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Preface ;

Pharmacokinetics is the study of the time course of drug absorption,
distribution, metabolism, and excretion. It also goncerns 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 cadculuil 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 pharmagokinetics 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 beginming, 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 procesSmg, 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-
macokmetlcs .

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
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applications published since 1975. The buzz words today are cleawance
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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1
One-Compartment Model

The most commonly employed approach to the pharmacokinetic char-
acterization of a drug is to represent the body as a system of com-
partments, even though these compartments usually have no physio-
logic or anatomic reality, and to assume that the rate of transfer be-
tween compartments and the rate of ‘drug elimination from compart-
ments follow first-order or linear kinetics. The one-compartment
model, the simplest model, depicts the body as a single, kinetically
homogeneous unit. This model is particularly useful for the pharma-
cokinetic analysis of drugs that distribute relatively rapidly through-
out the body. Almost invariably, the plasma or serum is the anatomical
reference compartment for the one-compartment model, but we do not
assume that the drug concentration in plasma is equal to the concen-
tration of drug in other body fluids or in tissues, for this is rarely
the case. Rather, we assume that the rate of change of drug concen-
tration in plasma reflects quantitatively the change in drug concen-
trations throughout the body. In other words, if we see a 20% de-
crease in drug concentration in plasma over a certain period of time,
we assume that the drug concentrations in kidney, liver, cerebro-
spinal fluid, and all other fluids and tissues also decrease by 20%
during this time..

Drug elimination from the body can and often does occur by
several pathways, including urinary and biliary excretion, excretion
in expired air, and biotransformation in the liver or other fluids or
tissues. Glomerular filtration in the kidneys is clearly a diffusional
process, the rate of which can be characterized by first-order kinetics,
but tubular secretion in the kidneys, biliary secretion, and biotrans-
+ formation usually involves enzymatic (active) processes that are ca-
pacity limited. However, as demonstrated in subsequent sections of
the text dealing with capacity-limited and nonlinear processes (Chap.
7, at low concentrmons of drug (i.e., concentrations typically as-

. sociated with therapeutlc doses) the rate of these enzymatic processes
can be approximated very well by first-order kinetics. Hence we find
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that the elimination of most drugs in humans and animals following
therapeutic or nontoxic doses can be characterized as an apparent
first-order process (i.e., the rate of elimination of drug from the
body at any time is proportional to the amount of drug in the body
at that time). The proportionality constant relating the rate and
amount is the first-order elimination rate constant. Its units are
reciprocal time (i.e., min~1 or h-1). The first-order elimination rate
constant characterizing the overall elimination of a drug from a one-
compartment model is usually written as K and usually represents the
sum of two or more rate constants characterizing individual elimination
processes:

K=k +k +k' +k_ + «-¢ (1.1)

e m m b

where k, and kp are apparent first-order elimination rate constants for
renal and biliary excretion, respectively, and kp and kp, are apparent
first-order rate constants for two different biotransformation (metabo-
lism) processes. These constants are usually referred to as apparent
first-order rate constants to convey the fact that the kinetics only
approximate first-order. ’

INTRAVENOUS INJECTION

Drug Concentrations in the Plasma

Following rapid intravenous injection of a drug that distributes in the
body according to a one-compartment model and is eliminated by ap-
parent first-order kinetics, the rate of loss of drug from the body is
given by

ax see
S0 @ KX (1.2)

where X is the amount of drug in the body at time t after injection.
K, as defined above, is the apparent first-order elimination rate con-
stant for the drug. The negative sign indicates that drug is being
lost from the body.

