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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 calculus. 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
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iv 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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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 bedy. 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 concentrations of drug (i.e., concentrations typically as-
sociated with therapeutic doses) the rate of these enzymatic processes
can be approximated very well by first-order kinetics. Hence we find

1
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2 Pharmacokinetics

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:
- ] e

K—ke+km+km+kb+ (1.1
where kg and ki, are apparent first-order elimination rate constants for
renal and biliary excretion, respectively, and kp and k}, 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

dx _ _

& - 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

sX — X, = —KX (1.3)
where Xg is the amount injected (i.e., the dose) and s is the Laplace
operator. Rearrangement of (1.3) yields

X

. _ 0
x—s+K a.s
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1 / One-Compartment Model 3

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

X = er'Kt (1.5)

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

InX=1In Xo—Kt (1.6)
Then, based on the relationship
2.303loga=1na (1.7
Eq. (1.6) can be converted to common logarithms (base 10, log):
- _ Kt
log X = log XO 7,303 (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=VC (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
log C = log Co—m (1.10)
where Cgp 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). C  may be obtained by
extrapolation of the log C versus t plot to time zero. This intercept,
Co, may be used in the calculation of the apparent volume of distribu-

tion. Since Xg equals the amount of drug injected intravenously (i.e.,

the intravenous dose), V may be estimated from the relationship
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4 Pharmacokinetics

500

Plasma Prednisoione (ng/ml}

20}~ e T .\

Time (h)

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.)

- intravenous dose (1.11)
o]
0
Equation (1.11) is theoretically correct only for a one-compartment
model where instantaneous distribution of drug between plasma and

\
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1 / One-Compartment Model 5

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

K = 289 (1.12)
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

to ty/2 in Eq. (1.10).

In principle, a plot of the logarithm of tissue drug concentration
versus time should also be linear and give exactly the same slope as
the plasma concentration-time curve. This is illustrated in Fig. 1.2.

Estimates of Cp, t1/2, 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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6 Pharmacokinetics
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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 X, 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 kpp 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

qu
2=k X (1.14)
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
rrak kexoe (1.15)
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1 / One-Compartment Model 7

Therefore,
dax
u _ Kt
log E{-— log kex0 “——*——2.303 (1.16)

Equation (1.16) states that a semilogarithmic plot of excretion 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 semilogarithmic 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 k.

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., AXy/st). However, we
often find that the average excretion rate closely approximates the

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

t (h) X, (mg) At 8Xy X,/ At (mg/h) tm
0 0.0 1 4.0 4.0 0.5
L 4.0 1 3.8 3.8 1.5
2 7.8 1 3.5 3.5 2.5
3 11.3 3 9.1 3.0 4.5
6 20.4 6 13.5 2.2 9.0
12 33.9 12 14.7 1.2 18.0
24 18.6 12 6.4 0.53 30.0
36 55.0 12 2.8 0.23 42.0
a8 57.8

Note: The symbols are as follows: t, cumulative time after intra-
venous administration; Xy, 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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8 Pharmacokinetics

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 Q)Q
- o\
2.0+ o
z @]
2 1of
[
E -
A
§
] -
2 osl
0.2}
1 1 1 ] 1 1 1
6 12 18 2 30 36 40

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.
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1 / One-Compartment Model 9

IOO[— "

Excretion rate (2g base / min)

| { L i
o] 5 10 15 20
Time (h)
Fig. 1.4 Urinary excretion rate of norephedrine after oral administra-
tion of a single dose of the drug to a healthy adult subject. [From
Ref. 4. © 1968 American Society for Pharmacology and Experimental
Therapeutics, The Willlams and Wilkins Company (agent).]

alternative approach, termed the sigma-minus method, is available.
This method is considered less sensitive to fluctuations in drug elim-
ination rate. The Laplace transform of Eq. (1.14) is

qu = keX (1.17)

Substitution for X from Eq. (1.4) and rearrangement yields

keXO

T S} (1.18)
which when solved gives the following relationship between amount of
drug in the urine and time:

k X
_ e 0 _ _-Kt

Xu- R (1l—e ™) (1.19)
where Xy is the cumulative amount of unchanged drug excreted to
time t. The amount of unmetabolized drug ultimately eliminated in
the urine, Xy, can be determined by setting time in (1.19) equal to
infinity; it is given by
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10 Pharmacokinetics

x*=-20 (1.20)

For a drug eliminated solely by renal excretion, K = ky and the amount
ultimately excreted, Xﬁ', will be equal to the intravenous dose, Xg. In
all cases the ratio of X3 to Xg equals the ratio of ky to K. This re-
lationship is commonly employed to estimate kg from urinary excretion
data once the half-life of the drug is determined.

Substitution of Xy for keXg/K in (1.19) and rearrangement yields

w - ¢®,-Kt
X" - X =X'e (1.21)

which in logarithmic form is

£ © Kt

log (Xu Xu) = log Xu 2,303 (1.22)
The term (X,, — Xy;) is commonly called the amount of unchanged drug
remaining to be excreted, or A.R.E. A plot of log A.R.E. versus time
is linear (Fig. 1.5) with a slope equal to —K/2.303. Hence the elimina-
tion rate constant may be estimated from plots of log drug concentra-
tion in plasma versus time, log excretion rate versus time (the rate
method), and log A.R.E. versus time (the sigma-minus method). To
determine X, total urine collection must be carried out until no un-
changed drug can be detected in the urine. It is incorrect to plot
log (dose — Xy) rather than log (X3 — Xy) versus time.

When possible, total urine collection should be continued for a
period of time equal to about seven half-lives of the drug to accurately
estimate X: . This can be very difficult if the drug has a long half-
life. The problem does not arise if the log excretion rate versus time
plots are used since urine need be collected for only three or four
half-lives to obtain an accurate estimate of the elimination rate constant.
The rate method also obviates the need to collect all urine (i.e., urine
samples may be lost or intentionally discarded to minimize the number
of assays) since the determination of a single point on a rate plot simply
requires the collection of two consecutive urine samples.

Renal Clearance

The kinetics of renal excretion of a drug may be characterized not only
by a renal excretion rate constant kg, but also by a renal clearance Cly.
The concept of drug clearance is discussed in Chap. 8. At this point
it suffices to state that the renal clearance of drug is equal to the
volume of blood flowing through the kidneys per unit time from which
all drug is extracted and excreted.

The renal clearance of a drug cannot exceed the renal blood flow.
Clearance has units of flow (i.e., ml/min or liters/h). In pharmaco-
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Fig. 1.5 Semilogarithmic plot of the average percentage unmetabolized
drug remaining to be excreted versus time after oral administration

of 250 mg of chlorpropamide to six healthy subjects. t;,9 = 36 h.
(Data from Ref. 5.)

kinetic terms renal clearance is simply the ratio of urinaery excretion
rate to drug concentration in the blood or plasma:

qu/dt :

Cl = - (1.23)
In practice, renal clearance is estimated by dividing the average
urinary excretion rate, AXy;/At, by the drug concentration in plasma
at the time corresponding to the midpoint of the urine collection
period.

Since excretion rate is the product of the urinary excretion rate
constant and the amount of drug in the body [Eq. (1.14)], we can write
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12 Pharmacokinetics

keX

Clr e (1.24)
Recognizing that X/C is simply the apparent volume of distribution
[Eq. (1.9)], we can shown that renal clearance is the product of the
urinary excretion rate constant and the apparent volume of distribu-
tion:

Clr = keV (1.25)
All clearance terms can be expressed in terms of a rate constant and
a volume.

An estimation of renal clearance by means of Eq. (1.23) may be
misleading because like all rate processes in the body, renal excre-
tion is subject to biologic variability. A more satisfactory approach is
to plot urinary excretion rate versus drug concentration in plasma at
the times corresponding to the midpoints of the urine collection periods
(see Fig. 1.6). Since rearrangement of Eq. (1.23) yields

dX
dt

the slope of an excretion rate-plasma concentration plot is equal to

renal clearance.
A second method for calculating renal clearance requires simul-

taneous collection of plasma and urine. Integrating Eq. (1.26) from
t1 to ty yields

t
t

Cl C (1.286)

2 _ ty
(X)), =¢C1, jt C dt, (1.27)

1
where (Xu)tl is the amount of unmetabohzed drug excreted in the urine
during the time interval from t; to ty and ft C dt is the area under the

drug concentration in plasma versus time curve during the same time
interval (see Fig. 1.7). Terms for area have units of concentration-

time. A plot of (Xu):i versus fttf C dt yields a straight line with a

slope equal to renal clearance.

Integration of Eq. (1.26) from time zero to time infinity, and re-
arrangement, gives an expression for the average renal clearance over
the entire time course of drug in the body after a single dose:

X, _ %y
Cl = ——m— = — (1. 28)
r fo C dt ucC
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Fig. 1.6 Relationship between urinary excretion rates of tetracycline
and serum concentrations of the drug determined at the midpoints of
each urine collection interval after oral administration of a 250 mg dose
to five healthy adults. Two different oral preparations (e, A) were
given to each subject. The open symbols (O, a) denote the maximum
excretion rate for each preparation. The data are described by Eq.
(1.26); the slope of the line is equal to the average renal clearance

of tetracycline in the group. (Data from Ref. 6.)

The term f; C dt or AUC represents the total area under the drug
concentration in plasma versus time curve plotted on rectilinear graph
paper (see Fig. 1.7). This method has been used to estimate renal
clearance (see Fig. 1.8) but is not ideal because it is difficult to col-
lect urine for long periods to get an accurate estimate of X{j, par-
ticularly for drugs with long half-lives.
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Fig. 1.7 Plots of drug concentration in plasma as a function of time
after intravenous administration illustrating, by the shaded region,

(a) f C dt, the total area under the curve, AUC, and (b) ftzc dt,
the parnal area under the curve from t to tg.

Use of Eqs. (1.27) and (1.28) for calculating renal clearance re-
quires the measurement of areas under the drug concentration in plasma
versus time curves. Several methods are available for determining the
area under a curve. For each of these methods it is essential to obtain
a sufficient number of blood samples to characterize adequately the
curve or a portion thereof. A planimeter, which is an instrument for
mechanically measuring the area of plane figures, is often used to
measure the area under the curve (drawn on rectilinear graph paper).
Another procedure, known as the cut and weigh method, is to cut out
the area under the entire curve on rectilinear graph paper and to
weigh it on an analytical balance. The weight thus obtained is con-
verted to the proper units by dividing it by the weight of a unit area
of the same paper. A third method to determine the area under the
curve is to estimate it by means of the trapezoidal rule (see Appendix
D). Other methods are described by Yeh and Kwan [7].

An exact mathematical method for determining the total area under
the plasma concentration-time curve is to convert Eq. (1.10) to its
exponential form and integrate over the time interval zero to infinity.
Equation (1.10) expressed as natural logarithms is

InC=1In CO— Kt (1.29)
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Fig. 1.8 Relationship between cumulative amount of tetracycline ex-
creted after 72 h and the total area under the tetracycline concentration
in serum versus time curve after oral administration of a 250 mg dose to
five healthy adults. Two different oral preparations (e, A) were given
to each subject. The data are described by Eq. (1.28); the slope of
the line is equal to the average renal clearance of tetracycline in the
group. (Data from Ref. 6.)

Therefore,
c= coe"Kt (1.30)
Integration from time zero to time infinity yields
C « C
AUC = — 2Kt -0 (1.31)
K 0 K

Therefore, the total area under the plasma drug concentration-time
curve is the plasma concentration at time zero, obtained by extrapola-
tion, divided by the apparent first-order elimination rate constant of
the drug. Since most drugs do not distribute instantaneously between
plasma and tissues, Eq. (1.31) will usually underestimate the total
area under the drug concentration in plasma versus time plot after
intravenous administration. This error may be negligible or sub-
stantial, depending on the distribution and elimination characteristics

of the drug.
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Systemic Clearance

It has been shown that the product of the urinary excretion rate con-
stant k, and V is equal to renal clearance [Eq. (1.25)]. The product
of the elimination rate constant K and V also yields a clearance term,
which has alternatively been called plasma clearance, total body clear-
ance, or systemic clearance. We will use the last-mentioned term and
the designation Clg. It can be shown that the systemic clearance is
given by the ratio of the intravenous dose to the total area under the
drug concentration versus time curve. Since Cl, = koV [according to
Eq. (1.25)], we can transform Eq. (1.28) to the expression

LY

X

u
V-l?;-—AU_C (1.32)

Since we can show by rearranging Eq. (1.20) that

L3

X, X,
_];; =2 (1.33)

it follows that

XD

Cls-VK-mé— (1.34)
where Xg is the intravenous dose.

Systemic clearance represents the sum of the clearances of all in-
dividual processes involved in the elimination of drug from the body.
It is particularly useful for comparing data obtained using different
compartmental models and for relating pharmacokinetic and physiologic
processes. A comprehensive discussion of clearance is presented
in Chap. 8.

Another particularly useful relationship, from which the apparent
volume of distribution can be estimated, is obtained by rearranging
Eq. (1.34):

XO

V= KT AGE (1.35)
This relationship is used very widely for calculating the apparent
volume of distribution. The validity of Eq. (1.35) is not dependent
on instantaneous distribution of drug between plasma and tissues, as
is the case for Eq. (1.11), Accordingly, Eq. (1.35) can be applied in
principle to many compartmental models. When applied to one-com-
partmental models, it is often called the area method for estimating
apparent volume of distribution and V is sometimes written as Vgpeg,
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Metabolite Concentrations in the Plasma

Scheme 2 illustrates parallel routes of drug elimination; one is urinary,
the kinetics of which have been discussed, and the other is metabolism,

Scheme 2

X /7Xu
\ k

S m
K M—"> M,

In this scheme X, Xy, and k, are as defined previously, M is the
amount of metabolite in the body, and MT is the total amount of metabo-
lite eliminated by renal and/or biliary pathways as well as by metabo-
lism (i.e., where the primary metabolite M is further biotransformed).
The constants k¢ and ky, are the respective apparent first-order rate
constants for metabolite formation and elimination. The time course of
metabolite levels in the body is a function of the rates of formation and
elimination of the metabolite:

am _ _
a - kfX kmM (1.36)
The Laplace transform of this equation (see Appendix A) is
sM = kfX - kmM (1.37)
Solving for M and substituting for X from Eq. (1.4) yields
kX
M= L (1.38)

(s +k_)(s+K)

which when solved for M, employing a table of Laplace transforms,
gives

VR L (1.39)

This equation permits calculation of the amount of metabolite in the
body at any time after intravenous injection of a dose Xg of a drug.
Dividing both sides of this equation by the apparent volume of distribu-
tion of the metabolite Vy, yields

k X -kt

- fo m- _  -Kt
C,= T E®-%) )(e e ) (1.40)
m m
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which describes the plasma concentration of metabolite Cy versus
time curve following the intravenous administration of parent drug.

It is informative to consider two different cases, one in which kp
is greater than K and the other where K is greater than k. At one
time the general assumption was that ky was always greater than K
since metabolites were considered to be more polar and hence more
readily eliminated from the body than the parent drug. This assump-
tion may be true when polar conjugates such as glucuronides and
glycine conjugates are the major metabolites of a drug. However, the
assumption is often not true when biotransformation results in acetyla-
tion or oxidation. If ky, is larger than K, then at some time after

drug administration e-kmt will approach zero, whereas e"ch still has a
finite value resulting in Eq. (1,40) reducing to

kfXO

-Kt
n VK ° (1.41)
m m

C

which when written in logarithmic form becomes

kfx
0 Kt
log Cm ~ log Vm(km _—) 2.303 (1.42)

Therefore, a plot of log plasma concentration of metabolite versus time
will eventually become linear and parallel to the curve of log plasma
concentration of unchanged drug versus time (i.e., both will have a
slope of —K/2.303), as illustrated by Fig. 1.9. From a practical point
of view, this will be obvious only when kp, is several times larger
than K.

Conversely, if K is larger than k,, metabolite concentration in
the plasma will decline more slowly than the concentration of unchanged
drug. In this instance the equation analogous to (1.42) is

kfXO kmt

log €\ ~log VK-k) 2.303 (1.4%)

The terminal slope of a plot of the logarithm of metabolite concentration
versus time is —kp/2.303 (Fig. 1.10). Again the linear segment will
be obvious only when K is several times larger than k. In either
instance (i.e., when k, > K or when K > k), the closer K and kp, are,
the more difficult it is to delineate a linear segment of the curve. It is
important to point out that by simply following metabolite concentration
in the plasma as a function of time and obtaining a linear portion of a
curve, one does not know whether the slope yields km or K. To re-
solve this dilemma, either the apparent first-order elimination rate
constant of the drug, K, must be known, or in some limited circum-
stances the metabolite can be administered as such and its elimination
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Fig. 1.9 Plasma concentrations of propranolol (O) and propranolol
glucuronide (®) after a 0.05 mg/kg intravenous dose of proprano-
lol to five normal volunteers. After about 4 h the concentrations of
parent drug and metabolite decline in parallel since the metabolite
has a shorter half-life than propranolol. (From Ref. 8.)

rate constant determined. Regardless of which rate constant (K or kp)
is determined from the terminal linear segment of the curve, the other
rate constant can be estimated by the method of residuals (see Ap-
pendix C for a discussion of this method).
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Fig. 1.10 Individual plasma concentrations of metoprolol (e ,0), o-
hydroxymetoprolol, a metabolite, formed after administration of meto-
prolol (m,3), and o-hydroxymetoprolol after administration of the
metabolite per se (a,4a) in two dogs. The half-life of the metabolite
is considerably longer than the half-life of the parent drug. (From
Ref. 9. © 1979 Plenum Publishing Corp.)

Metabolite Excretion in the Urine

Urinary excretion data for a metabolite may be employed to determine
the elimination kinetics of the parent drug and of the metabolite. Ac-

cording to Scheme 3

Scheme 3
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the differential equation describing the appearance of metabolite in
the urine is given by

dMu

dt - mu
where My is the amount of metabolite in the urine. M, is the
amount of metabolite eliminated by all processes other than renal
elimination. The constant kpy is the apparent first-order rate con-
stant for the excretion of metabolite in the urine, and kyny is the
sum of all apparent first-order rate constants for the elimination of
metabolite other than by renal excretion. The elimination rate constant
of the metabolite ky, is the sum of these two rate constants (i.e.,
km = kmu + kmnr) .

The Laplace transform of (1.44) is

M (1.44)

sM_=k M (1.45)
u_ S mu
Substitution for M from (1.38) and solving for Mu yields
k kX
- mufo0 (1.46)

M, = s(s +k )(s + K)

Solving for My employing a table of Laplace transforms results in the
following relationship between metabolite levels in the urine and time:

-k t

1 e m e'Kt
Mu=kmukfx0[k K %k (k - K)  K(k —K)] (1.47)
m m m m
Rearrangement of (1.47) yields
k kX -kt
_ _mu f 0 1 m _ -Kt
My = k K [1 Tk - K (Ke k e )] (1.48)

At time t = », M, equals M; , the amount of metabolite in the urine
at infinity, which is given by
k_ kX
~mutld

£o (1.49)

u k K
m

Substituting M: for the term kp, kfXg/kpK in (1.48) and rearranging
yields

L

M

o M:: -Kt _kmt
Mu e Mu = i(—m—_-_—K' (kme -~ Ke ) (1.50)
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A second biexponential relationship may be obtained by substituting
in (1.44) the value of M from (1.39). This gives the rate expression
dM k kX -kt
m

u_ mufl Kt _ m, (1.51)

dt k —-K
m

Assuming that kp, is greater than K, a plot of either log (M; - My
versus time or log (dMy/dt) versus time will result in a biexponential
curve (Fig. 1.11). The apparent first-order elimination rate constant
K of the parent drug can be estimated from the slope of the terminal
linear portion of each curve, which equals —K/2.303, Figure 1.12
shows the correlation between the half-life of antipyrine determined
by following the decline of drug concentrations in plasma and that
determined from a semilogarithmic plot of the urinary excretion rate

50 -5
— =
10 b1y
3 CS
' L
OZ: R E
e 4 Sa
54 o5 &
<
L
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o] 10 60
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Time (h)

Fig. 1.11 Semilogarithmic plots of [M: — Myl (O) and AMy/At (Q)
versus time after intravenous administration of a drug, The data are
described by Eqgs. (1,50) and (1,51), respectively, for a situation
where k, is greater than K.
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Fig. 1.12 Correlation between the half-life of antipyrine determined by
following the decline of drug concentrations in plasma and that deter-
mined from a semilogarithmic plot of the urinary excretion rate of an
antipyrine metabolite, 4-hydroxyantipyrine, versus time in individual
patients. It is evident that the elimination rate constant of the metabo-
lite, ky, is significantly larger than the elimination rate constant of
antipyrine, K. n=17, r = 0.89, P < 0.001. (From Ref. 10.)

of an antipyrine metabolite, 4-hydroxyantipyrine, versus time in in-
dividual patients., Application of the method of residuals (see Ap-
pendix C) in both instances will enable estimation of k,, the apparent
first-order elimination rate constant of the metabolite. If, however,

K is larger than ky, k,, can be determined from the slopes of the
terminal linear phases of these plots and K can be determined from the
slopes of the residual lines. Without prior knowledge of either K or
Km, one cannot tell whether the slope of the terminal linear segment
of the urinary excretion-time plots yields K or km.

