolism is more
complex than that proposed by Colburn and Gibaldi [12] in that it in-
corporates biliary excretion of drug and metabolite as well as entero-
hepatic ecycling of parent drug, and considers both oral and intra-
peritoneal administration of the drug.

LUNG CLEARANCE

It is well known that the liver is not the only site of drug metabolism.
Several extrahepatic tissues, including the intestinal mucosa, kidney,
and lung, contain drug-metabolizing enzymes. Because of the lung's
unique anatomical position in the circulatory system (see Fig. 8.8},
drug metabolism by this organ presents some interesting implications
for the evaluation of first-pass effects and systemic availability.

In the absence of drug metabolism by the lung, the systemic
availability of a drug is given by the well-known equation

F - AUCoral
oral = AUC, (8.58)
i.v.
where F .., is the fraction of the administered dose reaching the
systemic circulation, and AUCora] and AUC; , represent the total
areas under the drug concentration in blood versus time curves after
oral and intravenous administration, respectively, assuming venous
blood sampling. A value of F ..y of less than 1 may be the result of
one or more of the following factors: (1) physical-chemical properties
of the drug and/or dosage form; (2) gut and/or gut wall metabolism
of the drug, and (3) hepatic first-pass metabolism of the drug. Under
these conditions Eq. (8.58) is assumed to provide an absolute estimate
of the availability of the orally administered drug to the target organ(s)
since a compound given intravenously may be regarded as 100%

available.
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Fig. 8.8 Schematic representation of the anatomical positions of the
potential sites of drug elimination (i.e., the gastrointestinal tract,
the liver, and the lung) and of several routes of administration, in-
ciluding oral (p.o.), hepatic portal vein (h.p.v.), intravenous (i.v.),
and intra-arterial (i.a.).
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Strictly speaking, this is not correct when drug clearance by
the lung is significant. Under these conditions a more appropriate
expression for absolute availability is

AUCoral
e (8.59)

Fcom}. = AUC
i.a.

where AUC{, g, is the total area under the curve after intra-arterial
administration, assuming arterial blood sampling. The AUC in ar-
terial blood will be larger after intra-arterial administration of a drug
than after intravenous administration of the same dose, if lung clear-
ance is significant.

As shown in Fig. 8.8, there are three potential sites for metabolism
across which an orally administered drug must pass before reaching
the systemic circulation: the gastrointestinal mucosa, the liver,
and the lung. Since these organs are arranged in series, it can be
seen, if one assumes complete absorption, that Fgpg) is equal to the
product of the fractions of dose escaping first-pass metabolism by
the gastrointestinal mucosa fg, liver fy, and lung fy:

Foral = foHfL (8.60)
Similarly, the absolute systemic availability of a drug given by injection
into the hepatic portal vein Fh.p.v.» or by intraperitoneal injection,
may be represented as

= .81y

Fh.p.v. foL (8.61)
whereas that of a drug given intravenously is simply

Fi.v. = fL (8.62)

1t follows that

- AUCoral (8.63)
G AUCh.p.v.
. - AUCh v (8.64)
H AUCi.v.

f

and

AUC,
e ——A A (8.65)

L~ AUC.
1.4a.

where the subscripts on the right-hand side of each equation refer
to route of administration and the AUC terms relate to drug concen-
trations in arterial blood.
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Table 8.1 Effect of Route of Administration on the Area Under the
Drug Concentration in Blood Versus Time Curve, AUC, After a Single
1.5 mg/kg Dose of Phenol.

Route AUC Relative Bioavailability (%)
Intra-arterial (i.a.) 6.13 100
Intravenous (i.v.) 2.53 41
Hepatic portal vein (h.p.v.) 2.22 36
Oral (p.o.) 0.18 3

Notes: The values represent the means of five to seven rats. The
difference between p.o. and h.p.v. administration reflects a first-pass
effect in the gut; the difference between i.v. and i.a. adminstration
reflects a first-pass effect in the lung.