To describe the time course of the amount of drug in the body after
injection, Eq. (1.2) must be integrated. The method of Laplace trans-
forms in Appendix A will be employed. The transform of (1.2) is

s§~xo=—xi ‘ ilG143)

where X is the amount injected (i.e., the dose) and s is the Laplace
operator. Rearrangement of (1.3) yields
X0

X=s+K

(1.4)
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which when solved using a table of Laplace transforms (Appendix A)
gives ¥

X=X_e _ (1.5)

where e represents the base of the natural logarithm. Taking the
natural logarithm of both sides of (1.5) gives

In X =1In XO-—Kt (1.6)
Then, based on the relationship
2.303loga=1Ina (1.7)
Eq. (1.6) can be converted to common logarithms (base 10, log):
_ . Bt ‘
log X = log X0 2.303 (1.8)

The body is obviously not homogeneous even if plasma concentra-
tion and urinary excretion data can be described by representing the -
body as a one-compartment model. Drug concentrations in the liver,
kidneys, heart, muscle, fat, and other tissues usually differ from one
another as well as from the concentration in the plasma. If the rela-
tive binding of a drug to components of these tissues and fluids is
essentially independent of drug concentration, the ratio of drug con-
centrations in the various tissues and fluids is constant. Conse-
quently, there will exist a constant relationship between drug con-
centration in the plasma C and the amount of drug in the body:

X% ¥C : (1.9)

The proportionality constant V in this equation has the units of
volume and is known as the apparent volume of distribution. Despite
its name, this constant usually has no direct physiologic meaning and
does not refer to a real volume. For example, the apparent volume of
distribution of a drug in a 70 kg human can be several hundred liters.

The relationship between plasma concentration and the amount of
drug in the body, as expressed by Eq. (1.9), enables the conversion
of Eq. (1.8) from an amount-time to a concentration-time relationship:

Kt
2.303

log C = log CO— (1.10)
where Cg is the drug concentration in plasma immediately after injec-
tion. Equation (1.10) indicates that a plot of log C versus t will be
linear under the conditions stated (Fig. 1.1). Cy may be obtained by
extrapolation of the log C versus t plot to time zero. This intercept,
C0, may be used in the calculation of the apparent volume of distribu-
tion. Since X( equals the amount of drug injected intravenously (i.e.,
the intravenous dose), V may be estimated from the relationship
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Fig. 1.1 Prednisolone concentration in plasma following an intra-
venous dose equivalent to 20 mg prednisone to a kidney transplant
patient. The data show monoexponential decline that can be described
by Eq. (1.10). Cg = intravenous dose/V; slope = —K/2.303. (Data
from Ref. 1.)

Vv = intravenous dose

o

(1.11)

Equation (1.11) is theoretically correct only for a one-compartme.r}t
model where instantaneous distribution of drug between plasma and =
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tissues takes place. Since this is rarely true, a calculation based on
Eq. (1.11) will almost always overestimate the apparent volume of
distribution. Sometimes the error is trivial, but often the overestimate
is substantial and the calculation may be misleading. More accurate and
more general methods of estimating V will be discussed subsequently.
The slope of the line resulting from a plot of log C versus time is
equal to —K/2.303 and K may be estimated directly from this slope.
It is easier, however, to estimate K from the relationship

0.693
t
1/2

where t1/2 is the biologic or elimination half-life of the drug. This
parameter is readily determined from a semilogarithmic plot of plasma
drug concentration (on logarithmic scale) versus time (on linear

scale), as illustrated in Fig. 1.1. The time required for the drug
concentration at any point on the straight line to decrease by one-
half is the biologic half-life. An important characteristic of first-
order processes is that the time required for a given concentration to
decrease by a given percentage is independent of concentration. Equa-
tion (1.12) is easily derived by setting C equal to C/2 and t equal

% (1.12)

to ty/g in Eq. (1,10), =~ g R
In principle, & plot of the logarithm of tissue dx oricentration

versus time should also be linear and give exactly the same slope as
the plasma concentration-time curve. This is illustrédted in Fig. 12,

~* Estimates of Cg, tl;/'lz"r: and K are often obtained from the best
straight-line fit (by eye) to the log C versus time data. However,
a more objective method is to convert all concentration values to log-
arithms, and then to determine the best-fitting line by the method of
least squares, described in elementary textbooks of statistics [3].
Computer programs are available (see Appendix H) that do not require
logarithmic conversions for nonlinear least-squares fitting of data.