With regard to the use of (1,50) and (1.51) for evaluating the elim-
ination kinetics of a drug and its metabolite, the same factors must be
considered as discussed for the analogous equations (1.15) and (1.21)
for urinary excretion of parent drug. As with (1.15), experimentally
determined urinary excretion rates of metabolite in (1.51) are not
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instantaneous rates but average rates over a finite period of time
(see Appendix F). With respect to (1.50), the determination of Mu
requires urine collection to be carried out until no further metabolite
can be detected in the urine. This may present difficulties if the
parent drug or metabolite has a long half-life.

Determination of Metabolite-Associated Rate Constants

Scheme 3 suggests that three rate constants are of interest in char-
acterizing the time course of metabolite in the body: the formation
rate constant k¢, the overall rate constant for elimination of metabo-
lite ky, (i.e., the sum of kpy and kmnr), and the rate constant for
renal excretion of metabolite kp,,. The formation rate constant is
usually estimated by determining the total amount of metabolite ulti-
mately excreted in the urine. Equation (1.49) can be rearranged to

give

kaM:
kf % X (1.52)
mu 0
1f the metabolite is eliminated solely by renal excretion (i.e., kp =
Kmu)» then
KM::
kf = -i-(;— (1.53)

Hence the ratio of total amount of metabolite ultimately excreted in
the urine to the intravenous dose, times the rate constant for elimina-
tion of parent drug, is equal to the formation rate constant if the
metabolite is subject to neither further metabolism nor nonrenal elim-
ination in the body.

Kaplan et al. [11] have proposed a more general method for esti-
mating ke. This method is often limited to animal studies, for it
requires the administration of the metabolite. To determine k¢ in
Scheme 3, one must give the parent drug intravenously and determine
its elimination rate constant K, as well as the area under the metabo-
lite concentration in plasma versus time curve resulting from this
administration. Then one must administer intravenously a dose of
metabolite that is equimolar to the dose of drug and again determine
the area under the metabolite concentration versus time curve. The
estimate of k¢ is given by the relationship

K[[ C_ dt]
=2 (1.50)
L)cm<n
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where [ fy Cp, dtlx and [g Cp dt represent the total areas under the
metabolite concentration-time curves after administration of the drug
and metabolite, respectively.

Several relationships have been described for the determination
of the rate constant for overall elimination of metabolite from the
body, kp [see Eqs. (1.40), (1.50), and (1.51)]. The rate constant
may be estimated from either the slopes of the linear portions of the
appropriate semilogarithmic plots or the residual curves derived from
such plots (see Appendix C). Other methods have been proposed for
estimating kp, [12] but seem to offer no particular advantage.

No general method appears to be available for estimating the rate
constant for renal excretion of metabolite, kpy;, other than to admin-
ister the metabolite intravenously and carry out the appropriate mea-
surements. This is usually not possible in humans. On the other
hand, the renal clearance of the metabolite Cl,, is relatively easily
determined after administering the parent drug by determining metabo-
lite concentrations in plasma and urine and applying equations analogous
to Egs. (1.23), (1.27), or (1.28); for example,

dMu/dt
C‘rm =< (1.55)
m
or
My
Cl1 — (1.56)

rm = 0
[IO Cm dt]X

Interpretation of Total Radioactivity Data

Many studies in laboratory animals and some studies in humans involve
the administration of radiolabeled drug. Often, the results of such
studies are expressed in terms of total radioactivity in plasma. Some-
times, drug studies are initiated before a specific assay is available
and the results are reported in terms of the concentration of apparent
drug in plasma. In either case, great care must be exercised in at-
tempting to carry out a pharmacokinetic analysis of such data. The
concentration of total radioactivity or apparent drug in plasma, Ct,
must be viewed as the sum of the concentrations of parent drug, C,
and all metabolites that are detected by the assay method, Cyr. The
time course of unmetabolized drug after intravenous administration

is given by

c==0Kt (1.57)
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Equation (1.40) describes the time course of a single metabolite in

the plasma after intravenous administration of parent drug. This

equation applies to each primary metabolite arising from the admin-
istered drug. Consequently, the plasma concentrations of all pri-
mary metabolites can be expressed by

c % (ke Xy (e'(km)it _ oKt (1.58)
MT ~ 2 (V) TK - (k)]

Combining Egs. (1.57) and (1.58) and rearranging terms, we can

show that

-(k ).t

n (k,.e mi
c_ =X £i
T Colg, (VIR — (k)
n (k,)
1 i ] -Kt}
" z — e (1.59)
{V =1 (Vm)im (km)i]

where (kf)i, (Vy)i, and (k)i are the apparent first-order formation
rate constant, the apparent volume of distribution, and the apparent
first-order elimination rate constant, respectively, for each of the n
primary metabolites, V is the apparent volume of parent drug, K is
the apparent first-order rate constant for drug elimination, and Xo
is the intravenous dose of drug.

If the individual rate constant for elimination of every primary
metabolite is greater than the elimination rate constant of administered
drug [i.e., (kp)i > K], a semilogarithmic plot of total radioactivity or
apparent drug concentration in plasma versus time will yield a biexpo-
nential curve and the slope of the terminal segment is equal to
—K/2.303. The same applies to plots of urinary excretion rates of
total radioactivity versus time [i.e., log d(XT)y/dt versus t] and to
sigma-minus plots for total radioactivity (i.e., log [(XT)3 — (Xp)yl
versus t. -

Hence under special circumstances which can be neither predicted
nor assumed, one may find that.the half-life of elimination of total
radioactivity is equal to the elimination half-life of parent drug. Since
one is not certain of the chemical species being measured by counting
total radioactivity, no other pharmacokinetic parameter, including ap-
parent volume of distribution, can be calculated. Perhaps the most
useful pharmacokinetic information that may be derived unambiguously
from studies based on total radioactivity is that the drug administered
must have a biologic half-life equal to or less than the apparent half-
life of elimination of total radioactivity.
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INTRAVENOUS INFUSION

Drug Concentration in the Plasma

If a drug is administered intravenously at a constant rate, the follow-
ing differential equation may be written for the change in amount of
drug in the body with time:

X _ x kX (1.60)

dt 0
where kg is the rate of drug infusion, expressed in amount per unit
time. The Laplace transform of (1.60) is

sX = — — KX (1.61)

Rearrangement yields
X = _ o (1.62)
s(s + K) *

Solving (1.62), employing a table of Laplace transforms, gives the
following relationship between the amount of drug in the body and
time:

k

X = —Kg(l - B (1.63)
which can be written in concentration terms:
k
=01 - Kt
C-VK(I e ) (1.64)

During continuous constant rate intravenous infusion drug concen-
trantions in plasma increase according to Eq. (1.64) but eventually
approach a constant value (i.e., ast + «», e Kt > g0 and C » ko/VK).
This constant drug concentration or plateau is sometimes called infusion
equilibrium but is actually a steady-state situation since at this con-
centration the elimination rate equals the infusion rate and dC/dt = 0.
The steady-state concentration in plasma Cgg is given by

ko
CSS = VK (1.65)

After infusing a drug for a period of time equal to four biologic half-
lives, drug concentrations in plasma are within 10% of steady state.
Infusion for a period of time equal to seven half-lives results in con-
centrations within 1% of steady state. Drug concentration in plasma
at steady state is directly proportional to the infusion rate and in-
versely proportional to the systemic clearance (i.e., the product of
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V and K) of the drug. The systemic clearance of a drug is readily
calculated from the ratio of infusion rate to steady-state drug concen-

tration in plasma:
kO
CIS=VK=E:—-— (1.66)
ss
The elimination rate constant and half-life of a drug may also be
calculated from data collected during infusion to steady state. Sub-
stitution for ky/VK in Eq. (1.64) according to Eq. (1.65) yields

_ -Kt
C—CSS(I e ) (1.67)
Upon rearrangement it can be shown that
c -¢C
B8 Kt (1.68)
ss
Therefore,
c —-¢C
sS . _ Kt
log = 3.303 (1.69)
ss

A semilogarithmic plot of (Cgg — C)/Cggq versus time yields a straight
line with a slope of —K/2.303. The elimination rate constant may be
estimated directly from the slope. The half-life may be estimated
either directly from the semilogarithmic plot or from K by rearranging
Eq. (1.12),
0.693

t1/2_—K (1.70)

The elimination rate constant may also be determined using the
declining drug concentration in plasma versus time data collected
after stopping the infusion. The differential equation describing these
data is simply

dacC
2 - —kc (1.71)
The Laplace transform of Eq. (1.71) is given by
sC—-C _=-KC (1.72)
max

where Cpax is the drug concentration in plasma when the infusion was
terminated, (i.e., the initial condition for the postinfusion period).
On rearranging Eq. (1.72), we obtain
C

= _ _max
C's+K (1.73)

AMN1083

Amneal Pharmaceuticals LLC v. Alkermes Pharma Ireland Limited
IPR2018-00943



1 / One-Compartment Model 29

Solving Eq. (1.73) for C using a table of Laplace transforms gives

c=c_ K (1.79)
max
or, in logarithmic form,
_ Kt'
log C = log Cmax 2.303 (1.75)

where t' is the time after stopping the infusion. The time during
which infusion took place is generally designated as T. If the infusion
has been carried out for a sufficiently long period such that T > seven
biologic half-lives, Cpax = Cgg = K0/VK. If the infusion were termin-
ated before reaching steady state, Cpax = ko(1 — e KTy vk, Depend-
ing on the infusion time, Eq. (1.75) may be transformed to either

Kt'
log C = log voi—m (1.76)

or

k

- t
log C = log V%(l - e KT) Kt (1.7

~ 2.303
In either case a semilogarithmic plot of postinfusion drug concentra- .
tion in plasma versus time t' will yield a straight line with a slope equal
to —K/2.303. The time course of drug concentrations in plasma during
and after constant rate intravenous infusions is shown in Fig. 1,13.
Data obtained from infusion studies are also useful for estimating
the apparent volume of distribution of a drug. For example, we can
show on rearranging Eq. (1.65) that

_ Yo
Ve x (1.78)
88

Alternatively, if the infusion is terminated before attaining steady
state, then

KT

ky(1 ~ e )
Ve (1.79)
max

where Cp,gy is the drug concentration in plasma when the infusion was
stopped and T is the infusion time. The validity of Eq. (1.79) requires
the assumption of a one-compartment model, but Eq. (1.78) is a gen-
eral relationship that applies to many situations.

If drug concentration versus time data are obtained during as
well as after constant rate intravenous infusion, one can calculate sys-
temic clearance Clg and apparent volume of distribution V from the
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Plasma Concentration (ug/mi)

0.0t

o

10 5 20 25

Time (h}
Fig. 1.13 Drug concentrations (log scale) in plasma during and after
constant rate intravenous infusion to steady state. The dashed line
denotes the decline of drug concentration in plasma after an infusion

period shorter than the time required to reach steady state.

total area under the concentration versus time curve. The area under
the up-curve is obtained by integrating Eq. (1.64) from t = 0 to

t = T. The area under the down-curve is obtained by integrating

Eq. (1.74) from t' = 0 to t' = ». Combining these areas and simplify-
ing terms yields

kOT
AUC = VK (1.80)
Therefore,
kOT
Cls=VK=KfJ—5 (1.81)
and
kOT
V= K- AUC (1.82)

AMN1083

Amneal Pharmaceuticals LLC v. Alkermes Pharma Ireland Limited
IPR2018-00943



1 / One-Compartment Model 31

where T is the infusion time. Equations (1.81) and (1.82) apply ir-
respective of infusion time and do not require attainment of steady
state. Both are general expressions that may be used for many phar-
macokinetic models.

Simultaneous Rapid Intravenous Injection and Intravenous Infusion

Since the time required to reach steady state will be very long for a
drug with a long half-life, it is often desirable in such cases to ad-
minister an intravenous loading dose just before starting the intra-
venous infusion. The loading dose should be large enough to yield
the desired steady-state drug concentration in plasma, Cgq, immedi-
ately upon injection. The infusion rate should be fast enough to main-
tain this concentration. If we know the drug concentration we wish
to maintain, the appropriate infusion rate is given by rearrangement
of Eq. (1.65) (i.e., kg = CggVK). Recalling that V is the proportion-
ality constant relating drug concentration in plasma to total amount
of drug in the body, one concludes for a one-compartment model that
the loading dose Xg equals CggV. Using this dosage regimen, we
can show that the amount of drug in the body is constant until the
infusion is stopped.
The equation describing the time course of the amount of drug in
the body following simultaneous intravenous injection of a loading
dose and initiation of a constant rate intravenous infusion is the sum
of the two equations describing each process [i.e., Eqs. (1.5) and
(1.63)]. Therefore,
k
-Kt 0
X=X Oe + ?
Substituting CggV for Xg and CggVK for kg and rearranging terms
yields

X = Cssv (1.84)

a - e K (1.83)

Hence the amount of drug in the body is constant throughout the time
course of drug administration.

Urinary Excretion Data

Drug elimination kinetics may also be evaluated from urinary excretion
data obtained during constant rate intravenous infusion. The dif-
ferential equation for the rate of appearance of unmetabolized drug in
the urine during infusion is the same as that describing urinary ex-
cretion of drug following an intravenous bolus injection [i.e., dX,/dt
keX; Eq. (1.14)]. The Laplace transform of this expression is

sXy = keX [Eq. (1.17)]. Substituting for X according to Eq. (1.62)
and rearranging terms yields
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_ k K,
X =—2—e— (1.85)
u s'(s + K)

Solving for X,; (see Appendix A) gives the following relationship be-
tween the cumulative amount of drug in the urine and time:
kek0 keku
WS ' 2
K
When the drug has been infused for a sufficient period so as to ap-
proach steady state in the plasma, the term e Kt approaches zero and

Eq. (1.86) reduces to

a - ¢ Kty (1.86)
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Fig. 1.14 Cumulative amount of unmetabolized drug excreted in the

urine as a function of time during constant rate intravenous infusion.
The data are described by Eq. (1.86).
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x =-20,_ 0 (1.87)

Accordingly, a plot of the cumulative amount of excreted drug versus
time is curvilinear initially but eventually becomes linear (see Fig.
1.14). The slope of the linear region is kgkg/K. Extrapolation of the
linear segment of the curve to the time axis yields an intercept equal
to 1/K, since according to Eq. (1.87), t = 1/K when Xy = 0. In
principle, a plot of cumulative amount of drug excreted during infusion
to steady state versus time permits us to estimate both the overall
elimination rate constant and the excretion rate constant of a drug.

FIRST-ORDER ABSORPTION

Drug Concentrations in the Plasma

A very large number of plasma concentration-time curves obtained
after extravascular (e.g., oral, intramuscular, rectal, etc.) adminis-
tration of drugs can be described by a one-compartment model with
first-order absorption and elimination, despite the fact that first-order
absorption is often difficult to rationalize rigorously based on theoret-
ical principles. The equations describing this type of model are anal-
ogous to those developed for metabolite concentrations in the plasma
and urine. For a drug that enters the body by an apparent first-
order absorption process, is eliminated by a first-order process, and
distributes in the body according to a one-compartment model, the
following differential equation applies:

dX

ar = KX, — KX (1.88)
where X and K are as defined previously, k, is the apparent first-order
absorption rate constant, and X, is the amount of drug at the absorp-
tion site. The Laplace transform of (1.88) is

sX =k X — KX (1.89)
a a

The rate of loss of drug from the absorption site is

an

—a-{—= —kaxa (1.90)
The Laplace transform of which is

sXa - FXO = _kaxa (1.91)

where F is the fraction of the administered dose X that is absorbed
following extravascular administration. Solving (1.91) for X,, sub-
stituting this value for X, in (1.89), and solving for X yields
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_ k FX
X=m(s+K)(s+ka) (1.92)
By employing a table of Laplace transforms, the following biexponential
relationship between the amount of drug in the body and time results:
k FX -k t
x=-2 0 Kt _ .8, (1.93)

k — K
a

which in concentration terms is

k_FX -k t
_ a "0 -Kt _ a
o] ——-————V(ka -5 (e e ) (1.94)
A survey of the literature indicates that for most drugs adminis-
tered extravascularly in conventional dosage forms, the absorption
rate constant is significantly larger than the elimination rate constant.

As a result, at some time after administration the term e-kat approach-

es zero, whereas the term e Kt is finite, and (1.94) reduces to

k_FX
_ a 0 -Kt
C—V————-(k — K)e (1.95)
a
This equation describes the postabsorptive phase (i.e., the time when
absorption no longer occurs) of a plasma concentration-time curve.
Equation (1.95) written in common logarithms is

k FX
_ 0 Kt
log C = log Vik, ~ B~ 2.303 (1.96)

A plot of the logarithm of drug concentration in plasma versus time
yields a biexponential curve, the terminal portion of which is linear
and described by (1.96) (Fig. 1.15), Therefore, an estimate of the
elimination rate constant can be obtained from the slope of this terminal
linear segment, which is equal to —K/2.303. The absorption rate con-
stant may be calculated by the method of residuals (see Appendix C).
This graphical approach for estimating kg and K is useful only if the
two rate constants are substantially different. In our experience the
method works best if k,/K > 3. If this is not the case, the rate con-
stants are best estimated by fitting the concentration-time data to

Eq. (1.94) with the aid of a nonlinear least-squares regression program
and a digital computer (see Appendix H).

Some drugs are absorbed very slowly, usually because of limited
solubility in the fluids at the site of administration—or by design.
Other drugs are eliminated from the body very rapidly. In either case
absorption may be relatively slow compared to elimination and the ab-
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Fig. 1.15 Hydrocortisone concentrations in serum after rectal admin-
istration of a retention enema to a healthy subject. The data are de-
scribed by Eq. (1.94) for the situation where kg, is greater than K.
(From Ref. 13, subject 6.)

sorption rate constant may be smaller than the elimination rate constant.
This situation is observed often after the administration of drugs in
sustained-release dosage forms. In such cases the time course of drug
concentration in plasma is described by Eq. (1.94), but the slope of
the linear segment of the semilogarithmic plot of concentration versus
time is equal to —kg/2.303 rather than —K/2.303 and the elimination
rate constant must be determined by the method of residuals (see Ap-
pendix C). This circumstance is frequently called the flip-flop phe-
nomenon. The determination of whether the linear segment of a semi-
logarithmic plot of drug concentration in plasma versus time after ex-
travascular administration is related to the elimination rate constant or
to the absorption rate constant must be based on an independent estima-
tion of the elimination rate constant either after intravenous adminis-
tration of the drug or, in some circumstances, after administration of

a dosage form from which the drug is more rapidly absorbed (e.g.,

a solution).

The time course of concentration in plasma of certain drugs sug-
gests a time lag between oral administration and the apparent onset of
absorption. This lag may be the result of delayed release of drugs
from the dosage form or of a combination of negligible absorption from
the stomach and slow gastric emptying. One usually concludes the ex-
istence of a time lag if the intersection of the extrapolations of the
terminal exponential phase and residual line occurs at a time greater
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than zero. If there is no lag time, both extrapolations intersect the
log concentration axis at the same point. When a lag is evident, the
appropriate equation to describe the time course of drug concentra-
tions in plasma is
k FX
_ a0
V(ka - K)

~K(t-t0) -ka(t-to)

C [e —e ] (1.97)

where tg is the lag time.

Drug concentration in plasma versus time data after oral adminis-
tration can provide estimates of the apparent absorption and elimina-
tion rate constants of a drug but usually cannot provide unambiguous
estimates of systemic clearance or apparent volume or distribution.
Integration of Eq. (1.94) from time zero to time infinity yields

k FX
&0 (1 1
AUC = Tk = 0 (K ka) (1.98)

where kgFXg/V(ky — K) is the intersection of the extrapolation of the
terminal exponential phase on the log concentration axis (assuming no
lag time). Rearrangement of Eq. (1.98) yields

FX 0
AUC = VK (1.99)
It follows that the systemic clearance is given by

FXO
Cls = VK =A—UE (1.100)
and the apparent volume of distribution by

FX 0

V_K~AUC (1.101)
where FXg is the amount of drug absorbed or more precisely the amount
of drug reaching the systemic circulation. Clg and V can be estimated
only by assuming absorption to be complete (i.e., by assuming that
F = 1). If this is not the case, the ratio of administered dose to AUC
is not Clg but Clg/F and the ratio of administered dose to the product
of K and AUC is not V but V/F.