Source: From Ref. 14,

Cassidy and Houston [14] have used the equations outlined above
to evaluate the relative contributions of intestinal mucosa, liver, and
lung in the elimination of phenol in the rat. The AUC values (carotid
artery blood) resulting from a single 1.5 mg/kg dose of phenol, using
different routes of administration, are shown in Table 8.1. The results
indicate that phenol undergoes a very large first-pass effect in the
rat when given orally. Only 3% of the dose appears as parent drug
in the systemic circulation. Application of Eqs. (8.63), to (8.65) to
the data suggest that gut and/or gut wall metabolism is the major
cause of the low systemic availability (fg = 0.08), but pronounced lung
metabolism is also evident (f; = 0.38). The role of hepatic enzymes
appears small (fy = 0.94).

RENAL CLEARANCE

The theoretical concepts presented above concerning hepatic clearance
and the relationship between drug binding in blood and hepatic clear-
ance are well defined and largely experimentally verified. Correspond-
ing theory and experimental data concerning renal clearance are much
more limited. Because the net rensl excretion of a drug is determined
by filtration, active secretion, and reabsorption, the model for renal
clearance is more complicated than that described for hepatic clearance.
Renal clearance Cl, can be described by the following equation [15]:

Clr = (Clrf + Clrs)(l - FR) (8.66)
wher Clpf is renal filiration clearance, Cl,g is renal secretion clearance,

and FR is the fraction of drug filtered and secreted that is reabsorbed.
The rate of filtration depends on the volume of fluid that is filtered in
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the glomerulus and the unbound concentration of drug in the blood
since plasma proteins and drug bound to these proteins are not fil-
tered. The volume filtered is usually estimated from creatinine clear-
ance Cl,,,. The renal filtration clearance may therefore be expressed

as

Cl .= fBClcr (8.67)

rf
where fp is the free fraction of drug in the blood.

Drug secretion in the kidney depends on the affinity of drug to
active transport carrier proteins relative to plasma proteins, the rate
of transfer of drug across the tubular membrane, and the rate of
delivery of the drug to the secretory site. A relationship similar to
Eq. (8.27) that incorporates these factors is the following.

QKfBC1i( K)

s " AT (8.68)
K "B I(K)

Cl

where Qg is blood flow to the kidney and Cli(K ) is the intrinsic renal
tubular secretion clearance with respect to unbound drug. Combining
Egs. (8.67) and (8.68) and making the appropriate substitutions in
Eq. (8.66), we find that renal clearance is given by

QKCIi(K)
Ccl =f (Cl + ; )(1 - FR) (8.69)
T B cr QK + fBCII(K)
If Qg >> fBCIi(K)r Eq. (8.69) reduces to
_ 1 -
Clr = fB(Clcr + CII(K))(I FR) (8.70)

Under these conditions a plot of renal clearance versus fg should be

linear and intersect the origin [16].
If tubular reabsorption is prevented (which may be possible with

certain acids or bases by changing urine pH), FR = 0 and Eq.
(8.70) may be rearranged to yield

Cl

cr . = —t - c1_ (8.71)

Ky~ fg r
On the other hand, if tubular secretion is blocked (which may be pos-

sible for certain acid drugs by administering probenecid), Cli(K) =0
and Eq. (8.70) may be rearranged to yield {16]
Cl

FR=1-— r (8.72)

fBClcr

With FR determined by means of Eq. (8.72), Cli(K) can be calculated
by rearranging Eq. (8.70) [16]:
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Fig. 8.9 Relationship between renal clearance and free fraction of
sulfisoxazole in serum in 13 rats (@) and in six of these rats retested
1 week later (O). The regression line and correlation coefficient (r)
are based on data from the first experiment; r = 0.79. According to
Eq. (8.75), the slope of the regression line is related to the product
of creatinine clearance and the fraction of drug evading tubular
reabsorption and the intercept value is related to the product of renal
blood flow and the fraction of drug evading reabsorption. (From

Ref. 17, reprinted with permission.)