Urinary Excretion Data

It is sometimes possible to determine the elimination kinetics of a drug
from urinary excretion data. This requires that at least some of the
drug be excreted unchanged. Consider a drug eliminated from the
body partly by renal excretion and partly by nonrenal processes such
as biotransformation and biliary excretion, as shown in Scheme 1,

Scheme 1
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Fig. 1.2 Dipyridamole concentrations in serum (O) and heart tissue
(®) after a single oral dose of the drug to guinea pigs. Drug con-

centrations in serum and heart decline in a parallel manner. (Data

from Ref. 2.)

where Xy; and Xpp are the cumulative amounts of drug eliminated un-
changed in the urine and eliminated by all nonrenal pathways, re-
spectively. The elimination rate constant K is the sum of the individ-
ual rate constants that characterize the parallel elimination processes.
Thus

K=k +k (1.13)
e nr

where kg is the apparent first-order rate constant for renal excretion
and Kpy is the sum of all other apparent first-order rate constants
for drug elimination by nonrenal pathways. Since in first-order
kinetics, the rate of appearance of intact drug in the urine is propor-
tional to the-amount of drug in the body, the excretion rate of un-
changed drug, dX,;/dt, can be defined as

dX

dt k X (1.19)

where X is the amount of drug in the body at time t.
Substitution for X according to Eq. (1.5) yields

dX
u_ -Kt
Ft—-kexoe (1.15)
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Therefore,
dX
Kt
iog —— dt =log k X0 2.303 (1.16)

Equation (1.16) states that a"sé’milf)garithmic plot of excrétion rate
of unmetabolized drug versus time is linear, with a slope of —K/2.303.
This slope is the same as that obtained from a semilog‘amthmlc plot of
drug concentration in plasma versus time. Thus the elimination rate
constant of a drug can be obtained from either plasma concentration or
urinary excretion data. It must be emphasized that the slope of the
log excretion rate versus time plot is related to the elimination rate.
constant K, not to the excretion rate constant kg.

Urinary excretion rates are estimated by collecting all urine for
a fixed period of time, determining the concentration of drug in the
urine, multiplying the concentration by the volume of urine collected
to determine the amount excreted, and dividing the amount excreted
by the collection time. These experimentally determined excretion
rates are obviously not instantaneous rates (i.e., dXy/dt) but are
average rates over a finite time period (i.e., AX/At). However, we
often find that the average excretion raté closely approximates the

Table 1.1 Calculation of Excretion Rate Versus Time Data for
Estimating Half-Life

t (h) X, (mg) At AXy AX,/At (mg/h) tm
0 o 1 e 4.0 0.5
: ho 15" 8.8 3.8 18
2 = :

. \\ 1 3.5 3.5 2.5
i B % 9.1 3.0 , 4.5
. 203 6 13.5 2.2 9.0
% i 12 14.7 1.2 18.0
a8 Ll 12 6.4 0.53 30.0
e 5.0 12 2.8 0.23 42.0
48 57.8

Note: The symbols are as follows: t, cumulative time after intra-
venous administration; X, cumulative amount of unmetabolized drug
excreted in the urine; At, urine collection interval; AX,, amount of
drug excreted during each interval; AXy/At, experimentally de-
termined excretion rate; ty, midpoint of the collection interval.
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instantaneous excretion rate at the midpoint of the urine collection
period. The validity of this approximation depends on the collection
period relative to the half-life of the drug. An individual collection
period should not exceed one biologic half-life and, ideally, should
be considerably less. These considerations are discussed in Appendix
F. It is important to remember that urinary excretion rates must be
plotted against the midpoints of the urine collection periods and not at
the beginning or end of these periods (see Table 1.1 and Figs. 1.3
and 1.4).

Fluctuations in the rate of drug elimination are reflected to a high
degree in excretion rate plots. At times the data are so scattered that
an estimate of the half-life is difficult. To overcome this problem an

4.0
2.0} ©)
= (©
s
£ 1.0 :
@
E -
= o
2
= ==
g
X os}b
0.2
] 1 ] | ] ] ]
6 12 18 24 30 36 40
i Time (h)

Fig. 1.3 Semilogarithmic plot of excretion rate versus time after in-
travenous administration of a drug. Data taken from Table 1.1. Each
excretion rate is plotted at the midpoint of the urine collection interval.
The data are described by Eq. (1.16). Slope = —K/2.303.