Some literature reports have incorrectly estimated V after oral ad-
ministration by extrapolating the terminal linear phase of the log con-
centration versus time plot to the log concentration axis and by as-
suming that the intercept is equal to the administered dose divided by
the apparent volume of distribution. As cited above, this intercept is
equal to kgFXg/V(kg — K) rather than to Xgo/V.
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Determination of Cjyax and tmax

Mathematical relationships can be developed to estimate the time at
which a peak plasma concentration of drug should be observed and
the maximum plasma concentration at this time following first-order
input into the body. Expanding Eq. (1.94) yields

C= ___kalxﬂ_e-Kt - fﬁfiﬂ__.e-kat (1.102)
“V(k ~ K) V(k - K) )
a a
which when differentiated with respect to time gives
2
ac _ k FX . kpt K KFX LKt (L.103)
at = V(k, ~ K) V(k, ~ K) )

When the plasma concentration reaches a maximum (Cpgay) at time tyax,
dC/dt = 0. Therefore,

2

k°FX -k t k KFX -Kt
a 0 amax _ _a 0 e max (1.104)
V(k - K) V(k - K) ’
a a
which reduces to
-Kt
Ka_ o MX (1.105)
K -kt
a max

Taking the logarithm of both sides of Eq. (1.105) and solving for tyax
yields

X
- 230, .8 (1.106)

max ka—K grK

For a given drug, as the absorption rate constant increases, the time
required for the maximum plasma concentration to be reached decreases.
The maximum plasma concentration is described by substituting

tmax for t in Eq. (1.94)!
kaFXO -Ktmax -katmax
= L - 1.107
Cmax = Vx_ - 1© © e ) (1.107)
However, a simpler expression can be obtained. From (1.105) it can
be shown that
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-kt -Kt
a max

= EK' e Max (1.108)
a
Substituting for e'katmax’ according to (1,108), in (1.107) yields
kaFX0 ka - K _Ktmax
max " V(k_ - K Kk ° (1.109)

C
a

which is readily simplified to

FX, -Kt .o
= <2e (1.110)

C

max

The values of Cp gy and tpax under the special circumstance
when kg = K is of mathematical interest and will be considered briefly.
Under these conditions, Eq. (1.92) can be written as

X = ——03 (1.111)
(s + K)
Hence
X = KFxote"’“ (1.112)
KFXote-Kt
C=—F—— (1.113)
and
KFX(t

(1.114)

log C = log —— ~ 37303

Equation (1.114) indicates that when k, = K, a semilogarithmic plot of
C versus t will contain no linear segments.
Differentiating Eq. (1.113) with respect to time yields
2
ac _ KFXOe-Kt ~ K"FX
dt =V v

0 7Kt (1.115)

At tpax, C = Cpax and dC/dt = 0. Therefore,

KFX_ -Kt K 2Fx -Kt
0 e max _ 0 ¢ e max (1.116)
v v max :
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which simplifies to

v =1 (1.117)

max K
Substituting t;,, for t in Eq. (1.113) according to (1.117) gives
KFX

_ 01 -K(1/K) (1.118)

Crnax =~V K

which simplifies to

FX 0.37FX
=01 0
Coax > V¢ =% (1.119)

Urinary Excretion Data

Pharmacokinetic evaluation of urinary excretion data obtained after
extravascular administration involves relationships similar to those
described for evaluating such data after intravenous bolus injection.
Substituting for X in Eq. (1.14) according to (1.93) yields

dX kK FX, o -kt
= =ka_K (e Kt _ o 8y (1.120)

The Laplace transform of Eq. (1.14) is sfu = kef [Eq. (1.17)].
Substituting for X according to Eq. (1.92) gives

kekaFXO
Xu = YT R ka) (1.121)

which, when solved for X, yields

-kt
k k FX -Kt a
__ea 0[1 e Ke ] (1.122)

= — —_
Xa K |k "K-k  k(K-k)
a a a a
Equation (1.122) describes the time course of the cumulative amount
of intact drug in the urine, At time infinity, (1.122) reduces to
- keFX 0
Xu =g (1.123)

Substitution of X; for kgFX¢/K in (1.122) and rearrangement yields

o X: -Kt -kat
Xu - Xu = f{a—_—_—k-(kae — Ke ) (1.124)
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Therefore, a plot of log (dXy/dt) versus time or log (X:: - Xy) versus
time, according to Eq. (1.120) or (1.124), respectively, will result

in a biexponential curve. If kg is larger than K, the slope of the
terminal linear segment of the curve will yield an estimate of the first-
order elimination rate constant of parent drug. However, if the op-
posite is true (i.e., K > ky), the constant obtained from the slope will
be the absorption rate constant. If urine samples are obtained soon
enough following drug administration, an estimate of kg (when kg > K)
or K (when K > kg) may be obtained by the method of residuals (see
Appendix C). However, collection of a sufficient number of urine
samples during the absorption phase to enable a pharmacokinetic analy-
sis of this phase is often difficult unless the drug is absorbed slowly.

Metabolite Concentrations in Plasma and Urine

Metabolite concentrations in plasma and urine following oral or intra-
muscular drug administration may be used under certain conditions to
obtain an estimate of the apparent first-order elimination rate constant
of a drug. As illustrated in Scheme 4,

Scheme 4
X
u
k
e
k
X ___a_9 X\
k M—> M
f km u

three steps are involved in the appearance of the metabolite in the
urine: absorption of the drug, conversion of the drug to a metabolite,
and elimination of the metabolite. Considering the principles developed
in analyzing metabolite concentrations in the plasma and urine following
intravenous injection, it is apparent that the time course of metabolite
in the plasma or urine following first-order absorption would be de-
scribed by a triexponential equation (i.e., a third exponential term is
required for the absorption step). Assuming that both kg and kp; are
significantly larger than K, a plot of log Cp,, log (dMy/dt), or

log (M: — My) versus time yields a triexponential curve which at some
time becomes linear. An estimate of K may be made from the slope of
this terminal linear segment, which is equal to ~K/2.303.

APPARENT ZERO-ORDER ABSORPTION

The gastrointestinal absorption of drugs is complex and involves
several rate processes, including dissolution, absorption from dif-
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ferent sites, and gastric emptying, that occur both simultaneously and
sequentially., Despite this complexity the rate of appearance of drug
in the systemic circulation after oral administration can usually be de-
scribed by simple first-order kinetics.

Although the assumption of first-order absorption in pharmaco-
kinetics is almost axiomatic, there are several exceptions. Under cer-
tain conditions, it has been found that the absorption of certain drugs
may be better described by assuming zero-order (constant rate) rather
than first-order kinetics (see Fig. 1.16).

The equation describing drug concentration in plasma under these
conditions is derived in Appendix B and is given by

Kyt — ne ¥
C= — (1.125)
0.34
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Fig. 1.16 Average hydroflumethiazide concentrations in plasma after
a single 100 mg oral dose to 12 healthy subjects. The solid line repre-
sents the best fit of the data assuming zero-order abosrption [Eq.
(1.125)], and the dashed line represents the best fit assuming first-
order absorption [Eq. (1.94)]. (From Ref. 16).
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where kg is the apparent zero-order absorption rate constant and t
is time after drug administration. During absorption, T =t. After
absorption apparently ceases, T is a constant corresponding to the
absorption time. In the postabsorption phase t = T + t', where t' is
the time from the start of the postabsorption phase. Equation (1.125)
describes the entire time course of drug concentration in plasma and
applies equally to drug concentrations in plasma during and after
constant rate intravenous infusion. During the absorption phase

C = kg(1 — e Kt)/VK, which is the same as Eq. (1.64) since T = t.
The maximum drug concentration in plasma occurs at the end of the
absorption phase when t = T. Thus Cpax = k(1 — e"KT)/VK. During
the postabsorption period drug concentrations decline according to
Eq. (1.74) since (eKT — 1)e-K(T+t') = (1 — e"KT)e-Kt',

The pharmacokinetic parameters required to describe the time
course of drug concentrations in plasma (i.e., k¢/V, K, and T) are
best estimated by fitting the concentration-time data to Eq. (1,125)
with the aid of a nonlinear least-squares regression program and a
digital computer (see Appendix H).
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2

Multicompartment Models

Most drugs entering the systemic circulation require a finite time to
distribute fully throughout the available body space. This fact is
particularly obvious upon rapid intravenous injection. During this
distributive phase, drug concentration in the plasma will decrease
more rapidly than in the postdistributive phase. Whether or not such
a distributive phase is apparent depends on the frequency with which
blood samples are taken. A distributive phase may last for only a few
minutes, for hours, or even for days.

If drug distribution is related to blood flow, highly perfused
organs and tissues such as the liver and kidney should be in rapid
distribution equilibrium with the blood. The blood and all readily ac-
cessible fluids and tissues may often be treated kinetically as a com-
mon homogeneous unit generally referred to as the central compart-
ment. As discussed in Chap. 1 with respect to the one-compartment
model, kinetic homogeneity does not necessarily mean that the drug
concentrations in all tissues of the central compartment at any given
time are the same. However, it does assume that any change that oc-
curs in the plasma level of a drug quantitatively reflects a change
that occurs in central compartment tissue levels.

Following the intravenous injection of a drug that exhibits multi-
compartment pharmacokinetics, the levels of drug in all tissues and
fluids associated with the central compartment should decline more
rapidly during the distributive phase than during the postdistributive
phase (Fig. 2.1). In contrast, drug levels in poorly perfused tissues
(e.g., muscle, lean tissue, and fat) first increase, reach a maximum,
and then begin to decline during the distributive phase (Fig. 2.2).
After some time, a pseudodistribution equilibrium is attained between
the tissues and fluids of the central compartment and the poorly per-
fused or less readily accessible tissues. Once pseudodistribution
equilibrium has been established, loss of drug from the plasma is
described by a monoexponential process indicating kinetic homogeneity
with respect to drug levels in all fluids and tissues of the body. The
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Fig. 2.1 Multiexponential decline of griseofulvin concentration in plas-
ma following intravenous administration of the drug to two healthy
volunteers. (Data from Ref. 1.)

access of drug to the various poorly perfused tissues may occur at
different rates. Frequently, however, for a given drug these rates
would appear to be very similar and, therefore, cannot be differen-
tiated based solely on plasma concentration-time data. Consequently,
all poorly perfused tissues are often "lumped" into a single peripheral
compartment. It must be realized however, that the time course of
drug levels in a hypothetical peripheral compartment, as inferred from
the mathematical analysis of plasma concentration data, may not ex-
actly correspond to the actual time course of drug levels in any real
tissue. The peripheral compartments of pharmacokinetic models are,
at best, hybrids of several functional physiologic units.

The particular compartment (i.e., central or peripheral) with
which some tissue or part of a tissue may be associated often depends
on the properties of the particular drug being studied. For example,
the brain is a highly perfused organ. However, it is clearly separated
from the blood by an apparent barrier with lipid characteristics. There-
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fore, for lipid-soluble drugs the brain would probably be in the
central compartment, whereas for more polar drugs the brain would
probably be considered as part of a peripheral compartment. Hence,
depending on the drug, the brain may be in the peripheral or in the
central compartment.

As with the one-compartment model, drug elimination in multicom-
partment systems is assumed to occur in a first-order fashion. Trans-
fer of drug between body compartments is also assumed to occur by
first-order processes.

Following intravenous injection many drugs require more than one
exponential term to characterize the resulting decline in plasma concen-
trations as a function of time. The number of exponentials needed to
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Fig. 2.2 Time course of tissue and plasma concentrations of phenol
red in the dogfish shark after intravenous injection of the compound.
Phenol red is so polar that even highly perfused organs such as the
kidney and liver take on the characteristics of a peripheral compart-
ment. A kidney, O liver, O plasma. (From Ref. 2 © 1976 Plenum
Publishing Corp.)
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describe adequately such a plasma concentration versus time curve
determines the number of kinetically "homogeneous" compartments that
a drug confers on the body. There are several types of n-compart-
ment systems for any n-exponential curve. They differ in that elim-
ination may be assumed to occur either from the central compartment,
from one of the peripheral compartments, or from any combination of
the central or peripheral compartments. Therefore, there are three
types of two-compartment models and seven types of three-compart-
ment models which are mathematically indistinguishable on the basis

of the usually available experimental data (drug concentrations in the
plasma and/or urinary excretion data). In the absence of information
to the contrary, it is usually assumed that drug elimination takes place
exclusively from the central compartment. All subsequent equations
are based on this assumption unless otherwise stated. The basis of
this assumption is that the major sites of biotransformation and excre-
tion (i.e., the liver and kidneys) are well perfused with blood and are
therefore presumed to be rapidly accessible to drug in the systemic
circulation.

INTRAVENOUS INJECTION

Drug Concentrations in the Plasma

Following the rapid intravenous injection of a drug that distributes in
the body according to an n-compartment system with elimination oc-
curring from the central compartment, the disposition function for the
central compartment dg ¢ is given by (see Appendix B)

n
I (s+E,)
i=2 !
s~ m (2.1)
o (s+2,)
i=1 !

where n is the number of driving force compartments (i.e., compart-
ments having exit rate constants), s is the Laplace operator, Ej is the
sum of the exit rate constants from the ith compartment (e.g., E1 =
kig + k12 and Eg = kg1 in Fig. 2.3), and )j is a disposition rate con-
stant which may be expressed in terms of the individual intercompart-
mental transfer rate constants and elimination rate constants. When a
drug is administered as an intravenous bolus, the input function ing
is

in = X 0 (2.2)
where X is the intravenous dose. The Laplace transform for the

amount of drug in the central compartment ag, ¢ is given by the product

AMN1083

Amneal Pharmaceuticals LLC v. Alkermes Pharma Ireland Limited
IPR2018-00943



2 / Multicompartment Models 49

Central Peripheral

Compartment Compartment

Fig. 2.3 Schematic representation of the body as a two-compartment
open model. Drug elimination is restricted to the central compart-

ment.

of the input and disposition functions (2.1) and (2.2), respectively.
Therefore,

n

T (s+E)

i=2 !
850" x0 - 2.3
o (s+ 1)
i=1 !

Equation (2.3) may be solved for X,, the amount of drug in the central
compartment, by taking the anti-Laplace of this equation employing the
general method of partial fractions (see Appendix B).

n
n 1E )
x =x. > B2 . (2.9)
e 0o
T (A — )
R B
i#2

Although the central compartment is obviously not homogeneous,
by assuming that the ratio of drug concentrations in the various tis-
sues and fluids of the central compartment is constant (i.e., there is
very rapid distribution between the plasma and the fluids and tissues
of the central compartment), a linear relationship exists between the
drug concentration in the plasma C and the amount of drug in the
central compartment. That is,

Xc = VcC (2.5)
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where V, is the apparent volume of the central compartment. This
relationship enables the conversion of (2.4) from an amount-time to
a concentration-time equation which can be expressed as

n
g n L BTN
C::",—c"lgl ';‘_—"_‘——'e (2.6)
i ()\i - AQ)
=1
i#g
or
n —Azt
c= 3 Ae (2.7
2=1
where
n
XOifz(Ei.— ')
A’szc_m" (2.8)
T (x ~2)
i=1 i L
ite

A plot of the logarithm of drug plasma concentration versus time ac-
cording to (2.7) will yield a multiexponential curve (Fig. 2.4). The
disposition constants i to Ap-1 are by definition larger than in;

therefore, at some time the terms Ale_)‘1t to An-le_xn' 1t will approach

zero, whereas Ane- Ant will still have a finite value. Equation (2.7)

will then reduce to
-Ant

C = Ane (2.9)

which in common logarithms is

At

= . _n_
log C = log An 3.303 (2.10)

Hence an estimate of A, can be obtained from the slope, —1,/2.303, of
the terminal exponential phase, and the biologic half life t1/92 can be
determined either directly from the terminal phase or by employing

the following relationship:

_ 0.693 2.11

Y2
n
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Fig. 2.4 Plasma levels of pralidoxime after intravenous administration
of the iodine salt to a healthy volunteer. The data (O) are described
by a biexponential equation; the method of residuals has been applied.
In the notation of the text, A, B, o, 8, and Cp correspond to Ay,

Ag, )1, X2, and C, respectively. O Experimental values, ¢ residuals.
(Data from Ref. 3, subject 2663, dose = 10 mg/kg.)

The zero-time intercept obtained by extrapolation of the terminal linear
phase to t = 0 is A,. Successive application of the method of residuals
(Appendix C) will yield linear segment(s) with slope(s) and intercept(s)
from which the remaining value(s) of X and A can be determined.

The constants Ay and Ay may be obtained graphically as shown in
Fig. 2.4 or with the aid of a digital computer. The best approach is to
fit the entire plasma concentration-time curve by means of a digital
computer program which provides a nonlinear regression analysis of
the curve (Appendix H). Once these experimental constants are ob-
tained, other pharmacokinetic parameters can be readily generated.

At time t = 0, (2.7) becomes

n
C.= > A (2.12)
0 e=1 2
where Cg is the zero-time plasma concentration. Substituting the value
of A, from (2.8) into (2.12) yields
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n
XO n 122 (E]. - 2D
Co=\—7; 221 -n_—-——_- (2.13)
B S C W "
=1
i#s
which simplifies to
C,.= EQ (2.14)
0 Vc *

for any multicompartment model. Substitution of Z?:lA g for Cg,
according to (2.12), into (2.14), and rearrangement yields the follow-
ing expression, from which the apparent volume of the central com-
partment can be estimated:

X

B 0
Ve™ (2.15)

I A
=1

L

where Xg is the intravenous dose.

Drug Levels in a Peripheral or "Tissue" Compartment

The differential equation describing the rate of change in the amount
of drug in a peripheral compartment Xpj is

dX .
3t - klec - ijpj (2.16)
where ki is the first-order intercompartmental transfer rate constant
from the central to the peripheral compartment. The value of j varies
from 2 to n. The Laplace transform of (2.16) (see Appendix B) is
given by

s(as,p) = klj(as,c) - Ej(as,p) (2.17)
Solving for L and substituting the value of ag,c as given in (2.3)
yields

n
kg igz(s " E
- 1 =2 2.1
as,p XOS+E. n ( &
(s + Ai)
i=1
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the anti-Laplace of which is (see Appendix B)

n
nooky 1M g
xpj =X, ’EI =1, n e (2.19)
} Ty =2
i=1
i#2

This equation describes the time course of the amount of drug in the
peripheral compartment following intravenous administration. It is ob-
vious from (2,19) that after a sufficiently long period of time the ex-

ponential terms e % to e *n-1% win approach zero and (2.19) reduces
to

n
klj i_I__IZ (Ei - An) -Ant
ij=X0E.‘_ T e (2.20)
I (A, = 2)
i=1 i n
i#2

Hence the slope of the terminal exponential phase of a semilogarithmic
plot of tissue level versus time equals —Ap/2.303. Therefore, in the
postdistributive phase, plasma and peripheral compartment levels de-
cline in parallel. This is illustrated in Fig. 2.5.

Urinary Excretion Data

It may be possible to obtain from urinary excretion data the pharma-
cokinetic parameters of a drug that confers on the body the pharma-
cokinetic characteristics of a multicompartment model. For a drug elim-
inated from the body partly by nonrenal processes a scheme analogous
to Scheme 1 of Chap. 1 can be drawn:

Scheme 1
k!
€ X
/ u
P
Xon-1) == x\
X
k' nr
nr
where X, and Xp, are the respective cumulative amounts of unchanged
drug eliminated in the urine and drug eliminated by all nonrenal path-
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Fig. 2.5 Semilogarithmic plots of the amounts of drug in the central
(A) and peripheral (B) compartments following intravenous adminis-
tration of two drugs, each of which confer the pharmacokinetic charac-
teristics of a two-compartment open model on the body, but which have
different distribution characteristics.

ways to time t. The elimination rate constant from the central compart-
ment, kig, is the sum of the individual rate constants that character-
ize the parallel elimination processes. Therefore, kig = ki + Kby,
where ki, is the apparent first-order rate constant for renal excretion
and kp,,, is the sum of all other apparent first-order elimination rate

constants for drug elimination by nonrenal pathways.
The excretion rate of intact drug, dX/dt, can be defined as

dX
dt

where X, is as defined previously. Substitution for X, according
to (2.4), into (2.21) yields

= k' (2.21)

n
ax n “ (B =2y -t
= k'X ____—__—— .
3¢ - kX 21 = e (2.22)
=1y (g = 2
i=1
i#2
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or
ax n ALt
2= N Ale (2.23)
2=1
where
n
iiIZ B 7
A'JL=k'eX0  E— (2.24)
I (A, —A)
=1 1t
ife

A semilogarithmic plot of excretion rate of unmetabolized drug versus
time according to (2.23) will yield a multiexponential curve (Fig. 2.6).
As with the semilogarithmic plasma concentration-time plot, A, can be
obtained from the slope, —xpn/2.303, of the terminal exponential phase,
and the biologic half-life t1/2 can be determined either directly from
the terminal phase or from A, by (2.11). A} can be obtained by ex-
trapolation of the terminal linear phase to time zero. Application of
the method of residuals (Appendix C) permits estimates of the re-
maining value(s) of A and A'. As with plasma concentration-time data,
the constants Ay, and A can be better obtained with the aid of a
digital computer (Appendix H). It must be emphasized that the termin-
al slope of the log excretion rate versus time curve is a function of
the overall elimination rate constant 1, and not of the urinary excre-
tion rate constant ki. However, ki can be calculated once the ex-
perimental constants A, and A} are obtained. The sum of the zero-
time intercepts is given by

n
n n .H (Ei B )‘JI,)
S Av=kx S EL (2.25)
=1 L e 0 =1 n

on (y = 2))
i=1
i#g
This equation can be simplified to
n
1 = et

z?_—:i Al =KX, (2.26)

which when rearranged yields the following expression for ké:

n
1
zil %
Vo
K, (2.27)

%o
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Fig. 2.6 Plasma concentrations (O) and urinary excretion rates (®)
of ampicillin (left) after intravenous injection of ampicillin itself or of
its prodrug, hetacillin (right). The triangles (right) indicate heta-

cillin concentrations in plasma. (Data from Ref. 4.)

Therefore, by knowing the intravenous dose and the values of A, the
urinary excretion rate constant of intact drug can be determined.

An alternative approach, the sigma-minus method, is also avail-
able, from which the parameters of a multicompartment model can be
evaluated based on urinary excretion data. The Laplace transform of
(2.21) for the amount of drug in the urine ag,y is

s(as’u) = k'e(as,c) (2.28)

Substitution for ag, ¢ from (2.3) and rearrangement yields

n
n (s+E,)
i=2 !