C1
r
1 s -
CII(K) fB(l ~FR) Clcr (8.73)

Thus under certain experimental conditions we may be able to estimate
FR and intrinsic secretion clearance for some drugs.

Considering the other limiting case for Eq. (8.69) [i.e.,
fBCI}(K) >> QK] , we find that this expression reduces to

Q

- L PR
cL = fB(Clcr + £ )(1 FR) (8.74)
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or
Clr = fBCICr(l — FR) + QK(l ~ FR) (8.75)

In this case a plot of renal clearance versus fg should be linear and
have a positive intercept. Such a relationship has been observed
with respect to the renal clearance of sulfisoxazole in rats (see Fig.
8 . 9) .
Dividing the slope of a plot of Cl,, versus fg by its intercept
yields
Cl

Slope  _ "er
Intercept ~ Q (8.76)

By substituting experimental values for Clgr in this equation, we can
calculate Qg , the blood flow or effective blood flow to the kidney [16].

CLEARANCE CONCEPTS APPLIED TO METABOLITES

There is increasing interest in the contribution of drug metabolites to
drug efficacy or adverse effects and we frequently wish to know the
relative concentrations of metaboiite and parent drug on chronic
dosing. At steady state, the rate of formation of a metabolite must
equal its rate of elimination. We may express this relationship for a
one-compartment model as follows:

ka Cc =k V C (8.77)

P D,Ss m m m,Ss

where kg is the first-order formation rate constant, kj, is the metabolite
elimination rate constant, and Vy, and Cp gg and Vy, and Cp g5 denote
the apparent volumes of distribution and steady-state concentrations
of parent drug and metabolite, respectively. Recognizing that k¢ is
equal to f,K, where f is the fraction of parent drug converted to
this metabolite and K is the overall elimination rate constant of the
drug, and that the product of a rate constant and a volume is clear-
ance, we find that on rearranging Eq. (8.77),

cm S5 fmaip
o = Cl (8.78)
p,Ss m

where Clp and Cly represent the total systemic clearances of parent
drug end metabolite, respectively.

Equation (8.78) suggests that administration of the metabolite is
required to calculate this ratio. However, Lane and Levy [18] have
shown that this ratio, as well as the actual value of Cp g, can be
estimated from data obtained after a single dose of the parent drug
without the need for metabolite administration,
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The clearance of parent drug after intravenous administration is
given by

D

__p
p ~ CAUC)_ (8.79)

Cl

Kaplan et al. [19] have shown that f is equal to the ratio of AUC for
the metabolite after administration of a dose D,, of the parent drug to
that after administration of an equimolar dose D, of the metabolite.

That is,
_ (AUCm)}2 Dm _ (AUCm)
m D (AUC ) ~ D
p m m p

where (AUCg)p refers to the total area under the concentration of a
in blood versus time curve after a single intravenous dose of b; the
subscripts m and p refer to metabolite and parent drug, respectively.
The ratio of dose of metabolite to (AUC;,), is metabolite clearance Cl,.

Substituting for Clp and fy in Eq. (8.78) according to Egqs. (8.79)
and (8.80), respectively, and canceling common terms yields

C (AUC )

m,8S _ m’p
C ~ (AUC))
p,ss PP

Equation (8.81) shows that the ratio of steady-state concentrations of
metabolite and parent drug can be estimated by determining drug and
metabolite concentrations in blood after a single intravenous dose of
parent drug. Equation (8.81) also applies to the oral administration of
any drug, irrespective of extraction ratio, if absorption is complete,
It does not apply to intravenous administration of drugs with medium
to high hepatic extraction ratios [20].

Clearance concepts have also been useful in understanding the
effects of changes in plasma protein binding on the metabolic fate of
a drug [21}. Consider a drug that is excreted in the urine and
metabolized in the liver to a single product, which is excreted in the
urine as such. The fraction metabolized f;, after intravenous ad-
ministration is given by

Ci Cl
H H
fh=CL “ci,+ci (8.82)
s H T

where Cly is hepatic clearance, Clg is total or systemic clearance, and
Clp is renal clearance. If the drug has a low hepatic extraction ratio
and is excreted solely by glomerular filtration, then according to
Egs. (8.30), (8.66), and (8.67), we may rewrite Eq. (8.82) as

follows:

P
f Clm (8.80)

(8.81)
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1

¢ = 8% (8.83)

1 — .
m " fp Ol + £,C1 (1 = FR)

or
c!
1(H)

£ o= — (8.84)
m ~ CIy yy + C1_ (1~ FR)

where fp is the fraction unbound in blood, Cli( H) the intrinsic hepatic
clearance of unbound drug, FR the fraction of drug filtered that is
reabsorbed, and Clgp is creatinine clearance. Under these conditions
the fraction metabolized is independent of plasma protein binding.

0.16 (—
o

012 L . .

0.08 | @ @ o

0.04 |~ ® o«

| I I I L

0.05 0.10 0.15 0.20 0.25

FREE FRACTION

Fig. 8.10 Relationship between the fraction of a 20 mg/kg intravenous
dose of sulfisoxazole excreted in the urine as metabolites and the free
fraction of sulfisoxazole in serum in 13 rats. There is a distinct

trend toward an increasing metabolite fraction with increases in free
fraction as predicted by Eq. (8.86); the correlation coefficient is
0.68. (From Ref. 21, reprinted with permission.)
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On the other hand, if the drug has a low extraction ratio but is
excreted by filtration as well as tubular secretion, then according to
Eqgs. (8.30) and (8.69), we must express Eq. (8.82) as follows:

f Cl!

F o= 1(H)
m Q f CII(K)
' — —
f CII(H) +f Cl (1 FR) +Q T 1 Cli(x) (1 - FR)
(8.85)
or
f = 1(H) (8.86)
m Q Cli(K)
Cli(H) lcr(l —~ FR) + QK T Cli(x) (1 ~ FR)

where Qg denotes renal blood flow and Clf gy denotes intrinsic secre-
tory clearance with respect to unbound drug In the case where
fBCII(K) >> Qg Eq. (8.86) reduces to {21)
1
f CII(H) (8.87)
t — .

m CII(H) lcr(l FR) + (QK/fB)(l FR)
Equations (8.86) and (8.87) indicate that under these conditions, the
fraction metabolized increases as the binding of drug in blood de-
creases., This relationship has been observed with sulfisoxazole in

the rat (see Fig. 8.10).

PHYSICAL MODELS OF ORGAN CLEARANCE

All of the equations and relationship developed thus far in this chapter
are based on the assumption that the eliminating organ is a single
(homogeneous) well-stirred compartment and that distribution occurs

so rapidly that drug in the emergent venous blood is in equilibrium

with that throughout the liver, so that, assuming passive diffusion,

the concentrations of unbound drug in venous blood and in the clear-
ing organ are equal. An alternative to the "well-stirred" model [3] is
the "parallel tube" model [22—24], which envisions that the eliminating
organ is composed of a number of identical and parallel tubes with
enzymes distributed uniformly along the tubes. The parallel tube model
probably provides a realistic description of the liver, at least from an
anatomic point of view. Contrary to the assumptions of the well-
stirred model, the parallel tube model suggests that the concentration
of unbound drug in emergent venous blood will be less than the average
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Fig. 8.11 Concentration gradient of a drug across an eliminating
organ as envisioned by the well-stirred model (above) and the parallel
tube model (below). C, and C,, denote drug concentrations in arterial
and emergent venous blood.

free drug concentration in the liver, which is given by (C V) /In
(C. /Cv), where C' denotes unbound drug concentration, and the
subscmpts a and v denote arterial and venous blood, respectively.
The difference between the two models in terms of concentration
gradient across the clearing organ can be seen in Fig. 8.11,

Each model gives rise to a unique set of equations to describe
particular pharmacokinetic parameters [24]. For example, in the well-
stirred model we have defined clearance by Eq. (8.27). The corre-
sponding equation for clearance according to the parallel tube model
is

-fBCli I~

Cl=Q(1 —e ) (8.88)
where the term in parentheses is equal to the extraction ratio ER.