= Ief =

s, keXO a (2.29)

T s(s+1,)
R i
i=1

a
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Solving (2.29) (see Appendix B) produces the following relation-
ship between the amount of drug in the urine and time:

n n
n E, n (B, ~ 1)) o
= 1 1
X, = keXO kX 221 e (2.30)
LI I —-)\z(ki - }\2)
i=1 i=1
it

where X,, is the cumulative amount of unchanged drug excreted in the
urine to time t. The amount of unmetabolized drug ultimately elim-
inated in the urine, X7, can be determined by setting time in (2.30)
equal to infinity:
n
1 E,
j=p 1
- l ——
X ke 0n (2.31)
T oA,
i=1 *
Substitution of X;j for k! X0 n1-2 E11H1_1 i in (2,30) and rearrangement
yields

n
- 1“ (E z) “At
- = 1! _"__________
X, — X, ° kXo 21 - e (2.32)
n Al(xi )\2)
i=1
it
or
- n -Azt
— = 1
X~ X, .E Alle (2.33)
i=2
where
n
L (B =2
"= k! i
AV =KX = (2.34)
I x (A — )
=g v H
i#2

A plot of the logarithm of the amount of unchanged drug remaining to
be excreted versus time is multiexponential (Fig. 2.7), and the slope
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Fig. 2.7 Semilogarithmic plot of the amount of drug remaining to be ex-
creted following intravenous administration of a drug. The data are
described by Eq. (2.33), where n = 2,

of the terminal exponential phase is —1,/2.303, the same slope as a
plot of log C versus t or a plot of log (dX,;/dt) versus t. The zero-
time intercept of the extrapolated terminal linear phase yields A;,'. The
other values of Ay and A'i' can be obtained from the slope(s) and inter-
cept(s), respectively, of the residual line(s).

The general merits of these two urinary excretion methods, the
excretion rate method and sigma-minus method, have been discussed
in Chap. 1. It is important to emphasize that the value of urinary
excretion data to obtain the pharmacokinetic parameters of a multi-
compartment model may be limited. In order to perform a multicom-
partment analysis of urinary excretion data, urine must be collected
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with sufficient frequency to enable the characterization of the distribu-
tive phase. Since it is difficult to collect urine samples at a frequency
of greater than every half-hour, the drug being examined must have

a significant distributive phase. This problem is usually not en-
countered with plasma-level data because plasma samples can generally
be collected with almost any desired frequency.

Renal Clearance

One can characterize the kinetics of renal excretion of a drug by a
clearance value as well as by an excretion rate constant. The concept
of clearance is discussed in Chap. 8. Renal clearance, as defined in
Chap. 1, is the volume of blood flowing through the kidney per unit
time from which all drug is extracted and excreted. In pharmaco-
kinetic terms, renal clearance Cly is the urinary excretion rate divided
by the blood or plasma concentration of drug at the midpoint of the
urine collection period:

qu/dt
Cl,=—c— (2.35)
Replacement of dXy/dt by ktXs, according to (2.21), yields
keXe
Cl, =-5 (2.36)

Recognizing that X,/C equals V¢ [Eq. (2.5)], the following expression
for renal clearance can be obtained:

- t
CIr = kch (2.37)

Therefore, renal clearance equals the product of the renal excretion
rate constant k; and the apparent volume of the central compartment
V... If renal clearance is determined independently by (2.35) and if
an estimate of V, is available, (2.37) may be employed to calculate k.
This method for determining k} has an advantage over the method
which employs (2.27) in that estimates of the zero-time intercepts of
an excretion rate plot, A%, may be difficult to obtain.

Probably a more satisfactory method for determining clearance than
the one-point determination obtained by employing (2.35) would be to
rearrange Eq. (2.35) (i.e., dX,/dt = ClpC) and to plot excretion rate
versus the plasma concentration at the midpoint of each urine collection
period. The slope of such a plot equals renal clearance. The utiliza-
tion of rate plots is discussed in Appendix F.

Recognizing that renal clearance as defined by (2.35) equals k,V
for a one-compartment model [Eq. (1.25)] and kiV, for a multicompart-
ment model, it can be readily shown that (1.27) and (1.28) also apply
to multicompartment models:
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t, ts
(Xu)t = Clr C dt (2.38)
1 t
1
and
X X
u u
Cl = _o—a__— = (2. 39)
r foc at AUC

respectively. The term (Xu)};% is the amount of unmetabolized drug
eliminated in the urine during the time interval t1 to tg, and fttlz C dt

is the area under the blood or plasma concentration versus time curve
during the same time interval t1 to tg. f6°C dt or AUC represents the
total area under the drug concentration in the blood or plasma-time
curve. Therefore, by employing (2.38), an estimate of the renal
clearance of a drug, which distributes in the body according to a
multicompartment model, may be obtained from the slope of a plot of
the amounts of unmetabolized drug eliminated in the urine during time

intervals t; to tg [(Xu)zi] versus the areas under the plasma concen-
tration-time curve (plotted on rectilinear graph paper) during the
same time intervals ( fttlz C dt). The average renal clearance of a drug

can be determined using (2.39) if the total amount of unmetabolized
drug eliminated in the urine and the area under the plasma concentra-
tion-time curve from time zero to infinity are known.

The total area under the curve as required by (2.39) for the cal-
culation of renal clearance can be readily determined employing the re-
lationship

>

n
avc= 3 = (2.40)
=1 g

which results from the integration of (2.7) from time zero to infinity.

Systemic Clearance

Systemic clearance Clg or total body clearance is the sum of clearances
for all processes involved in the elimination of a drug from the body
and can be given by an expression analogous to (2.35), the equation
for renal clearance:

dXE/ dt

CIS =—c (2.41)
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where dXp/dt is the rate of drug elimination by all routes of elimina-
tion. Solving (2.41) for dXg/dt and integrating the resulting expres-
sion from time zero to infinity yields

o
(XE)O = Cls A C dt = Cls- AUC (2.42)

where (Xg){ is the total amount of drug eliminated, which must be
equal to the dose X of drug administered when the drug is given
intravenously. Therefore, substitution of Xg for (Xg)§in (2.42)
and rearrangement provides the following expression for clearance:

X
Cl, = 2oc (2.43)

Clearance is extensively discussed in Chap. 8.

Metabolite Levels in the Plasma

The formation of a metabolite that distributes in the body according to
a multicompartment model following the intravenous administration of a
drug which also distributes according to a multicompartment model is
illustrated in Scheme 2:

Scheme 2

X M
(n-1) (r-1)
A
Xc f M m
kl

Xp and X, are as defined previously; M and Mp are the amounts of
metabolite in the central and peripheral body compartments, respec-
tively; the constants k} and ki, are the apparent first-order formation
and elimination rate constants, respectively, of the metabolite; and ki
is the sum of all apparent first-order elimination rate constants for all
processes other than metabolism. In this scheme kig = ki + k¢, where
kqg is the elimination rate constant from the central compartment for
parent drug.

The disposition functions for the drug, dg,c¢, and metabolite, dg,m,

in their respective central compartments (see Appendix B) are

n
I (s+E)
=2 !
s,e n
I (s+ )\i)
i=1
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{Eq. (2.1)] and

r

I (s+E)
iz ! 2.44
s,m r (2.49
I (s+vy,)
=1 !
respectively, where E; and ); are as defined previously, E]' is the sum
of the exit rate constants from the jth compartment for the metabolite,
and vy; is a disposition rate constant associated with the blood or plasma
concentration-time curve following an intravenous bolus injection of
metabolite and is analogous to A;. The Laplace transform for the
amount of drug in the central compartment, ag ¢, following intravenous

injection is given by

n
I (s+E)
a =X =2 i
s,cC 0n
I (s+ Ai)
i=1
[Eq. (2.3)]. The input function into the central compartment for the
metabolite, ing . is given by
) (2.45)

in = k'f

(a
s,m s,c

Therefore, the Laplace transform for the amount of metabolite in the
central compartment, ag,my, following the intravenous injection of a
drug is given by the product of (2.44) and (2.45):

r
n (s+E,)
i=2 !
)y ——— (2.46)
s,¢’ r
T (s+ vy
=1

= k!
as,m kf(a

)

i

Substitution for ag o, according to (2.3), in (2.46) yields
n r

I (s+E) I (s+E)
i=2 V= j 2 a1
= ] .
as,m 1{fx(] n r ( )
n (s+ )\i) i (s+Yj)
i=1 =1
Taking the anti-Laplace of (2.47) and writing a general equation for
the concentration of metabolite in the plasma, C, gives
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n -at r -yt
c =5 Ae "+5S Be Y (2.48)
m 2
2=1

Equation (2.48) indicates that a minimum of five exponential terms
are required to describe the time course of a relatively slowly distrib-
uting metabolite which is formed after intravenous administration of a
drug with multicompartment characteristics. In fact, metabolite concen-
tration-time curves rarely require more than two or three exponential
terms to describe them, reflecting a lack of discrimination of individual
rate processes. A rigorous analysis of metabolite concentration-time
data will provide little information concerning the multicompartment
pharmacokinetics of the parent drug or even concerning the metabolite
itself. The slope of the terminal linear segment of a semilogarithmic
plot of metabolite concentration versus time will probably be equal to
either —x/2.303 or —v,/2.303, whichever is smaller. Residual analy-
sis will almost always result in hybrid constants that cannot be related
to either the drug or the metabolite.

INTRAVENOQUS INFUSION

Drug Concentrations in the Plasma

The disposition function for the central compartment following constant
rate intravenous infusion of a drug that confers the pharmacokinetic

characteristics of a multicompartment model on the body is identical to
the disposition function for an intravenous bolus injection [Eq. (2.1)]:

n
n (s+E,)
i=2 !
d
s,c n
T (s+ Ai)
i=1
where all parameters are as defined previously. For intravenous in-
fusion the input function ing is given by
kol = e’ T8
in = ———0—— (2.49)
where kg is the zero-order infusion rate in units of amount per time
and T is the time when infusion ends. The Laplace transform for the
amount of drug in the central compartment, ag ¢ is given by the prod-
uct of the input and disposition function, (2.49) and (2.1), respective-
ly. Hence
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n
K (1-e T8 I (8+E)
a =20 i=2 (2.50
s,c s n -50)
n (s+ )\i)

i=1

One may solve for X,, the amount of drug in the central compartment,
by taking the anti-Laplace of (2.50) (see Appendix B). The resulting
equation is

)\,LT n
, (I-e )iiIZ(Ei- A) St
X =k_ > e (2.51)
c 0 0=1 n
Ay Oy =AY
i=1
i#2

which can be written in concentration terms, employing the relation-
ship X, = V,C according to (2.5), as follows:

AgT n
ky D A-e )ifz E =2 “A,t
C=g > - e (2.52)
el Ly 1y -
. 1 L
i=1
i#g

This equation describes the time course of drug in the plasma during
infusion and after cessation of infusion. While infusion is continuing,
T =t and varies with time. When infusion ceases, T becomes a con-
stant corresponding to the time infusion was stopped. Hence, by util-
ization of (2.52), the total plasma concentration-time curve during and
following infusion can be fit with the aid of a digital computer. Con-
sequently, it is not necessary to fit infusion curves by two discrete
equations, one representing the infusion period and one representing
the postinfusion period [5]. AT Aot

During infusion, T =t, and the term (1 — e £ )e "% in (2.52)

becomes (e_>"9t — 1). Therefore,

n
ko n ifz (Ei - Al) -}‘!Lt
C==— Y (e -1 (2.53)
Vc =1 n
A 1Oy A
i=1
i#s
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Expansion yields

n n
k n f (Ei B }‘SL) n II (Ei B AﬁL) -ALt
0 i=2 i=2 3
C =V— z a - z a e
¢ 2=1AQ 1oy =) 2=1 N T Og =)
=t ! =1 !
i#g i#s

(2.54)

The first term in (2.54) can be simplified to give the following equa-
tion for C:

n n
K |ihd oo LB o
C=c2| - ¥ o (2.55)
Vc n 4=1 n
T A A, Ty = a)
=1 ! Yimp 10
i

This equation describes the rise in drug concentration with time after
the start of intravenous infusion. Plasma concentrations will increase
with time until the rate of elimination equals the rate of infusion and
then will remain constant. This plateau plasma drug concentration Cgg
can be determined from (2.55) by setting time equal to infinity (.e.,

by recognizing that the term e-ut approaches zero with time). Thus

n
K00y
Css =5 (2.56)
Vc L
i=1
It is evident that the plateau or steady-state concentration Cg g of drug
is directly proportional to the rate of infusion. The term nf Ey/
Vc H{E_.l A{ can be expanded to kgjkgy+** kn1/Ver1ighg e« kn’ which
is'equal to 1/Vgkyg or 1/Clg [see Eqs. (2.107), 2.169), and (2.215)].
Therefore, substitution of 1/C]s into (2.56) yields

k0
CSS = ol (2.57)
8
By knowing the clearance of a drug, the infusion rate required to
maintain a certain plasma concentration of drug can be readily cal-
culated employing the following rearrangement of (2.57):
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ky = C_Cl, (2.58)

As is apparent from (2.57), the systemic clearance of a drug is
readily calculated from the ratio of infusion rate to steady-state
drug concentration in plasma:
¥
CIS =T (2.59)
ss
The terminal disposition rate constant, and hence half-life, of a
drug may also be determined from data collected during infusion to
steady state. Expansion of (2.55), substitution of Cgg for kg H?:in/
Va H{‘zl Aj according to (2.56), and rearrangement gives

n
ko n .22 (Ei - Az) -)\lt
c, -C= 7. Ei - e (2.60)
A, @ (A, - )‘2)
“i=1 !
i#¢

Based on this relationship, a plot of log (Cgg — C) versus time will
be nonlinear. However, since the values of Ay to A,_y are larger

s . =i
than ip, at some time during the infusion the terms e I to

e-)‘"'1t will approach zero. At this time (2.60) will simplify to

0i 2 i n -at
C -cC= e 1 (2.61)
ss n
vV a T (A, — X2
en i n
i#n
which in logarithmic terms becomes
n
ko izz & =) At
log (Css - C) = log a ~ 37303 (2.62)
chn his (Ai - An)
i=1
i#n

Therefore, a plot of log (Cgg — C) versus t should eventually yleld
a linear segment with a slope of —A,/2.303 from which ), can be
determined. Half-life t1/9 can be determined either directly from the
terminal linear segment of the resulting plot or from the relationship

[Eq. (2.11)]
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_ 0.693

1/2 A
n

t

The half-life and terminal disposition rate constant may also be
determined from the declining drug concentration in the plasma versus
time data collected following cessation of an intravenous infusion.
Once infusion is stopped, T becomes a constant (i.e., the time at
)‘R.T ")\g’t

which infusion is ended). The term (1 — e de in (2.52) be-
comes (1 — e 2Ty At e

t=t+T (2.63)
where t' is the postinfusion time. Rearrangement of the term
1 - eAET)e_}"v(t'+T) yields (e_”T - l)e—”t‘. Therefore,

- - oyt

a - eAQT)e AN M e (2.64)

in the postinfusion phase. Substitution of (e_>"1T - 1)e-7\"‘t’ for

(1 - e)‘JLT)e—}"lt in (2.52) yields the following relationship between
plasma concentration and time (t', postinfusion time) during the
period after infusion [6]:

-Ag"l‘ n
ko n (e - 1) izz (Ei - Ag) _ut,
C=g > — e (2.65)
e =l 1 (O, - A
i=1
jt3)
or
n —)‘kt'
c= 3 Rze (2.66)
=1
where
~>\2T n
ko (e - 1) iilz (Ei - Ag)
Rl = ﬁ = (2.67)
Ay TGy =y
i=1
i#e

The coefficient Ry can be related to A , the zero-time intercept
following intravenous injection. Rearrangement of (2.8) yields
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n
A ifz 7Y
)—(;'= o (2.68)
V. 1T (x, — r)
Ciq i L
i#e

Substituting A /X, for 1L, (Ej — A)/[Ve miy 20 (M — )] in
(2.67) and solving for A, gives the relationship ’

R X A
_ 2702
Al = W_sz (2.69)
ko(l - e )

where X is the administered dose and equals the product of the in-
fusion rate and the infusion time (i.e., kqoT).

From (2.66) it is readily apparent that upon stopping the in-
fusion, drug concentrations in the plasma decline in a multiexponen-
tial manner when plotted semilogarithmically (Fig. 2.8). Determina-
tion of the constants 11 to A and R; to R, from postinfusion data
may be carried out in the usual fashion (i.e., method of residuals,
Appendix C, or computer curve-fitting, Appendix H). By knowing
the duration of infusion and the infusion rate, Ay to Ap can be cal-
culated employing (2.69).

05

‘\._ —a_
v 2303
\

Plasma concentration (ug/mi)

\' Postinfusion
1

2 3 4 5

Time (h)

Infusion

-

o1

Fig. 2.8 Average oxacillin concentrations in plasma during and after
constant rate intravenous infusion in four healthy volunteers. In the
notation of the text, R, S, o, and B correspond to Ry, Rg, i1, and
A9, respectively. (Data from Ref. 7.)
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Equation (2.66), which describes the time course of drug follow-
ing the cessation of infusion, is very useful since it is frequently
difficult or impossible to administer a drug by rapid intravenous
injection because of limited solubility of the drug (requiring a large
injection volume), or because of possible adverse pharmacologic ef-
fects. It may then become necessary to inject the drug slowly (i.e.,
as a short intravenous infusion).

If infusion is carried out until steady state is attained [i.e., the

infusion time T is sufficiently long so that the term e-)‘f’T in (2.65)
approaches zero], the zero-time intercept R,, as defined by (2.67),
becomes

n
ko iZZ BT
RJL = ‘7; a (2.70)
xg .n (Ai - AZ)
i=1
i#e

Therefore, the decline of drug in the plasma after cessation of in-
fusion to steady state is given by

n
k, n igz (B =Y At
C = szgl - e (2.71)
)‘2 .H ()‘i - Az)
i=1
i#e

Equation (2.69) then reduces to

R X A
A =202t (2.72)
2 k
0
where Ry is as defined by (2.70). Once Ry to Ry and 1Aj to \p are
estimated from postinfusion plasma concentration-time data, A can
be calculated employing (2.72).

If a two-compartment system is considered (i.e., n = 2), the
larger the ratio of the zero-time intercepts A/Ag following intra-
venous injection, the more readily one can discern the multicompart-
ment characteristics of a drug. As A; approaches zero, the ratio
A{/Ag approaches zero and the plasma concentration-time curve be-
comes monoexponential (Fig. 2.9). On the other hand, if Aj is ex-
ceedingly large relative to Ag, the plasma curve may again appear
to reflect a one-compartment model since, in this case, the plasma
levels during the distributive phase may decline in an apparent mono-
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0.001 T T T T T T
20 40 60 80 100 120
Time (h)

Fig. 2.9 Semilogarithmic plots of drug concentrations in plasma fol-
lowing intravenous injection of compounds X and Y. The disposition
rate constants A1 and A2 are the same for both drugs, but the ratios
of the coefficients (i.e., A1/Ajg) are markedly different, 0.3 for X
and 300 for Y.

exponential fashion over several orders of magnitude of plasma drug
concentration prior to reaching the terminal exponential phase (Fig.
2.9). This latter phase may not be observed, as the plasma con-
centration of drug may be well below the assay sensitivity for the
drug in plasma.

For a drug that is administered by a bolus intravenous injection,
the ratio of Aj to Ag is given by

A A, — E
—1=E“1'—_'—;\—2 (2.73)
2 2 2
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where A; and A, are obtained from (2.8). However, when a drug
is infused to steady state, the analogous ratio Ry/Rgy is given by

R, X, —E, A

§‘1‘= El - XZ_;E (2.74)
2 T2 2 M1

where R, and Rgy are obtained from (2.70). It follows that the ratio
R1/Rg will always be less than the ratio Aj/Ag since i, is by def-
inition smaller than 1. As a result, the ability to discern the
multicompartment characteristics of a drug following infusion is

0.1+

Plasma Concentration (pg/ml)

005

0.01

; T
Time (h)

Fig. 2.10 Decline in plasma levels of a drug that confers two-com-
partment model characteristics on the body, following constant rate

O+

intravenous infusion to steady state (—) and following the rapid in-

travenous injection of a dose that gives an initial drug concentration

equal to the steady-state concentration (----- ). The biexponential
characteristic of the drug is more evident following the bolus injec-
tion than after terminating the infusion.
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usually decreased (Fig. 2.10). Hence the determination of the multi-
compartment model parameters following intravenous infusion may be
very difficult for drugs that do not display prominent multicompart-
ment characteristics upon rapid intravenous injection. However, for
drugs with a very high Aj/A, ratio, infusion may be advantageous
from a pharmacokinetic analysis point of view since the multiexpo-
nential time course of a drug in the plasma may become more ap-
parent. These general observations apply regardless of the number
of compartments required to describe the disposition characteristics

of a drug.

Simultaneous Rapid Intravenous Injection

The time required to obtain steady-state plasma levels Cgg by in-
fusion will be quite long for a drug with a long half-life, It may be
convenient in such cases to administer an intravenous loading dose

to attain immediately the desired drug concentration and then attempt
to maintain this concentration by continuous infusion. The equation
describing the time course of the plasma concentration of drug follow-
ing simultaneous injection of an intravenous loading dose and initia-
tion of infusion is the sum of the two equations describing these two
processes individually, Egs. (2.6) and (2.55), respectively., Thus

n
x, n LB T g
0 i=2 L
C = —_— z e
v 9=1 n
¢ T (A — A)
. i 3
i=1
ite
n n
K, A B & B = A -t
PR I -3 = e (2.75)
v n =1 n
¢l A A, IOy =)
i=1 i=1
i#g

Expanding (2.75), collecting the coefficients of the exponential terms,
and bringing these terms to a common denominator yields

n n
K FOBonoxa -k TOE TRy
C = 0 i=2 + z 0 2 0 i=2 e (2.76)
Vc n z=i Vc)\g n
moA LN CAE R
i=1 i=1
itz
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Since the variable, time, remains in (2.76), it is readily apparent
that the plasma concentration following the intravenous injection and
simultaneous intravenous infusion of a drug that distributes in the
body according to a multicompartment model will not be constant.
For the concentration of drug in plasma to be constant, the coef-
ficient of the exponential term in (2.76) must equal zero. This will
occur when either Xgig — kg and/or E; — iy in (2.76) are zero.
This situation is not possible unless n = 1 (i.e., a one-compartment
model) .,

The loading dose required to give an immediate plasma concentra-
tion of drug equal to the steady-state level Cgg would be CggVe,
since V, relates the amount of drug in the body at time zero (i.e.,
the dose) to the plasma concentration at time zero. However, when
a loading dose of CggV, is administered, and infusion is simultaneous-
ly initiated at a rate equal to CgqClg [Eq. (2.58)], the plasma level
will fall below the desired steady-state concentration, reach a min-
imum, then gradually increase until Cgg is obtained (Fig. 2.11). An
alternative approach is to administer a loading dose equal to CggVyg
with infusion at a rate equal to CggClg. VB is the apparent volume
of distribution of a drug that relates plasma concentration to the
amount of drug in the body during the terminal exponential phase

~n
1

Plasma Concentration (pg/mi)

—T
1

e
S
w»

Time (h)

Fig. 2.11 Drug concentration in plasma on simultaneous rapid intra-
venous injection of a dose equal to CggVe, and initiation and mainte-
nance of an intravenous infusion at a rate equal to CSSCIS. The
drug in question displays multicomparment characteristics.
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(i.e., 2 = n) of a plasma concentration versus time curve. This
parameter is discussed in more detail later in the chapter., When a
loading dose equal to CggVy is administered, the initial concentra-
tion of drug in the plasma will be higher than the desired steady-
state level but will decrease with time to Cgg (Fig. 2.12). This al-
ternative appears to be satisfactory for certain drugs (e.g., theo-
phylline). However, with other drugs which also have a low thera-
peutic index (e.g., lidocaine), the initial levels may be sufficiently
high as to produce toxicity. In practice a loading dose between the
two extremes (i.e., between V,Cgg and VpCgg), although not ideal,
would probably be the most satisfactory. This approach appears to
have been successfully employed by Thomson et al. [9] and Rowland
et al. [10] with lidocaine.

ZOF

5k [ - DD Uy - JEPI SR - S SO

Theophyliine concentration (ug/ml)

1 L 1 1 ! 1

0] 2 4 [ 8
Time (h)

Fig. 2.12 Theophylline concentration in plasma on simultaneous

rapid intravenous injection of a dose equal to Cssvs’ and initiation
and maintenance of an intravenous infusion at a rate equal to Cg.Clg.
(From Ref. 8, subject F, S.; mean plateau concentration = 4.92

ug/ml).
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Consecutive Constant Rate Intravenous Infusions

The administration of loading doses equal to CggVe or CggVg, in con-
junction with a zero-order infusion at a rate of CggClg, presents dis-
advantages for drugs with pronounced multicompartment characteris-
tiecs. The former may result in blood levels sufficiently below the de-
sired drug concentration so that the patient is left unprotected for
relatively long periods of time. The latter may produce untoward ef-
fects shortly after initiating therapy. An arbitrarily selected inter-
mediate loading dose may still present one or the other problem. In-
terest in this issue has been considerable and several possible solu-
tions have been considered.

Kruger-Thiemer [11] designed a dosing regimen for a drug with
two-compartment characteristics that consists of an intravenous bolus
dose equal to CggV, and a simultaneous intravenous infusion with an
initial rate equal to A{Cg V, which decreases exponentially with time
to a value of C  Clg. This approach is theoretically sound but pre-
sents formidable practical problems. Vaughan and Tucker [12], in an
attempt to overcome the difficulties associated with administering a
drug infusion at an exponentially declining rate, proposed approximat-
ing the exponential rate with a consecutive declining series of con-
stant infusion rates.

A more realistic approach for the rapid achievement and maintenance
of desired concentrations of drug in the plasma is the use of two con-
secutive constant rate intravenous infusions. The second or slower
of the two infusions should be initiated immediately upon cessation of
the first infusion, at a rate equal to CggClg, where Cgg is equivalent
to the desired drug concentration. Selection of the appropriate rate
and appropriate infusion time for the first infusion is not as straight-
forward and requires consideration of several factors. Clearly, the
initial infusion must be given at a sufficiently rapid rate to achieve de-
sired drug concentrations shortly after initiating therapy. The first
infusion must not be continued for too long a period; otherwise high
blood levels associated with adverse effects may be reached. On the
other hand, if the first infusion is discontinued too quickly, blood
levels may fall below the desired range and remain there for an un-
acceptably long period of time.

The input function for the first infusion is given by Eq. (2.49):

-Ts
o k01(1 e )
sl s
where kg1 is the zero-order rate of the first infusion and T is the
duration of this fast infusion. The input function for the second in-
fusion, which is initiated at time T, is given by
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- -T!
ko(e Ts _ T !

in, = 5 (2.77)
where kg2 is the zero-order rate of the second infusion and T' is the
duration of this maintenance infusion. The disposition function dg, ¢
for a multicompartment model has been described by Eq. (2.1).

The Laplace transform for the case where there are two consecu-
tive infusions will be the sum of the two input functions ing; and ingy

times the disposition function dg,c. Therefore,

n
_ -Ts -Ts _ -T's n (s+E)
_{:km(l e ) kyle e )] =2 i
a = +
s,C s s n
n(s+ Ai)
i=1
(2.78)
The solution is (see Appendix B)
n
x T AT A T
n k. (1-e *)+k. (e * —e® ) T E=2r) 4y
01 02 i=2 I3
X = Z e
d =1 —AZ n
no(A, ~ Al)
=t
ite
(2.79)

Equation (2.79) can be written in concentration terms as follows:
n

X T AT A T!
nk . (l-e¥ysk. (e —eb )y TE-AD
01 02 i=2 2
c= ) SV e
e=1 o n
T (X, — )
S T Ay
i=1
i
(2.80)

When t.is less than T, both T and T' are replaced by t and Eq.
(2.80) reduces to Eq. (2.53). During the maintenance infusion (i.e.,
when T <t < T'"), only T' is replaced by t and Eq. (2.80) may be

written (on expansion) as
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PO
nlk (1-e *y LB TAD g
c- 3| i=2 .
o=1 —AlVC n
I (A, — A)
= 12
i#2
AT B
Lt M O(E - A)
+k02e §=2 i 3 e-klt
-—Alvc n
Ty = A))
i=1
i
n
+ Koz izl B 2.81
szc n (2.8D)
T (x = X))
=1 1t
i#EL

Ultimately, as the maintenance infusion proceeds, steady state is
achieved and drug concentration Cgg is equal to the summation of the
third term on the right-hand side of Eq. (2.81). Substitution of Cgg
for this term and rearrangement leads to an expression describing
drug concentration at any time during the maintenance infusion com-
pared to the steady-state drug concentration:

1 n AQT AT
C-C=7 S [y (1—e " ) +kpe ™ ]
c =1
n
g M
= (2.82)
o Oy = 2
i=1
it

Logically, the rate and duration of the loading infusion must be
such that upon discontinuation (Cpax, t = T) and initiation of the
maintenance infusion, the drug concentration would exceed the de-
sired drug concentration Cgq. Equation (2.82) tells us that under
these conditions the time course of drug concentration may display one
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of two patterns: (1) blood levels will decline but may remain above
the desired drug concentration and eventually approach Cgg; or (2)
blood levels will decline but may fall below the desired drug concen-
tration and then slowly rise to eventually approach Cgg.

Wagner [13] has devised a double infusion method (with drugs
acting in the central compartment in mind) that results in blood levels,
at all times during the second (maintenance) infusion, greater than or
equal to Cgg. This requires that the term C — Cgg in Eq. (2.82) be
forbidden to take on a negative value. Since the second term of the
summation in (2.82) will always be negative, the first term of the sum-
mation must be negative, This, in turn, requires that

)‘ZT AQT
kgq© 2 kgt ke (2.83)
or
k
02
Koy > 7 (2.84)
2
1-e

for all values of ¢. An infinite number of solutions for kg1 will satisfy
the requirement imposed by (2.84), but to avoid adverse effects we
seek a minimum value of ky;. This is found when

k
_ 02
I w (2.85)
2
1—-e

As noted by Vaughan and Tucker [14], Eq. (2.85) has only one
solution. This is readily seen by consecutively substituting Eq. (2.85)
for kg1 in the first summation term in Eq. (2.82) using £ =1, 2,

» « « . ,n., Since Ay > A2 > X3 > « « « > \p, every value of 2 other
than ¢ = n will produce a positive rather than a negative value for
the summation term. These outcomes violate the requirement estab-
lished at the outset. Thus the appropriate rate for the loading in-

fusion is given by

k
_ 02
km——-—————_)\ T (2.86)
n
1—-e

Under certain conditions Eq. (2.86) can be simplified to permit
kO& to be estimated more easily. The series e X =1 — x + (x2/2) —
(x3/6) + + « - can be approximated accurately by e"¥ = 1 — x, when
x < 0.1. When this situation prevails, the denominator of (2.86) may
be approximated by A,T and the equation written as
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N =1-<£2—= 1.44k021:1/2 (2.87)
01 AT T
n
This approach is illustrated by the data in Fig. 2.13.

Equation (2.87) tells us that the ratio of kg3 to kgg is a function
of the infusion time T for the first infusion. If T is short, the ratio
of infusion rates is high and relatively high blood levels will be
achieved. If we increase T, we decrease the ratio of infusion rates
and decrease the maximum blood level (see Fig. 2.14). The blood level
at the end of the first infusion, Cpgx, may be determined by replacing
t and T' in Eq. (2.80) by T. Under these conditions Eq. (2.80) re-
duces to

180 }
[ ]
3
E 120 |
o0
£
. [
S
: N\
; ° \. .N /.
H 60 ® \
Z
o
(&}
O—g
\.\.
1 I 1 1 ] .
60 120 180 240 300 360
TIME (min)

Fig. 2.13 Plot of propranolol concentration in plasma during two con-
secutive constant rate intravenous infusions in a representative cat,
The second infusion was terminated at about 280 min. (From Ref. 15.
© 1979 PJD Publications, Ltd.)
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Fig. 2.14 Drug concentrations in plasma during two consecutive con-
stant rate infusions. The maintenance infusion rate (kgg) was the same
in each case. The loading infusion rate (kg1) was calculated according
to Eq. (2.86), with infusion times (T) ranging from 60 to 240 min.
(From Ref. 16.)

n
AT
n k. (1-—e®y LE=2) 4
01 i=2 2
c = e (2.88)
max =1 -AR'VC n
1 ()\i - i)
=1
i#g

which can be further simplified to yield

n
T
C === 3 (2.89)
max Vc =1 ASL n
T (A —A)
=1 ' *
i£e
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Equation (2.89) provides a guideline for the estimation of T,
After the initial selection of a desired infusion time, the maximum con-
centration it will produce may be determined by means of (2.89). If
this value of Cpgx is inappropriately high and carries a risk of ad-
verse effects, a longer infusion time must be considered and similarly

evaluated.

FIRST-ORDER ABSORPTION

For a drug that enters the body by an apparent first-order absorption
process (generally via the oral or intramuscular routes) and distributes
in the body according to a multicompartment model, the disposition
function for the central compartment is identical to the disposition func-
tion for an intravenous bolus injection given by (2.1):

n
I (s+E)
. i
_i=2
s,c n
n(s+1)
i=1 !
The following input function ing is used to describe first-order ab-
sorption:

l«;aFX0
e~ 5% ka (2.90)

in

where kg is the apparent first-order absorption rate constant and F
is the fraction of the administered dose Xg absorbed following drug
administration. The Laplace transform for the amount of drug in the
central compartment ag o equals the product of the disposition and
first-order input functions (i.e., dg,c and ing), given by (2.1) and
(2.90), respectively. Therefore,

n
kaFX0 ifz (s + Ei)
as ,c = n (2.91)
(s + ka) .H (s + Ai)
i=1
Solving (2.91) for the amount of drug in the central compartment Xc
by taking the anti-Laplace (see Appendix B) yields
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n
ifz (E, - k) Kt
X =k FX e
c a 0n
Oy - k)
i=1
n
n ifz By = 2y At
+k FX > a e (2.92)
=1 _ _
(ka )\J?.) .H (Ai )\l)
i=1
it

Expressing (2.92) in concentration terms employing the relationship
X = VoC [according to (2.5)] results in the equation

n
k Fx Ty TRy
c=-2 0 i=2 e @
- Vc n
(A — k)
i=1 i a
n
K FX, o B =AY At
A > - - e (2.93)
0 =1
(e, =2 )) T Oy = A)p)
=1
i#e

The absorption rate constant, for most drugs administered in
readily available dosage forms, is probably significantly larger than
the terminal disposition rate constant ),, and since by definition 1y
to ip-1 are larger than A, at some time following administration the

terms e—kat and e Mt to ¢ n-11 approach zero and (2.93) reduces to

n
K FX, R B St
o= _ . (2.90)
kg =) T_T Oy - ln)
i=1
i#n

Therefore, a plot of the logarithm of plasma concentration versus time
following first-order input into a multicompartment model yields a
multiexponential curve (Fig. 2.15), the terminal portion of which is
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Fig. 2.15 Average digoxin concentrations in plasma after administra-
tion of an intravenous dose or an oral dose in one of three formulations
to 12 healthy volunteers. The multicompartment characteristics of
digoxin are evident after oral as well as after intravenous administra-
tion. (From Ref. 17.)

linear and described by (2.94). An estimate of the terminal disposi-
tion rate constant can be obtained from the slope, 1,,/2.303, of this
terminal linear segment.

Following oral administration of many drugs that display multi-
compartment characteristics after intravenous injection, we often fail
to observe a distributive phase. The plasma concentration-time
curves for such drugs appear biexponential rather than multiexponen-
tial (i.e., such curves behave as if the drug in question confers on
the body one-compartment rather than multicompartment characteris-
tics). It has been illustrated through simulations, assuming a two-
compartment model (i.e., n = 2), that as kg approaches 1y, data will
still yield a curve consistent with a multicompartment system as illus-
trated in Fig. 2.15, even though the two exponentials are approx-
imately equal to each other [18]. However, when kg approaches E2,
the data are best fit by a one-compartment model. Therefore, the
predominant distributive phase in Fig. 2.15 is characteristic of a multi-
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compartment model where k, is larger than Eg and larger than or
approaching 17.

Pharmacokinetic analysis of the blood level-time curve following
an administration requiring first-order input (by the method of re-
siduals, Appendix C, or nonlinear least-squares regression analysis,
Appendix H), to obtain kg and the disposition rate constants 11 to Ap
may not be possible without intravenous data, since such data are
usually necessary for gaining an appreciation of the relative magni-
tudes of these rate constants. Assuming that the rate constant deter-
mined from the terminal slope is A, A1 will be the rate constant cal-
culated from the residual line if the data are best fit by a one-com-
partment model. When a one-compartment model adequately describes
the data, k, approaches Eg. As can be seen in (2.93), this causes
the coefficient of the exponential term describing absorption to ap-
proach zero. If the data are multicompartmental in nature, it is not
possible to predict whether the larger rate constant obtained from the
residual lines should be assigned to kg or to ;. As kg approaches
or becomes less than A (i.e., a flip-flop model), the resulting plasma
concentration versus time plot again defies analysis, since one cannot
unambiguously assign the slow rate constant to either kg or Ap without
intravenous data.

DETERMINATION OF PHARMACOKINET!C PARAMETERS

Caiculation of kg, k12, k21, and kg

Two-Compartment Model, Elimination Central. The disposition function
dg,c for the central compartment of an n-compartment mammillary model
[given by Eq. (2.1)] can also be written as follows (see Appendix B):

n
1 (s+E)
i=2 !
Qe o m (2.95)
n (s+E)~- ¢ [k, k., T (s+E)]
i=1 Ve W oy m
m#j

where kyj and ky; are first-order intercompartmental transfer rate
constants, and E; and Ep, are the sum of the first-order exit rate con-
stants out of compartment i or m. If the simplest case is considered
(i.e., where a plasma concentration versus time curve is described by
a biexponential equation), n will equal 2 (i.e., a two-compartment
mammillary model; see Fig. 2.3) and (2.95) becomes

s +E

2
d = (2.96)
s, (s + El)(s + EZ) k12k21

AMN1083

Amneal Pharmaceuticals LLC v. Alkermes Pharma Ireland Limited

IPR2018-00943



2 / Multicompartment Models 85

where Ej = kg + k12 and Eg = k21. The constant kjg is the apparent
first-order elimination rate constant from the central compartment, and
k12 and kg are the intercompartmental transfer rate constants (see
Fig. 2.3). Expansion of the denominators of (2.96) and (2.1), when
n = 2, yields

s+ E

ds”°=s2+s(}s +E)iEE -k, .k .90
178 TR T Kot
and
s+E2
ds’c=52+s(x + A0+ AN (299
172 T M

respectively. By comparing (2.97) and (2.98) it can be shown that
A1+ Ag=E; + Eg and A11g9 = E1Eg — k12k21. Substitution of kig + k12
for E; and kjy; for Ey yields the following equations for ij and ig:

A1+ )\2=k10+k12+k21 (2.99)

and

}‘1)‘2 = k10k21 (2.100)
A1 is by definition greater than Ag.

The specific equation that describes the biexponential decay in
plasma concentrations following the intravenous bolus injection of a
drug can be readily obtained by setting n = 2in (2.7):

- lt =2 zt

C= Ale + Aze (2.101)

where Ay and A, are given by [see (2.8)}
Xo(Bg = 2 Kolkyy =2

= = — (2.102)
1 Vc()\z—/\l) Vc()\z Al)

A

and
) XO(E2 - AZ) _ Xo(k21 - Az)

= = — (2.103)
2 Vc(ll—)\z) Vc()\1 )‘2)

A

The terms 1y, A9, A1, and Ag are commonly referred to as a, 8, A,
and B in the literature.

As discussed praviously in this chapter A1, i3, A1, and Aj are
generally obtained from the nonlinear least-squares fit of plasma con-
centration versus time data to Eq. (2.101) (Appendix H). Once these
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parameters are determined, the constants kig, k12, and ky; can be
calculated. The apparent volume of the central compartment, Vg, is
given by (2.15) when n = 2:
%o
V.= 1T 71 (2.104)
c A1 + A2
Substitution of Ay + Ag for X43/V,, [obtained by rearrangement of
(2.104)] in (2.103) ylelds

) (A + A (kyy — 2y

A — (2.105)
2 }‘1 )\2
which can be solved for kg1, since
A X, + AN
_ 172 271
k21— Al Y Az (2.106)

The elimination rate constant from the central compartment can now
be calculated since kg is known (2.106) and AyXg = kygkap (2.100).
Hence

k= o (2.107)
21
Recalling that A1 + Xy = kyg + k12 + ko3 (2.99), it follows that
Kig = At Ay — Kyy — Ky (2.108)

All of these parameters, namely V,, k1g, Kyg, and kyy, can also be
obtained from postinfusion data when the appropriate values of A
have been determined from the values of Ry using Eqs. (2.69) and

(2.72).

These constants may also be obtained from urinary excretion data.

The following equation will describe the biexponential decline in an
excretion rate versus time plot [set n = 2 in (2.23)]:

qu —xlt —>\2t
—_ = A! '
at Ale + A2e (2.109)
where
E._— 2 k., — A
2 1 21 1
Al =k'X ———=Kk'X ——— (2.110)
1 e 0 >‘2 _ )‘1 e 0 )‘2 Al
and
E, — ) kK,, — A
2 2 21 2
Al =k'X ——==k'X 6 ——— (2.111)
2 e 0 )‘1 _ )‘2 e 0 >\1 )\2
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are obtained from (2.24). Rearrangement of (2.111) yields

AL(A, = A))
=21 2 o, (2.112)

=
21 keXO 2

k

The parameter ki, the first-order urinary excretion rate constant, can

be obtained for a two-compartment model from (2.27):

AY + A'

1 2

f o —

ke =3 (2.113)
0

Substitution for kg in (2.112) according to (2.113) gives

AL — A X
2271~ "%
K, =~ + A (2.114)
21" (AL + ADX 2

Canceling the Xg terms and solving for a common denominator yields

' Y At '
__AZ}‘I A2A2+A1>\2+A2>\2
91 = A,l T A‘z (2.115)

k

which when simplified becomes

AlA, + Al
271 172
KT TAFA, (2.118
1 2

and is analogous to (2.106). The constants kqg and ki3 can be solved
for by employing the value of kg; from (2.114), and utilizing Egs.
(2.107) (k10 = A1rg/kgy) and (2.108) (kyp = A1+ Ay — kg1 — kyg).