It is difficult to prove the validity of either one of these models
or even to differentiate experimentally between them because although
the relationships among parameters such as blood flow, intrinsic clear-
ance, clearance, and unbound fraction of drug are mathematically
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distinct, they are quantitatively similar in most instances. In fact,
for drugs with very high or very low extraction ratios, both models
predict the same limiting equations for clearance {i.e., Eqs. (8.26)
and (8.30)]1. This is readily seen by considering Eq. (8.88) when
f301i >> @ or when Q >> mei In the former situation, exp (— fBCI£/
Q) » 0and Cl - Q [Eq. (8. 26)} , whereas in the latter situation,

exp (—fgCl}/Q) ~ 1 — (£5C1;/Q) and Cl » fgCl; [Eq. (8.30)] [24].

Theoretical analysis [24] of the two models of organ clearance has
revealed that the most powerful discriminator between them is the ef-
fect of blood flow on either the emergent drug concentration in
venous blood (Cgyt or Cy) of a drug with a very high extraction ratio
[which is given by Cijn (1 — ER) or Cq(1 — ER)] or, in the case of
hepatic clearance, the systemic availability F after oral administration
of a drug with a very high extraction ratio (which is given by 1 — ER).
The reason for this discrimination is that the systemic availability of
a drug with a high hepatic extraction ratio changes linearly with blood
flow for the well-stirred model (F = QIfBClI) but changes exponentmlly
with blood flow for the parallel tube model {F = exp (— fBCII Q)] [24],
For a drug with an extraction ratio of 0.95, systemic availability would
be expected to increase from 5% to 9.5% upon doubling of hepatic blood
flow from 1 to 2 ml/min per gram of liver for the well-stirred model.

An increase from 5% to 22.4% would be expected under the same cir-
cumstances for the parallel tube model [24}.

The effect of changes in blood flow rate on the hepatic clearance of
lidocaine (extraction ratio > 0.99) has been examined in the perfused
rat liver [25,26]. Concentrations of lidocaine and its metabolite
monoethyl glycine xylidide (MEGX) in the emergent venous blood were
better predicted by the well-stirred model than by the parallel tube
model., Despite these interesting findings, it is probably premature
at this time to conclude which of the physical models for organ clear-
ance is the more generally appropriate.

BLOOD CLEARANCE VERSUS PLASMA CLEARANCE

The various equations and relationships discussed throughout most of
this chapter have not only been based on the well-stirred model, they
have also assumed that blood rather than plasma is the perfusion
medium which flows through and bathes the clearing organs. This
conceptual approach is, at first glance, at variance with common ex-
perimental procedures which call for determining drug binding and
drug concentrations in plasma rather than blood. However, this dif-
ficulty is easily overcome since relatively little more laboratory work
need be done to express drug binding and drug concentration in
terms of blood rather than plasma [see Eqs. (8.28) and (8.29)1.
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Unfortunately, most pharmacokinetic studies that have been pub-
lished to date do not provide enough data to express drug binding
and drug concentration in terms of blood. Moreover, most of the
values of systemic clearance for individual drugs that have been re-
ported are in fact plasma clearance rather than blood clearance values.
It is appropriate, therefore, to consider under what circumstances
plasma clearance is a reasonable approximation of blood clearance and
under what circumstances it is not.