Amount unexcreted in the urine versus time data can also be used
to determine kyg, k12, and kg1. By setting n = 2 in (2.33), the fol-
lowing equation results:

- —)\lt -)\Zt
- = A" 1"
Xu Xu A1 e + A2 e (2.117)
where
E, — K, = A
1 1 21 1
A'=k'X ______—____=k'x 7 (2.118)
17 % 0 X Oy = ) T e 0 X (N, ~ A
and
E,— A Ky, — A
2 2 21 2
A”=k'X ———-:———:k'X ———-——-_—_——- (2.119)
27RO ,(A = Ay T 0 A, (A~ Ay)
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are obtained from (2.34) by setting n = 2. Setting n = 2in (2.31) and
solving for ki yields

12 (2.120)

Substitution of kygkgj for A1ig in (2.120) according to (2.100) and
cancellation of common terms provides

K = u 10 (2.121)

Multiplying the numerator and denominator of (2.119) by A, and ex-
panding the numerator gives

A Koo — A
121 ~ 1%
A=k X = (2.122)
27 % 0 X0 ~ 1)

The substitution of kjgkgi for x1ig in this equation followed by can-
cellation of the common parameter kg yields

1 —
kXo(Ay — Ky

Al = (2.123)
T
Xg can be substituted for k,Xg/kyg in (2.123) based on a rearrange-
ment of (2.121) to give

A -k
Av=x~ L 10 (2.124)
2 u )‘1 - Az

It can be readily shown from (2.117) that
® - 11" 1A
Xu—A1 +A2 (2.125)

Substituting AY + AY for X: in (2.124) and solving for kg yields

A, + AT
11 2
Ky =~ e (2.126)
1

The constant kg can be obtained by rearranging (2.100) to give

R
91~ 12 (2.127)

10
while Eq. (2.108) can be used to calculate kyq.

k
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Central Peripheral
Compartment Compartment

Central Peripheral
{b) Compartment Compartment

l kqg i k20

Fig. 2.16 Schematic representation of the body as a two-compartment
open model, In case (a), elimination is restricted to the peripheral
compartment; in case (b), elimination occurs from both compartments.

Two-Compartment Model, Elimination Peripheral or Central and Periph-
eral. Elimination in a two-compartment model may occur not only from
the central compartment but also from the peripheral compartment or
from both compartments simultaneously (Fig. 2.16). Although the
three two-compartment models are indistinguishable based solely on
plasma or urinary excretion data, additional information may be avail-
able that will require the use of one of the models in which elimina-
tion is not exclusive to the central compartment.

For the case where elimination occurs only from the peripheral
compartment, the following disposition function for the central com-
partment, dg,c, may be written [see (2.95)]:

s+ E 2
d = — (2.96)
s, (s+ED(S+Ey — ki k),
However, E; = ki3 and Eg = kg + kg (see Fig. 2.16a), where kyg is
the apparent first-order elimination rate constant from the peripheral
compartment. The constants kig and kg are as defined previously.
Since there are two driving force compartments in the model, (2.96)

may also be written as

s + E‘2
ds,c = —-———————-—(s m” )‘1)(5 m )\2) (2.128)

Expansion of (2.96) and (2.128) yields (2.97) and (2.98), respectively,
and A3 + Ay equals Ey + Eg and A1)p equals EjEy — kigkgi. Substitu-
tion of k19 for Ej and ka1 + kgg for Eg yields the following expressions
for Ay and Ag:
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)\1+ A2=k12+k21+k20 (2.129)
and

Ary = k12k20 (2.130)

For intravenous administration the input function ing equals Xg,
the intravenous dose [Eq. (2.2)]. The Laplace transform for the
amount of drug in the central compartment, ag,c, is therefore

(s + EZ)XO

8, T B+ A0(s + A (2.131)
1 2
where ag o equals the product of dg ¢ and ing, Eg equals koy + kag,
and Ay and A3 are defined by (2.129) and (2.130). The anti-Laplace
of this equation yields an expression for the amount of drug in the
central compartment (X;) as a function of time, which is
X(E, — X)) -xt X (E,— 1)) -At
K=t oLo 1, 22 2,72 (2.132)
2 1 1 2

Substituting kgj + kgq for Ey, converting to concentration terms em-
ploying Eq. (2.5) (X, = VcC), and rearranging yields

c- Xo(ry ~ kgy ~ kzo)e’kll‘+ Xo(tgy + Kyg = 1)) e"‘zt
VC(AI - AZ) VC(A1 - Az)
(2.133)
or
At <At
_ 1 2
C= Ale + Aze
which is identical to Eq. (2.101). However,
P S e Y 14 (2.130)
1 TXEEEW
and
X (k.. +k. — 1)
A, =-2.2L 20 2 (2.135)

2 Vc(7\1 - AZ)

From a plot of log C versus time, estimates of A1, Ag, Ay, and Ag can

be made (method of residuals, Appendix C; nonlinear regression analy-

sis, Appendix H) from which V,, ki2, ka1, and kyg can be determined.
The apparent volume of the central compartment can be estimated

employing Eq. (2.104):
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%9

e Al + A2
where Ay and Aj are as defined by (2.134) and (2.135), respectively.
Substitution of Ay + Ag for Xo/V, [Eq. (2.104)] into (2.135) yields

v

(A, +A )k, +k,, — 1)
a - oE 2L 20 ¢ (2.136)
1 2
Equation (2.99) can be rearranged to give
K. +k,.— A, =2, — k (2.137)

21 20 2 1 12

Substituting Ay — ki for kg + kgg — Ay into (2.136) and rearranging
gives the following expression which can be employed to calculate
kig:
YA+ AA
_ 11 272
k12— AT A (2.138)
1 2

The elimination rate constant from the peripheral compartment, kg,
can now be calculated since kyg is known [Eq. (2.138)] and since
A1Ag = kygkog [Eq. (2.130)]. Rearranging (2.130) yields the following
expression for kgg:

AL A
Kpp = 42 (2.139)
12
The constant kg1 can now be determined by rearrangement of (2.99)
to yield
1«:21 = )\1 + Az - k12 - k20 (2.140)
The third type of two-compartment model, where elimination occurs

from both the central and peripheral compartments (Fig. 2.16b), may
be solved in a manner analogous to the other two-compartment models.

A biexponential equation of the form C = A]_e_)‘1t + Aze-)‘2t will result.
Relationships can be derived employing the methods and approaches
developed above which relate the individual model constants kg9, kg1,
k1g, and kgq to the hybrid constants Ay, A2, Al’ and Ag. However,
none of the model constants can be calculated independently, since in
a mammillary disposition model, the maximum number of solvable rate
constants Z is given by the following equation [5]:

=2(n - 1) +1 (2.141)

where n is the number of driving force compartments in the disposition
model. There are two driving force compartments in any two-compart-
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ment model and therefore the maximum number of solvable rate con-
stants is three. The model shown in Fig. 2.16b has four rate con-
stants.

Three-Compartment Model. Triexponential equations may be required
to describe adequately postintravenous injection data. In accordance
with previous discussions, the simplest three-compartment model will
be considered: that model where elimination occurs from a central
compartment which is reversibly connected to a "shallow" and a
"deep" peripheral compartment, compartments 2 and 3, respectively
(Fig. 2.17).

The disposition function for the central compartment, dg,c, may
be obtained by setting n = 3 in (2.1) or (2.95). This will yield

(s + EZ)(S + E3)

R CES B ICERWICEEW (2.142)

d

and
4 _ (S+E2)(s +E3)
s,c (s + El)(s + Ez)(s + E3) - k12k21(s + E3) - klaksl(s + Ez)

(2.143)

respectively, where Eg = k91, E3 = k31, and E1 = k12 + k13 + kig.
The constants kj2 and k21, and k31 and k13 are the apparent first-
order intercompartmental transfer rate constants between the shallow
and central compartments, and deep and central compartments, re-
spectively. The elimination rate constant from the central compart-
ment is kyp. In (2.142) )y is by definition greater than \g, which is
in turn greater than 3.

Substituting kg1 for E9 and k31 for Eg in (2.142) and (2.143) and
ki2 + ki3 + k1p for E1 in (2.143) and expanding the denominators of
(2.142) and (2.143) yields

k k
2 Centrol B
Compartment 2 Compartment Compartment 3
3 k
21 3

l"uo

Fig. 2.17 Schematic representation of the body as a three-compart-
ment open model with drug elimination from the central compartment.
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. - (8 + Xk, )(s+kz)
8,C 3 2
STHSTO A+ A +8(A Ay + A A+ Ah,) F Arghy
(2.144)
and
(s+ kzl)(s +k31)
ds [ = 3 2
§ + s (Rt Kyt kygt Ky +Kgy)

* 8k gKoy * Kygayy * KygRgy * KoiKgy * KgiKy9) ¥ KogkaiKyg

(2.145)

respectively. Comparing the coefficients in the denominators of
(2.144) and (2.145), it is readily apparent that A{» Ag, and Ag may
be expressed in terms of the individual rate constants as

A, A+ A =k, +k _+Kk +Kk (2.146)

TR R ST ST ST SRR P 1

MAg AAg ¥ Aghg = KygKgy + KygKgy F K gKgy + Ko iKgy * KgiKyo

(2.147)

and

11A2A3 = k21k31k10 (2.148)
The intravenous input function ing is given by Eq. (2.2), that is,

ing = X9, where X is the intravenous dose. The Laplace transform
for the amount of drug in the central compartment, ag,¢, which is

the product of the input and disposition functions [given by (2.2) and
(2.142), respectivelyl, is

XO(S + EZ)(s + Es)

a = (2.149)
s,¢ (8 + Al)(s + 7\2)(8 + X3)

Taking the anti-Laplace of (2,149) (Appendix B) yields the following
expression for the amount of drug in the central compartment, Xg,

as a function of time:
) XO(EI2 - Al)(E3 - Al) e'Alt XO(E2 - Az)(E3 - Az) e'th
c (AZ - 7«1)()\3 - 7\1) (Al - Az)(ks - >\2)

X

XO(EZ - )\3)(E3 - ).3) 'lst
+ WIS e (2.150)
1 3 2 3
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Substituting kg3 for E3, and kgj for Ej, rearranging, and expressing
the equation in concentration terms by dividing by V, according to
(2.5) (C = Xo/Vp) yields

- Xotkgy = 2P Kgy = 2D e"‘f P M TR A B k31)6"2t
Vc(A1 - "z)“1 - As) Vc()«1 - AZ)(AZ - Aa)
L Yoy T Mgy ~ 29 Ayt (2.150)
VelRg = A0y = Ag)
or
At -t gt
C= Ale + A2e + Ase (2.152)
where
A = XopKgy = A gy = Ap) (2.159)
17 VO = A, = A
N Xg(Ryy = 2y = Kgp) (2.158)
27TV (O, = a0, = Ay
and
X (k,, — A )(k,, — 1,)
o o0 T APy T Ay (2.155)

3 Vc()\2 - As)(Al - Aa)

Therefore, from a plot of the logarithm of plasma concentration versus
time after rapid intravenous injection, a triexponential curve should
be obtained from which A1, Ag, A3, i1, X3, and ig can be estimated
(Fig. 2.18). Although such estimations can be made employing the
method of residuals (Appendix C), the best method to determine these
terms is to fit the curve by nonlinear least-squares regression analy-
sis (Appendix H),

Once Ay, Ag, Ag, A1, A3, and A3 are known, the apparent volume
of the central compartment V, and the individual rate constants kjg2,
ko1, k13, K31, and kig can be calculated. At time t = 0 the plasma
concentration Cg is given by the equation

CO-A1+A2~!-A3 (2.156)
Substitution for Aj, Ag, and Aj according to (2.153), (2.154), and
(2.155), respectively, in Eq. (2.156), bringing the resulting expres-
sion to a common denominator, expanding the numerator and denom-
inator, and simplifying yields Eq. 2.14
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Fig. 2.18 Dacarbazine concentration in plasma following intravenous
administration in the dog. Application of the method of residuals in-
dicates that the data are described by the following triexponential
equation: C = 30.5 exp (—0.117t) + 10.2 exp (—0.028t) + 11.4

exp (—0.003t), where t is expressed in minutes. (Data from Ref. 19.)

C0=

<l><
=

[

Substitution of Ay + Ag + Ag for Cg, according to (2.156), in (2.14)
and rearrangement yields the following expression for V,:

Xy

V = ——————
¢ A +A2+A3

(2.157)
1

By substituting A; + Ag + A3 for X¢/Ve in (2.154) and (2.155),
and solving (2.154) for kgj and (2.155) for k31, the following rela-
tionships are obtained:
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AZ(J\1 - >\2)(>\2 - >\3)

K0T AR T A0, — KD (2.158)
and
A0 = A0, = 2
kyy = Ay * &, +A 3 xk = (2.159)

respectively. Substitution of k,;, according to (2.158), in (2.159)
and simplification yields the following quadratic equation:
kz_k XA3+A1A +x3A1+AA +AA1+A2A3

31 31 A 1 + A 9 + A3

A1A2A3 + /\IA3A2 + )\2/\ A1
Aptaytay
Similarly, substituting for kgj, according to (2.159), in (2.158) and
simplifying yields a quadratic equation in ko with identical co-

=0 (2.160)

efficients:
kz_k 1A3+}\A +)\A +7\3A2+)\A1+}\A
21 21 A1+A2 +A3

X1A2A3 + )\1)‘3A2 + A )\3A1

A A +A3 =0 (2.181)

Equations (2.160) and (2.161) are of the form ax2 + bx + ¢ = 0, which
may be solved by

2

~b + Nb" — 4dac

x=ShERD s e (2.162)
Therefore,

K K. . = “biNb - 4ac M (2.163)

21 “31 2a ‘

where

a=1 (2.164)

b )\1A3 + )\lA + AsAl + A3A2 + ).ZA1+ )\ZA (2.165)

Ayt Ay+ Ay

and
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)\1A2A3 + }.1)\3A2 + )\ZA

A1+A2+A

A
3.1 (2.166)

c =
3

Since k3 is the exit rate constant from the deep peripheral compart-
ment, it will be smaller than kg1, the exit rate constant from the shal-
low peripheral compartment. Hence

=1 (__ — 2 _
k31 =3 b «/b 4c ) (2.167)
and
k21 = 2( b + A./b 4c ) (2.168)

Once k31 and kgj have been determined, the elimination rate con-
stant from the central compartment kig can be readily calculated from

AALA
K= E-l-}f—'t* (2.169)
21¥31

which is obtained by rearrangement of (2.148).
Solving (2.146) and (2.147) for ki3 yields

Kig = (gt Agt A = (Ryg * Ky + gy + Ky (2.170)
and
N o T G T U s 1Y U U YR Yt Wl Y
13 K91

(2.171)

respectively. By subtracting (2.170) from (2.171) and solving for kig,
the following expression is obtained:

2
Oyt Ay A — Ky O+ Ay + A = Kk + Ky
Kig= K. - K
31~ Ka1
(2.172)
Rearrangement of (2.146) yields
Kyg= At gt ag = (kg + Kyp +kyy + Ky (2.179)

from which kg can be calculated since the constants kqg, k12, ka1,
and kg; are known.

As with a two-compartment model, there are many types of three-
compartment models where elimination may be assumed to occur from
any one compartment or combination of compartments. These models
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are indistinguishable based solely on plasma or urinary excretion
data. There are indications that a triexponential equation may be
necessary to characterize the pharmacokinetic profile of digoxin [20],
tubocurarine [21], 5-(dimethyltriazeno)1midazole-4—eai’boxamide [19],
and diazepam [22]. A three-compartment model involving peripheral
compartment elimination has been employed for bishydroxycoumarin
[23]. The derivation for this particular model is given therein.

Determination of the rate constants associated with multicompart-
ment models may permit an assessment of the relative contribution of
distribution and elimination processes to the drug concentration versus
time profile of a drug. It may also aid in elucidating the mechanism of
drug interactions, and of the effects of disease, age, genetic influ-
ences, and other factors on drug disposition. However, it must be
kept in mind that these parameters are likely to be subject to consid-
erable error. As pointed out by Westlake [24], these errors are
probably unimportant when the parameters are used to predict plasma
drug concentration. If the parameters are used to predict other fea-
tures of the system (e.g., tissue drug concentrations), there may be
substantial errors in the predictions.

Relationship Between B dnd kjg. For multicompartment models a clear
distinetion must be made between kjg, the elimination rate constant,
and the terminal disposition rate constant Ap, which is frequently re-
ferred to as 8 in the literature. i, or B is equivalent to 35 or Ajin
the respective bi- or triexponential equations discussed above. The
difference between kj, and i, may be clearly illustrated employing the
simplest multiexponential equation, the biexponential equation. These
two constants may be related in the following manner. The fraction of
drug in the body that is in the central compartment, f,, can be defined
as
Xc

fc =5 (2.174)
where X is the total amount of drug in the body and equals the sum of
the amounts of drug in the central and peripheral body compartments:

X=X +X (2.175)
e p

Substitution of X¢ + Xp for X in (2.174) gives

Xe
fc = X + X (2.176)
c p
The appropriate values of X, and X, can be obtained from (2.4) and
(2.19), respectively. Settingn amf j in these equations equal to 2,
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which results in biexponential equations, then substituting these equa-
tions for X, and Xp in (2.176), ylelds

EZ—Al -xlt+xoxz_xze 2
0 Ay )\1 1 2

f =
c « E2 - N e-xlt . x 2 AZ e-xzt

0 Ay~ Ay 04 — A,

. x klZ(E A ) -Alt . x klz(E2 - )‘2) e—xzt

0(E, — A )(A - Al) 0 (E, - Az)(kl =2y
2.177)

Initial canceling of common terms and changing all coefficients to a
common denominator, x; — Xxg, which can then be canceled, gives

-Alt -Azt
. - (Al—Ez)e +(E2— Az)e
[¢] -A,t -Azt -)\lt -Azt

1
(Al - Ez)e + (E2 - >\2)e - klze + klze

(2.178)

Substituting kg; for E5 and collecting common terms in the denominator
results in the following equation:

-)\lt —Azt
. - (AI - k21)e + (k21 - ).2)e (2.179
c -Alt -).Zt
(g = kgy m ke ¥Ry = Ayt kyple
In the postdistributive phase (i.e., as e_}‘1t approaches zero),
-t
PP | Tl Y : (2.180)
c c -)\zt
(k21 - >\2 + klz)e
which readily reduces to
kK, — A
x = - +21k12 :2—*—2 (2.181)

Therefore, in the postdistributive phase the fraction of drug in the
body that is in the central compartment is a constant, fz.
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The rate of change in the amount of drug in the body (dX/dt)
equals the sum of the rates of change in the amounts of drug in the
central and peripheral body compartments:

daX dxX

dX "¢ ' p

at - dt T (2.182)
The differential equations for dX,/dt and dXp/dt based on the model
in Fig. 2.3 are

d—;%: Kyy X, — KXo = kg%, (2.183)
and

ax

Et'p'= ky X, = Ky X (2.184)

respectively. Substitution for dX,/dt and dX,/dt, according to
(2.183) and (2.184), respectively, in (2.182) yields

dX _ _ _ _

at = Far¥p T Kio¥e T Ryo¥e t R¥e T Kar¥p (2.185)
which readily reduces to

dX

at - ——kac (2.186)

By substituting for X,, according to (2.4) with n = 2, in (2.186),
the following equation is obtained:

ax __, [Xo“1 = kyy) e-Alt . XoKyy = 2, e‘kzt] (2.18)
dt 1Lx =%, AT A

Some time after administration e-Alt approaches zero (i.e., during the
postdistributive phase) and (2.187) reduces to
X (k, ., —r,) -xrt
ch QRN L T (2.188)

dt 10 Al—kz

Rearrangement and expansion of (2.188) yields
kK, ko — K, A, -At
aX _ 10721 1072 e 2 (2.189)

dt 0 Al— )\2

Recognizing that kygko; = A1Ag [Eq. (2.100)], substituting A1iq for
k1gka1 in (2.189), and rearranging the terms produces the relation-
ship
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ax _ _, [_____xo(xl ~ 10 e-xzt] (2.190)
at ~ "2 ATy :

It can now be shown that the term in brackets equals the amount
of drug in the body during the postdistributive phase. The amount of
drug in the body (X) is equal to X, + Xp [Eq. (2.175)] and is given
by the denominator of (2.177):

X =X E2 - }\1 -Alt EZ AZ -)\zt
0 e + XO -5 ©
2 1 1 2
. x klZ(EZ - )‘1) e-)\lt . x k12(E2 - )\2) e-Azt
0 (E2 - >\1)()\2 - )\1) 0 (Ez - AZ)(Al - AZ)
(2.191)
Solving for X in the postdistributive phase (i.e., e_)‘lt -+ 0), can-

celing the common term E3 — 19, and substituting kg for E5 yields
the following equation for the amount of drug in the body during the
terminal exponential phase:

X (k,, — A, +k, ) -a.t
x = -2 il—xz 127, 2 (2.192)
1 2
Rearrangement of (2.99) gives the expression
k21 - >\2 + k12 = Al - k10 (2.193)
Therefore,
X (A, —k ) -at
x=-0 1 10,7 (2.194)
1 2

Substituting X for Xg(1{ — klo)e-xztl(xl — 19), as given by (2.194),
into (2.190) yields the following equation for the rate of change of
drug levels in the body during the postdistributive phase:

ax _

a - xzx (2.195)
Since X = foX [Eq. (2.174)], (2.186) may be expressed as

dx _ _

a - klofcx (2.196)
In the postdistributive phase,

aX |k, g

3 = kmfcx (2.197)

AMN1083

Amneal Pharmaceuticals LLC v. Alkermes Pharma Ireland Limited
IPR2018-00943



102 Pharmacokinetics

where £é' is given by (2.181). By comparing (2.196) and (2.197), one
concludes that
- p¥k
}‘2 = fck10 (2.198)
It is clear from this equation that 14 is a function of both elimination

(k1) and distribution.
The dependence of 1, or 8 on both distribution and elimination may

be demonstrated in a different manner. It has been shown previously
that A1 + X9 = kig + K21 + kK19 [Eq. (2.99)] and X129 = k21k1g [Eq.
(2.100)]. Solving (2.100) for A1 yields

k.. k
- 2110 (2.199)
1 )‘2

Substituting this value for i into (2. 99), multiplying each side of the
equation by Xg, and rearranging terms results in the quadratic equa-

tion

2
Ay = (k12 + k21 + km)A2 + kzlklo =0 (2.200)
which is of the form
axZ+bx+c=0 (2.201)
The general solution of (2.201) is
2
_—b* 'Jb — 4ac
X = %8 (2.182)
Therefore,
A =1 (k,,+k,,+k, ) — [(k.,+k . +Kk )2—4k k
272 127 721 10 12 21 10 21 10
(2.202)

The sign preceding the square root term is negative rather than pos-
itive since 1y has been assumed to be greater than ig. It can be
readily demonstrated that the equation for A1 is identical to (2.202)
except that a positive sign precedes the square root term.

The constant kig is the elimination rate constant from the central
compartment, and g reflects drug elimination from the body. The
biologic half-life t1/2 of a drug is calculated from iy [Eq. (2.11)]
rather than from kjg. Although A3 and half-life are hybrid parame-
ters, they are among the most important functional pharmacokinetic
parameters.

If, because of insufficient data, the plasma concentration of a
drug with multicompartment characteristics after rapid intravenous in-
jection show only the terminal exponential phase, what is actually the
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A9 value will appear to be the elimination rate constant K in a one-
compartment model.

Volume of Distribution and Clearance

The apparent volume of distribution is a useful pharmacokinetic param-
eter that relates the plasma or serum concentration of a drug to the
total amount of drug in the body. Despite its name, this parameter
usually has no direct physiologic meaning and does not refer to a real
volume. However, it does provide some insight into the extent of
extravascular distribution of a drug; that is, the greater the volume
of distribution, the more extensive the extravascular distribution of

a drug, and hence the lower the plasma or serum concentration of a
drug for a given amount of drug in the body. For a drug with a
plasma concentration versus time profile that can be adequately de-
scribed by a single exponential following an intravenous bolus dose,
there is only one volume of distribution parameter. There may be
several volume parameters, however, for a drug whose disposition
requires a multiexponential equation for its description. One volume
term that has been mentioned in this chapter is V,, the apparent vol-
ume of the central compartment. This parameter relates the drug con-
centration in the plasma to the amount of drug in the central compart-
ment, and can be readily determined from the relationship given by (2.15)

where X is the intravenous dose and & 2=1 A, is the sum of the n
zero-time intercepts that would be obtained by applying the method of
residuals to a plasma concentration-time curve after intravenous ad-
ministration of a drug that requires n exponentials to characterize it.
By assuming that a constant ratio of drug concentrations in the various
tissues and fluids of the central compartment exists, V, can be em-
ployed to estimate the amount of drug in the central compartment at
any time regardless of the complexity of the model required to describe
the time course of drug in the plasma.

An additional volume parameter in multicompartment systems is Vg.
This parameter relates plasma concentration to amount of drug in the
body during the terminal exponential phase of a plasma concentration
versus time curve. The fraction of drug in the body which is in the
central compartment during this terminal exponential phase, f: , is
given by

f* = (2.203)

[

| o™
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VBC can be substituted for X in (2.203) since by definition X = VgC
during the terminal phase. Therefore,

= S (2.204)

Substitution of V,C for X,, according to (2.5), in (2.204) and cancel-
lation of the common term yields

* Vc

fc =5 (2.205)
B

Equation (2.198) can be rearranged to give

A

* 2

f =— (2.206)

c klO

where kg is the first-order elimination rate constant and Xg is the
disposition rate constant associated with the terminal exponential phase
of a biexponential plasma concentration versus time curve. Although
(2.198) was derived assuming that n = 2, a similar relationship would
have resulted regardless of the number of exponentials required to de-
scribe a plasma concentration versus time curve provided that elimina-
tion is assumed to occur from the central compartment. Therefore,
(2.206) can be written as

A
_ n
"k (2.207)

10
By comparing (2.205) and (2.207), it becomes readily apparent that

*
fc

<

A
= — (2.208)
B 10
Rearrangement of (2.208) provides one approach for the determination

of VB:
v =210 (2.209)

Solving Eqs. (2.38) (k4Ve = X3/AUC) and (2.121) (k} = Xjk19/Xg)
for X{/kg yields
Xoc

o =V, AUC (2.210)
e
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and

8

X
- k_Q (2.211)
10

Equating the right-hand sides of (2.210) and (2.211) and rearranging
the resulting expression gives

XO
Vck10 = AUC (2.212)
Substitution of this value of V,kjg for Vckig in (2.209) results in the
following general equation for the determination of Vg:
X

V= Tk (2.213)
n

(Dx“lg><

where AUC is the total area under the plasma concentration versus
time curve. This method of calculating Vg is independent of the num-
ber of exponentials required to describe a plasma concentration versus
time curve, and is analogous to the equation used to calculate volume
of distribution in a one-compartment model: Eq. (1.35) (V = Xp/
K+ AUC), where K is the first-order elimination rate constant of a
drug. As mentioned previously, VB’ as determined by (2.213), can
be used to determine the amount of drug in the body during the
terminal exponential phase of a plasma concentration-time curve pro-
vided that elimination occurs only from the central compartment.
Equation (2.213) can also be used to calculate Vg from intravenous in-
fusion data. When infusion data are employed, Xg is equal to the prod-
uct of the infusion rate kg and infusion time T (i.e., kgT), and AUC is
the total area under the plasma concentration versus time curve from
the time of initiation of the infusion to time infinity after cessation of
the infusion.

Methods for the calculation of the clearance Clg of a drug using
both intravenous bolus and steady-state infusion data were presented
earlier in the chapter. The relationships are

%o
“ls = aUC (2.43)
and
k0
Ci, = Css (2.59)

where Cgg is the steady-state plasma concentration of a drug during
an intravenous infusion. Equation (2.213) can be rearranged to yield
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X

=_0
VBAn = 30C (2.214)
A comparison of (2.212), (2.214), and (2.43) reveals that
Cls = VB)\n = Vcklo (2.215)

Equation (2.215) can also be used to determine VB once clearance is
known since

v =2 (2.216)

Substituting 0.693/t1/3 for xnq [Eq. (2.11)] in (2.216) and solving
for t1/2 gives

v

= _B
ty)q = 0-693 o1 (2.217)

which again illustrates the dependence of t1/9 on both the distribution
and elimination characteristics of a drug.

An additional volume parameter and probably the most useful vol-
ume term to describe the apparent distribution space in a multicompart-
ment system is Vgg, the apparent volume of distribution at steady
state. This parameter was initially derived by Riggs [25], who
equated it to the sum of the apparent volumes of the central and pe-
ripheral compartments. As its name implies, Vgg relates the amount
of drug in the body to the drug concentration in the plasma at steady
state during repetitive dosing or constant rate infusion:

xss = Vsscss (2.218)

and

X = Vssc (2.219)
where Xgg and Cgg are the amount of drug in the body and plasma
concentration of drug at steady state, respectively, during constant
rate infusion, and X and C are the "average" amount of drug in the
body and plasma concentration of drug at steady state, respectively,
during repetitive dosing.
Rearrangement of (2.219) yields the following relationship for

Ves!

Vss = (2.220)

al >

The amount of drug in the body at any time t after a single intravenous
bolus dose in a multicompartment system is given by the difference be-
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tween the ztadministered dose X and the amount eliminated up to that
time, (Xg)g:
t
= - 2.221
X=X 0 (XE)O ( )
Solving (2.41) for dXg/dt and integrating the resulting expression
from time zero to t gives

t
(xE)B = a1 f C dt (2.222)
0

where Clg is clearance and [} C dt is the area under the plasma concen-
tration time curve deseribedoby (2.7). Substitution for (XE)B in
(2.221) according to (2.222) yields

t
X=X0— ClS L C dt (2.223)

Integrating (2.7) from time zero to t and substituting the resulting
expression for [{C dt in (2.223) gives

n Az -Azt
X=X,-C 3 7=Q-e ™) (2.224)
g=1 "¢

The clearance of a drug is equal to the ratio of the intravenous dose
to the total area under the drug concentration in the plasma versus
time curve {i.e., Clg = Xo/AUC; Eq. (2.43)]. Substitution of

1%=1 Ag/x, for AUC, according to (2.40), in (2.43) yields

X0
Cly= 4 (2.225)
T (A /r)
-1 E 2

This value of Clj can then be substituted for Clg in (2.224) to give

n —Azt
X0 L [(Az“‘z)(l_e )]

x=x - —2L (2.226)
A,/

e 3

=1

or
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n n n -Akt
XO z (Allxz) - I (A!LM!L) + I [(Al/Az)e 1
=1 =1 2=1
X=-
n
I (A, /x)
=1 b *
(2.227)
On canceling common terms, the following results:
n -Alt
X0 9;31 [(Aglxz)e 1
X = = (2.228)
I (A /x)
0=1 Lo

To convert the single-dose expression (2.228) to one describing the
situation during a dosing interval at steady state, the exponential

term in (2.228) is multiplied by 1/(1 — e-)"‘T), where 1is the dosing
interval, which is obtained by setting ki in the multiple-dosing func-

tion equal to A, and recognizing that e—N}"LT approaches zero at
steady state (see Appendix B). Therefore,

n _)‘gt -AQT
X I [Ae /A (1 —e )1
0 =1 ) 2
X = (2.229)
ss n
Z (A /x)
0=1 2 R

where X  is the amount of drug in the body during a dosing interval
at steady state. The average amount of drug in the body at steady
state X is defined as

T
;0 Xss dt
T

X = (2.230)
Integration of the summation term in the numerator of (2.229) from
t=0tot = tyields
-at -at
T n Age . ~Ae * T A
0 e=1 A=) 2% o

Al(l—e Az(l—e )

(2.231)

M
=
1
>
A
1]
2ﬁ[\/‘i;}
b

2
1
‘o
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1t follows that

n 2
_ X, g.—fl A
X ey (2.232)

T 2 (A /x)
4=1 L2
_ The average concentration of drug in the plasma at steady state
C is given by

.
fO Css dt
T

C= (3.25)
Substitution of %=1 Ay/2, for [§Cgg dt, according to (3.26), in
(3.25) gives
n

_ gfl (A 2/}‘ 9,)

C = _:__T__.__ (2.233)
The values of X and C as given by (2.232) and (2.233), respectively,
can be substituted in (2.220) to yield

n 2 n 2
X, i: (Az“z) XD E (AQIAQ)
2=1 2=1
= = (2.234)
ss n 2 (AUC)2
[ % (AE/}‘!L)J
2=1

Therefore, once the estimates of A, and 1y are obtained from a fit of
plasma concentration versus time data, Vgg can be readily estimated
employing (2.234).

Although clearance and volume of distribution parameters have
been discussed in this section, a more detailed presentation of their
physiologic significance may be found in Chaps. 8 and 5, respectively.
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Multiple Dosing

Some drugs, for example, analgesics, hypnotics, neuromuscular block-
ing agents, bronchodilators, and antiemetics, may be used effectively
as a single dose. More frequently, drugs are given on a continuous
basis. Moreover, most drugs are administered with sufficient frequency
that measurable and often pharmacologically significant levels of drug
persist in the body when a subsequent dose is administered. For
drugs administered in a fixed dose at a constant dosing interval (e.g.,
every 6 h or once a day), the peak plasma level following the second
and succeeding doses of a drug is almost always higher than the peak
level after the first dose, and therefore the drug accumulates in the
body relative to the initial dose. However, under these conditions
drug accumulation proceeds at a decreasing rate with increasing num-
ber of doses until a steady-state plasma level of drug is achieved. At
steady state, the plasma concentration of drug at any time during any
dosing interval should be identical to the concentration at the same time
during any other dosing interval. As will be demonstrated, the rate
and extent of accumulation of a drug is a function of the relative mag-
nitudes of the dosing interval and the half-life of the drug. A model-
independent approach to multiple dosing (i.e., superposition) is dis-
cussed in Appendix E.

INTRAVENOUS ADMINISTRATION

The following general equation can be used to describe the plasma con-
centration versus time curve resulting from the intravenous injection
of a drug:

n -Azt
c= D Ae (2.1
2=1

where
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n
Xy o B 7y
A, A (2.8)
Ty =)
i=1
i#g

In these equations X, is the intravenous dose, V. is the volume of
the central compartment, Ej is the sum of the exit rate constants from
the ith compartment, Aj and A, are disposition rate constant, and n is
the number of exponentials required to describe the curve adequately.
The maximum plasma concentration resulting from the intravenous ad-
ministration of the first bolus dose of a drug, (Cy)pax, would occur
at t = 0. Therefore,

(3.1)

IIM

max

The concentration of drug in the plasma at the end of the first dosing
interval of length 1 time units (Cy)min will be given by the relation-
ship

2 )

(€D pin = z Ae (3.2)
which is obtained by setting t equal to tin (2.7). Since there are
usually measurable plasma concentrations of drug when a second dose
is administered, administration of a second dose, equal in size to the
first dose, will produce an immediate increase in plasma concentration
of drug yielding a new maximum, (C9)pax. This new maximum would
be equal to the sum of the plasma concentration at the time of admin-
istration (i.e., at time t = ©) and the maximum concentration resulting
from the first dose [i.e., (C{)max]. Therefore,

(cz)max (Cl)max (Cl)min 3.3
Substitution for (Cy)pax 8nd (Cy)pin according to (3.1) and (8.2),
respectively, yields

=X 21 n -Azr
zA +2Ae =2 Al+e ) 3.9

2 max P 2=1

The minimum concentration of drug in the plasma after the second dose
(C9)min (assuming a constant dosing interval of 1) is given by

n AT -A T

S A(+e “re (3.5)
2=1

(Cz)min =
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which can be modified to yield

n —Azr -2)\21
(€ in = 21 A (e +e ) (3.6)
It follows that
n -AQT =22 T
(03)max = 21 A * gl A (e te )
n -x T -2) T
=2 aave Fre b (3.7
=1
and
n -Az'r 'ZAZT “AgT
Cp i = 31 Al+e +e Ye

n AT -2x T -3x T
S ae fre Fae (3.8)

where (C3)pax is the maximum plasma concentration following a third
dose and (Cg)pin is the minimum plasma concentration t time units
after the third dose.

On examination of (3.1), (3.4), and (3.7), it is readily apparent
that a geometric series can be written for the maximum concentration
of drug in the plasma following N doses, (CN)pax:

n ')\ZT -ZAJLT ‘(N‘I)XQT
(CN)max=Z A (l+e +e + e ete )
=1
(3.9
If we let
-AT -2x 1 -(N-D2x =
r=l1+e * +e F4...te * (3.10)
it follows that
Cmax = 2 Ar (3.11)
Multiplication of (3.10) by e **7 yields
-X T EY U « -2) 1 -(N-D2Ar T ~NA 1
re Y=e *4e Y i..ite Y e * (3.12)
AMN1083

Amneal Pharmaceuticals LLC v. Alkermes Pharma Ireland Limited
IPR2018-00943



116 Pharmacokinetics

which when subtracted from (3.10) produces
-AT -NXET
r — re =1-e (3.13)
which can be solved for r to yield
L e-NAgr
- _ (3.14)

1—-e 2

Substitution of this value of r in (3.11) yields the following general
expression for the maximum concentration of drug in the plasma after
intravenous administration of any number of doses:

-Nxzr
(3.15)

Mo
>
-
|
(]

() =
N"max =1 .
1—-e
From a comparison of previous equations [i.e., (3.1) and (3.2),
(3.4) and (3.5), and (3.7) and (3.8)] it is equally clear that
-AET
(CN)min B (CN)max (3.16)

and, therefore,

% (3.17)

M
>
o
]
>
-
o

(C

N mm 4=
1—-e .

It is evident on examination of (3.15) and (3.17) that the concen-
tration of drug in the plasma at any time during a dosing interval (i.e.
CN) is given by
=N 1

n [
= a bzt (3.18)
2=1 2
1-e

where t is the time elapsed since dose N was administered. Therefore,
by knowing the zero-time intercepts and disposition rate constants,
A, and 1y, respectively (both of which can be obtained following a
single intravenous dose), the plasma concentration of a drug at any
time during a dosing interval can be predicted provided that a fixed
dose is administered every 1 time units.

Equation (3.18) may also be obtained by a method that does not
rely on a detailed derivation of the type presented above, and conse-
quently is significantly more convenient (see Appendix B). Any equa-
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tion that describes the time course of a drug in a driving force com-
partment after a single dose may be directly converted to a multiple-
dose equation by multiplying each exponential term containing t by
the function

-Nk, t
1—-e !
-k.t
1-e !
where N and tare as defined previously and kj is the apparent first-
order rate constant in each exponential term. Therefore, multiplica-

tion of (2.7), C = ):r,f=1 Ale-“t, by the multiple-dosing function,
and setting k; equal to A, [since ), is the rate constant in the ex-
ponential term of (2.7)] permits (2.7) to be directly converted to
(3.18),

The drug concentration in the plasma, at any time during a dosing
interval, will increase and then approach a constant value as the num-
ber of doses increases (see Fig. 3.1). The equation describing the
time course of drug at the plateau or steady state can be obtained by
setting N in (3.18) to infinity (i.e., by recognizing that the term

e-N}"lT approaches zero with increasing number of doses). Thus

n 1 -J\lt
Ces = Z A —5 e (3.19)
e S L
- €

where Cgg is the plasma concentration of drug at any time during &
dosing interval at steady state. Similarly, the equations for the max-
imum and minimum concentrations of drug in the plasma during a dosing
interval at steady state, (Cgg)max and (Cgg)pin, respectively, can

be written as

n
_ 1
(Cosdmax = 2 ) -t (3.20)
=1 2
1-e
and
n AT
- . 2
(C)oin = 2 A, —~— e (3.21)
2=1 - e

If the dosing interval 1is much greater than the half-life of a drug
(where t1,9 = 0.693/1,), (Cgg)pin approaches zero. Under these
conditions no accumulation will occur and the plasma concentration
versus time profile will be the result of the administration of a series
of single doses.
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/ A
-

T 1) mox
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Fig. 3.1 Drug accumulation and attainment of steady state on multiple
intravenous dosing of a fixed dose of drug every 6 h. Maximum and
minimum drug concentrations after the first dose are denoted (C1)pax
and (C1)npin» respectively; those at steady state are denoted (C,)max
and (Cw)min, respectively, The average drug concentration at
steady state, C, is also shown. The area under the drug concentra-
tion in plasma versus time curve during a dosing interval at steady
state (shaded area) is the same as the total area under the curve
after a single dose (shaded area bounded by solid and dashed lines),

As discussed in Chap. 2, one frequently finds in a two-compart-
ment model that the larger the ratio of the zero-time intercepts A;/Ag,
the more readily one can discern the multicompartment characteris-
tics of a drug. Equation (3.19) can be written as

n —)‘SLt
Cy = > Ue (3.22)
88 =1
where
U =A —31 (3.23)
2 2 -A. T
1-e

The ratio of Uj/Ug would therefore be given by
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—XZT
U1 A1(1——e )
6-2—=-—-————-—:)‘—1-;— (3.24)
A2(1——e )

and will always be less than the ratio Aj/Ag. Since A{ is by definition

greater than Xy, the ratio (1 — eﬂZT)l(l ~ e MY win always be less
than 1. Consequently, following multiple dosing the ability to discern
the multicompartment characteristics of a drug is usually decreased.
On the other hand, analytical limitations may prevent one from observ-
ing more than one exponential phase after a single intravenous admin-
istration of a drug that has an exceptionally large ratio of Aj to A2.
In this case, multiple dosing makes the multicompartment characteris-
tic of the drug more obvious. For a more detailed discussion of this
phenomenon, see Chap. 2.