It is evident from Eq. (8.29) that when a drug is uniformily
distributed throughout the blood (i.e., when drug binding is similar
in plasma and red blood cells), Cg ~ Cp since fg fp. When this con-
dition prevails, plasma clearance Clp wili approximate blood clearance
Clp.
B In the more usual case, we find that drug binding in plasma exceeds
that in red blood cells, so that Cg < Cp, AUC(blood) < AUC(plasma)
and {according to Eq. (8.6)], Clg > Cl,. Hence under these condi-
tions plasma clearance will underestimate blood clearance. According
to Eq. (8.29), the maximum error will occur when Crpc is negligible,
so that CB/Cp =1 — HCT and CiB/Clp = 1/(1 — HCT), or about 1,67
in humans.

Much larger errors may be encountered when drug binding to red
blood cells exceeds binding in plasma. In this case Cg > C
AUC(blood) > AUC(plasma), and Clp > Clg. The ratio of Cg to Cp
will depend on the relative binding to RBC and plasma; Clp can sub-
stantially overestimate Clg and, in fact, exceed hepatic blood flow.

It is also of interest to consider whether or not plasma parameters
(i.e., Cp, fp, and plasma flow rate Qp) can be used to approximate
intrinsic clearance ({.e., CII) We may rewrite Eq. (8.27) in terms of

plasma parameters as follows:
£,(CID )

Cl =Q (8.89)
+ f (Cl!
PP Q, L (Clp,

where (CII) 1 is the intrinsic clearance of unbound drug referenced
to plasma. ale can now solve Eq. (8.89) for (CII) 1 énd compare this
value with CII obtained from Eq. (8.27), which assumes blood param-
eters, Rearrangement of Eq. (8.89) yields

Q_Cl

P P
pl f Q —Clp) (8.90)

(Cl')

Therefore, the ratio of intrinsic clearance using plasma data to that
from blood data is

1 -_—
c _ fy Q0L Qp - Cly 5oom
C t C (2 — (: *

b 5 9% 9~ Y
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which may be simplified to

(Cl')P1 _ QP(QB - CIB)

t —

ClI QB(Q Cl )
since fg/f, = C,/Cp and Cl,/Clg = Cg/Cp.

For drugs %at bind preferentially in plasma (i.e., Clg > Clp) and
have a low extraction ratio (i.e., Qg >> Clg and Qp >> Clp) we find
that the ratio of intrinsic clearance vaIues [Eq. (8.92)] approximates
unity and conclude that (Cll)pl " CII. This case holds for any drug,
irrespective of extraction ratio, that is negligibly bound to red blood
cells and is essentially restricted to the plasma, since under these
conditions (Qp — CIB)/(Q = Clp) » ~QBp/Q However, as the ex-
traction ratio of a drug mcreases any bmcF ing to red blood cells will
cause (Cll)pl to increasingly overestimate CII . Very large errors are
encountered with drugs that have high extraction ratios and are uni-
formly distributed in blood (i.e., when C_ -+ Cyg and Cl,, + Qp) .

The situation is still more complicated when blood binding is
greater than plasma binding (i.e., when fg < fp and Clg < Clp)
Even under these conditions, drugs with very low extraction ratios
present few problems since Qy >> Clg and Q. >> Cl,, and (Cl ) pLY
ClI However, the ratio of {Cll)pl to ClI increases substanti y in
response to small changes in extraction ratio so that even for drugs
with medium extraction ratio values, (Cll)pl may seriously over-
estimate CII

In summary, plasma clearance will reasonably approximate bicod
clearance when plasma binding equals or exceeds blood binding.
Maximum errors are on the order of 40%. On the other hand, when
blood binding exceeds plasma binding, very large errors may be intro-
duced. The incorrect use of plasma parameters to calculate the in-
trinsic clearance of a drug [see Eq. (8.90)] yields reasonably ac-
curate answers for drugs with low extraction ratios. Although this
information is useful for evaluating literature data, it should be evi-
dent that all pharmacokinetic studies should be designed to yield
information regarding blood-related parameters.

(8.92)
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