Average Steady-State Concentration

A parameter that is very useful in multiple dosing is the "average"
concentration of drug in the plasma at steady state, C. This parameter
can be defined as

T
fo Cssdt

C= (3.25)

T
where j' 5 Cgs dt is the area under the plasma concentration-time curve
during a dosing interval at steady state (i.e., between time zero and
7) where tis as defined previously. Integration of (3.19) from time
zero to T yields

'/T n A,Q
C_dt= ) —= (3.26)
o 5% p=1 g

This expression for the area under the plasma concentration-time
curve from time zero to 1 during a dosing interval at steady state is
equivalent to (2.40), the equation for the area under the plasma con-
centration-time curve from time zero to infinity following a single intra-
venous dose (see Fig. 3.1). Therefore, the average plasma concen-
tration of drug at steady state can be predicted from a single-dose
study by employing the following relationship:

_ fpcat
c-2— (3.21)
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The area under the plasma concentration versus time curve, AUC

00
or fo C dt, following a single intravenous dose, X, can be obtained
by rearrangement of (2.214) to give

X

AUC=V 9 (3.28)
A
g n

where Vg is the apparent volume of distribution and ip is the dis-
position rate constant associated with the terminal slope of a log
plasma concentration-time curve and equals 0.693 divided by half-
life (i.e., 0.693/t1/2) [Eq. (2.11)]. The relationship between these
parameters and clearance Clg has also been presented previously:

Cls = VBAn (2.215)
Therefore, substituting XO/VBAn for fgC dt in (3.27) and setting
Vigipn equal to Clg yields

X X
C=c"2 =10 (3.29)

V. x. 1 Clrt
B n ]

which can also be written in terms of half-life, i.e.,

1.44X t
T=— 212 (3.30)
V. 1t
B8

By knowing the AUC following a single dose, the clearance, or the
half-life and volume of distribution of a drug, the average plasma
concentration of a drug at steady state following the administration of
a fixed dose X() at a constant time interval tcan be predicted. As
can also be seen from (3,29) and (3.30), the size of the administered
dose X and the time interval at which this dose is administered, T,
can be adjusted to obtain a desired average steady-state plasma con-
centration. These equations assume that all parameters are constant
over the entire dosing period.

The average plasma concentration of a drug at steady state as
calculated employing (3.27), (3.29), or (3.30) is neither the arithmetic
nor the geometric mean of (Cgg)max 8nd (Cgglmin. Rather, itis a
plasma concentration value which when multiplied by t equals the area
under the plasma concentration-time curve over the time interval zero
to 7 at steady state. Therefore, from simple geometric considerations,
C must represent a plasma concentration value between (Cgg)max and
(Cgg)min (See Fig. 3.1). A limitation of the C approach is that it _
gives no information about the fluctuations in plasma levels [i.e., C
gives no information as to the relative magnitudes of (Cgg)max and

(Csg)minl.
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Accumulation

As discussed previously, the administration of a drug on a multiple-
dose regimen will usually result in its accumulation in the body. The
extent of accumulation of a given drug may be quantified in several
ways. One approach is to determine the ratio of the minimum plasma
concentration of drug at steady state (Cgg)min to the minimum plasma
concentration following the first dose (C{)min. This ratio can be
defined as the accumulation factor R. Therefore,

(Cc_ )

88 min (3.31)

(Cl)min

Substitution for (Cgg)yin and (Cilmin in (3.31) according to (’3.21)
and (3.2), respectively, yields

R

n 1 AT
I A e o
=t b T
R = A o (3.32)
I Ae L
g=1 %

This relationship is rather complex. However, if all doses are ad-

ministered in the postdistributive phase (i.e., e_>‘lt toe An-17 ap-
proach zero) of a plasma concentration versus time curve, or if the
plasma concentration versus time curve can be adequately described
by a monoexponential equation [i.e., n = 1in (3.32)], then (3.32)
reduces to

1
R = 0 (3.33)
1—-e
Under these conditions the extent of accumulation can be predicted
simply by knowing the terminal disposition rate constant of a drug, Ap
or K, or half-life t1,9, since t1/2 = 0.693/),, = 0.693/K.

The ratio of (Cgg)max to (C1)max is also an appropriate expression
of drug accumulation. According to Egs. (3.20) and (3.1), this ratio
is given by

n AT
I [A/(1—e )1
(Css)max - 2=1

(Cl)max

o

(3.34)
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In the case of a drug that shows one-compartment model character-
isties on intravenous administration, Eq. (3.34) may be simplified to
Eq. (3.33) where K replaces i,,.

Another expression that has been used to characterize drug ac-
cumulation is the ratio of C, the average drug concentration at steady
state, to C1, the average drug concentration during the first dosing
interval. Consider that the average drug concentration during any
dosing interval (i.e., Cy) may be defined as

_ [Tc, at
c =258 (3.35)

N T

where [j CN dt is the area under the plasma concentration-time
curve during the Nth dosing interval. Integration of (3.18) from

time zero to T yields

Nx 1
T n 1—e *
Cygat= S A, — (3.36)
0 g=1 2

Substitution of this value of fg Cy dt in (3.34) and substitution for
/§ Cgs dt in (3.25) according to (3.26) yields

-NXx 1
_ n 1—e L
T =3 a ._ (3.37)
N e=1 3 )\lr
and at steady state
C= > A — (3.38)
=1 2 )‘2,1

respectively. Taking the ratio of EN to C and canceling the common
term 1 gives

n -N)‘zr
EN 251 [Az(l—e )/)‘R]
— = = (3.39)
T n
I (A /r)
A
2=1
When N = 1, that is, for the first dose, (3.39) becomes
n -Alr
61 9‘_21 [Al(l—e )/Aﬂ,]
—_— = X (3.40)
E n
T (Ag/)‘z)
2=1
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The inverse ratio E/El may be used to express accumulation:

n
T (A /X))
[¢] sz=1( L2
—= (3.41)
(—:- n -Azt
1 b [Aﬁ(l—e )/Ag]

2=1
In the case of a drug that can be described by a one-compartment
model on intravenous administration, Eq. (3.41) reduces to (3.33)
where K replaces 1.

Equation (3.33) indicates that the larger the ratio of t1/9/1, the
greater will be the extent of accumulation. For example, consider a
drug with a half-life of 24 h (i.e., A, = 0.029 h™%). If this drug is
administered every 24 h (i.e., t= 24 h), according to Eq. (3.33)

R equals 2.0. However, administration of the same dose every 6 h
results in much greater accumulation (R = 6.3). Consequently,

when tis equal to or greater than the half-life of a drug, the extent of
accumulation is relatively modest (<2). If the ratio t1/2/tis large,
however, the extent of accumulation may be substantial.

Time to Reach Steady State

The ratio EN /C as given by (3.39) can be employed to calculate the time
required to reach a certain fraction of the ultimate steady-state level,
where the fraction of the steady-state level, fgq, is defined in terms

of average plasma levels:

. —_N- (3.42)
C
Substitution for Cy/C in (3.42) according to (3.39) gives
n ‘N)\}L‘C
I [A(1—e )]
=1 2 2
. — (3.43)
(A /x)
e A

Equation (3.43) can be used to calculate the fraction of the ultimate
steady state that is reached following the Nth dose. This equation
cannot, however, be rearranged to obtain an expression for the time
(i.e., N1) to reach a certain fraction of the steady-state level. The
term Nt can only be estimated by numerical iteration. If the plasma
concentration versus time profile of a drug can be adequately de-
scribed by a monoexponential equation (i.e., n = 1), (3.43) reduces to
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-1 _ .-NKrt
.s - 1—-e (3.44)
Rearrangement of (3.44) yields
-NKt
e =1- fss (3.45)

the common logarithm of which is

—NK1t = 2.303 log (1 — fss) (3.46)
Equation (3.46) can be further rearranged to obtain an expression
for Nt. Thus

2.303
Nt=— == log (1 - f ) (3.47)

or
Nt=-3.32t, ,log (1 —f ) (3.48)

since K equals 0.693/t1/2 [Eq. (2.11)].

For a drug with one-compartment model characteristics the time
required to reach a particular fraction of steady state is independent
of the number of doses administered and the interval between admin-
istrations, but it is directly proportional to the half-life. From Eq.
(3.48) it can be readily calculated that 3.32 and 6.64 half-lives would
be required to reach 90 and 99%, respectively, of the steady-state
plasma level of a drug. Since Egs. (3.44) and (3.48) were derived
based on a one-compartment system, they will be in error if used for
a drug that demonstrates multicompartment characteristies.

A model-independent approach for the estimation of fyg involves the
use of areas under the plasma concentration versus time curve [1].
This approach is based on a simple extension of Eq. (3.43). Expansion

of (3.43) yields

n n 'N)\QT
$ (A /) - A Ty
=1 1 2=1 .
ss n (3.49)
I (A /x)
ep 22

The total area under a plasma concentration versus time curve, AUC,
following the intravenous administration of a single dose of drug equals
£9=1 (Ag/iy) [Eq. (2.40)]. Substitution of AUC for ti=y (A,/2y) in

(3.49) gives
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n -Nx 7
AUC - £ (A e /X))
_ 2=1
fos = AUC (3.50)
-A . .
The integral of (2.7) (C = zrg:l Age zt) from time t to » provides
an expression for the area under a plasma concentration-time curve
following a single intravenous bolus dose from time t to «, AUCt°° :

-at
- n Aze %
AUC = S - (8.51)
2=1 2
Since Ntin (3.50) equals the time since the beginning of dosing (i.e.,

NA%a,) in (3.50) to yield

t), AUC{ can be substituted for =1 (Age
AUC - AUC] AUC}

fs TAGC " AGC (3.52)
Therefore, the fraction of steady state reached at time t after initia-
tion of a multiple- dosmg regnmen can be determined by knowing the
areas, AUC and AUC{ or AUCO obtained from a single bolus dose of
the drug. No model has to be assumed to permit the use of (3.52)
for determining fg .

Determination of a Loading Dose

As (3.48) indicates, a significant period of time may be required to
attain steady-state plasma concentrations for drugs with long half-
lives. A rational method to overcome the lapse in time before a steady-
state concentration is reached would be to administer an initial loading
dose. One approach to the calculation of a loading dose is as
follows. It is often desirable to maintain plasma concentrations of drug
greater than some minimum effective level. This level may be defined
as (Cgyo)min. Therefore, the first dose (i.e., the loading dose XS)
must be sufficiently high such that (C1)min equals (Cgg)min, where
(C{)min and (Cgglnmin are given by (3.21) and (8.2), respectively.
Substitution for A, according to (2.8), in (3.2) and (3.21), and sub-
stitution of XO (the loading dose) for X; (the maintenance dose) in
(3.2) yields

n
* -
n XO iEZ (Ei )‘SZ,) ‘)\ET
Conn= 3 T, on (3.5%)
T (x - lz)
=1 i
i#2
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and
n
n XO iilz (Ei - J\IL) 1 —)‘zT
(Css)min= 31\70_ n -)\Lre (3.5
i (Ai - )\l) 1—e
i=1
it

respectively. Since (Cy)mjn as given by (3.53) must equal (Cgg)pin»

n n
T (E, — 1) n (E, —- 1)

* 3 - -
§ﬁ)_i=21 zekirzgiqiﬂi 1 eAT
Flv n 0=1 Vc n -/\21

S non-a) I (A,-—1) 1—e

. i 2 . i 2

i=1 i=1

i#e i#2

(3.55)
5..
E
~
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Fig. 3.2 Time course of drug concentration when a fixed dose of
drug is given every 6 h (dashed line) and when the first dose of
the regimen is replaced by an appropriately larger dose, a loading
dose (solid line). Drug concentrations in plasma at steady state are
identical, but steady state is attained much more quickly when a
loading dose is used.
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Fig. 3.3 Comparison of serum digoxin concentrations in human volun-
teers given a 2 mg loading dose followed by a 0.5 mg daily dose of
the drug (e) and in those in whom the loading dose was omitted (O).
(From Ref.2.)

Solving (3.55) for Xﬁ and canceling the common term V, yields

n -Azr -)\Lr
S H(E—A)/H(A—Ag) [1/(1-e *)le
=1 i=2
X5 = %o

n n n -kzr

S n(E.—x)/n(x—x)e

=1)[i=2 ' M=t %

i#e
(3.56)

In a one-compartment system (i.e., n = 1), or if all doses are admin-

istered in the postdistributive phase (i.e., e Mo e n-17 approach
zero), (3.56) reduces to
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X X -1 (3.57)
n

¥
(=

)
>
~

1 —-e
Therefore, the loading dose is equal to the product of the maintenance
dose and the accumulation factor. Administration of a loading dose
XS as calculated by (3.57) followed by a maintenance dose Xy every 1
time units in the postdistributive phase should produce an immediate
minimum steady-state plasma concentration of drug (Figs. 3.2 and
3.3). For example, administration of a loading dose twice the size of
the maintenance dose for a drug where the dosing interval 1 equals
the half-life will yield immediate minimum steady-state concentrations.
If a loading dose were not given, approximately four half-lives
would have been required to reach 90% of the ultimate steady state.

INTRAVENOUS INFUSION

Some drugs are administered as an intravenous infusion rather than
an intravenous bolus injection. The relationship desecribing the rise
in drug concentration in the plasma during infusion is

n n
ko | 0,0 no DETN
c=2" -3 e (2.55)
Ve 1 g=12, ©°
oA Pom Oy =AY
i=1 i=1
i#¢2

where k, is the zero-order infusion rate, and all other parameters are
as defined previously. Administration of a second dose as an infusion,
7 time units after administration of the first dose, where tis in the
postdistribution phase of the previous dose, would yield the following
equation for plasma concentration (C,) as a function of time

n n
SIS T B L
2= P nin® Yl o - 221 n €
€l n a A, IO(A — A
s i 2. i 2
i=1 i=1
i# 2
(3.58)

If a third infusion is given 1 time units after the second infusion,
plasma concentrations resulting from this infusion would be given by

the following equation:
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n n
Az kg (IR n BT e
Cy=(Cy e +v; o - Qzl 5 e
ToA A, T Oy =AY
i=1 ° i=1
i 2
(3.59)

On examination of Egs. (2.55), (3.58), and (3.59), it is readily appar-
ent that a general equation can be written for the plasma concentration
of drug following N doses, Cy, that is

-An(t-(N-l) ko)

Cn = Cn-min®

n n

ko |, 5,N n ._I_IZ(Ei Y A (t-(N-D) D
s 0 i=2 5 L= e (3.60)

Vc n 051 n

T A Oy =AY

i=1 i=1 !

i#2

Since t = (N — 1)1+ tj where t; is some time during infusion (i.e.,
0 <tj <T, where T is the infusion time), Eq. (3.60) can be written

as follows:
n n
Atk I E n T ETAD
C.=(C ) eni+_g i=2 _ z i= eli
N~ ‘*YN-1"min v, n - n
it }\1 J\l i ()\i-)\z)
i=1 i=
i#
(3.61)

The maximum plasma concentration following the Nth infusion will occur
when t; = T and is therefore given by the relationship

n n
ar k. | F 5 n T E-A) Lr
(€)= (Cy ) nt,tjizz g i22 o %
N"max N-1"min Vc n 151 n
I A A, T (A=A,
oM L0 T My
i=1 i=
i#2
(3.62)
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The plasma concentration of a drug as a function of time following
the cessation of infusion is given by

n —Azt'
C= z Rle (2.66)
=1
where
—)\2’1‘ n
. kO (e —1)122(131—)\2)
2 Vc IR E o (2.87)
2, _ i L
i#

and t' is the time postinfusion. Equation (2.66) can be readily con-
verted to a multiple-dosing equation by multiplying it by the multiple-
dosing function and setting k; equal to Ay, yielding

-NA T,
L Agt

1—-e

The minimum postinfusion concentration will occur when t' equals T

~ T. If each dose is administered in the postdistribution phase of the
previous dose, £ =n., Therefore, (CN-1)pin,» & value necessary to
determine Cy and (Cy)pex from Egs. (3.61) and (3.62), is given

by
- e'(N'”AnT -2, (T T)
Cy-Pmin =B o7 ° (3.69)
1-e "

R, is given by 2.67 when % =n.
At steady state, that is, when e"(N-1)AnT approaches zero

1 -ln(’r-T)
(Css)min = Rn 1t (3.64)
1—e n

The maximum concentration of drug at steady state, and the concen-
tration of drug at steady state during infusion can be determined by
setting (Cy.1)pin in Egs. (3.61) and (3.62) equal to (Cgg)pin; the
latter is given by (3.64).

The average concentration of drug in the plasma at steady state,
C resulting from multiple intravenous infusions can be determined from
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the same basic relationship used for the intravenous bolus case,
namely C = f& Cgg dt/t [Eq. (3.25)]. It can be demonstrated that

T ©
[ Css dt =f C dat (3.65)
0 0

Therefore,

_ k 0T
T = (3.66)
Vcklor

since ff)” C dt following an intravenous infusion equals kT /Vckip [see
Eq. (2.212)]. The product kyT equals the intravenous dose X, and
Vekig = Vg*n = Clg [Eq. (2.21)]. Therefore, the average plasma
concentration of drug at steady state resulting from intravenous in-
fusions can also be determined using Eqgs. (3.27), (3.29), or (3.30).

Provided that the same underlying assumptions are met, an ac-
cumulation factor R, the time to reach a certain fraction of steady
state N1, and a loading dose XE can be determined for intravenous
infusion data using the same relationships as used for intravenous

bolus data:

1
R = Y (3.33)
1—e
Nt=-3.32t, , log (1 - £ (3.48)
and

SO D P S— (3.57)

0 0 -AT

n

1—e

respectively. Equation (3.48) applies only to a one-compartment model.
In (3.57) Xa would equal the product of the loading infusion rate k§
and the loading infusion time T* for the loading dose, and Xy would
equal the product of the infusion rate kg and infusion time T for the
maintenance dose. Therefore,

1
*T % = -
kOT kOT e (3.67)
n
1—e
Assuming that the infusion times for the loading and maintenance doses
are the same (i.e., T* = T), (3.67) can be simplified to

1
* = B Snmvemnad
k0 k0 -)‘nT (3.68)
1-e
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FIRST-ORDER ABSORPTION

The vast majority of drugs administered on a continuous basis are
given orally. The equation describing the plasma concentration versus
time curve following multiple dosing of a drug that is absorbed by an
apparent first-order process can be arrived at directly. Multiplica-
tion of the exponential terms in (2.93), which describes the time
course of drug in the plasma following first-order input, by the
multiple-dosing function and setting kj in each function equal to the
rate constant in each exponential term (see Appendix B) yields

n
S T Nkt gt
c. = -2 0 i=2 1—e e 8
N~V n kT
¢ Ty -k) 1-e
i=t ?
n
I (E - 1) -NA T
kaFXO n i=2 i L 1—e 2 )\kt
+ > e
Vc 2=1 n -)‘ET
(k=2 B Oy=3) 1-e
i=1
i#2

(3.69)

where 0 <t < 1, kg is an apparent first-order absorption rate constant,
and F is the fraction of the orally administered drug that reaches the
systemic circulation. All other parameters are as defined previously
in this chapter. Egquation (3.69) can be employed to predict the
plasma concentration of drug at any time during any dosing interval.
However, information that is often difficult to obtain, such as estimates
of F/Vc and kg, is required for such predictions. In such cases
superposition (Appendix E) is an attractive alternative.

At steady state the time course of drug in the plasma during a
dosing interval can be described by the equation

n
kFx_ 1 (B Tk -k t
c = a 0 i=2 1 e a
ss V n K,
¢ 1(O,-k) 1-e
: i a
i=1
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n
k FX. n JCE =AY -t
. 4 z i=2 1 e
Vc 2=1 n _)\ﬁ,r
(ka—kz)'I_I ()\i—)\z) 1—e
i=1
i#2

(3.70)

which is obtained by setting N equal to a sufficiently large number in

(3.69) and realizing that the terms e_NkaT and e-NA’lT then approach
zero.
The average plasma concentration of drug at steady state, C, as
defined by (3.25) (C = [f Cgg dt/7), can be calculated either by
employing (3.25) directly, or by employing (3.27) (C = f&"C dt/ o)
or equations analogous to (3.29) (C = XQ/VBAnr= X/ClgD) or (3.30)
(C = 1.44X0t1/2/V31). Integration of (3.70) from time zero to t
yvields

n
¢ k Fx I (B~ Ky
a "0 i=2
C_dt=
o ss8 Vc n
k T (A -k)
a, i a
i=1
n
k FX, n if2 E -2
+ % S = - (3.71)
c 2=1
}‘m(ka - )\2) iI (}\i - Az)
i=1
i#2
This equation can be further simplified to
n n
: rx |, ® TR n K BTN
C_ dt=—— + 3 =
o S8 Vc n =1 n
il ()\i = ka) )‘z(ka - )‘g,) _I_I (Ai - Al)
i=1 i=1
i#2
(8.72)

Expanding the term within the brackets for a given n, canceling com-
mon terms, and recognizing that N, E;/1{L; A = 1/kqq [see (2.107)
and (2.169)], where ki is the first-order elimination rate constant
from the central compartment, gives
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/T FX0
C dt=gs——— (3.73)
0 58 Vckl()
Since
V k A =Cl (2.215)

10 B n s
(3.73) can also be written as follows:

T FXO FXU
f CSS dt = vooOCeEr (3.74)
0 El

B n

It can also be demonstrated that

T o
C dt= C dt (3.75)

where f 5 C dt is the area under the plasma concentration-time curve
from time zero to infinity following first-order 1nput of a single dose.

Substituting FXy/V i, and/or FXy/Clg for [T Cgg dt in (3.25)
and recognizing that A, = 0.693/t1/2 [Eq. (2. 11)‘3 yields

= FX0 ) FX0 1. 44FX0t1/Z (3.76)

V.x 1t Cl=t V.1 '

g n s ]

As is evident from (3.76), C is dependent on the size of dose admin-
istered, the extent to which it is absorbed, and the dosing interval.
However, C is independent of the rate of absorption and all other dis-
position rate constants, as evidenced by the absence of kg and ) terms
from (3.76). The same average plasma concentration of drug will be
obtained whether the dose X is administered as a single dose every
1 time units, or is subdivided and administered at different times with-
in t time units; that is, 600 mg once a day is equivalent to 300 mg
every 12 h, is equivalent to 150 mg every 6 h, and so on (see Figs.
3.4 and 3.5). However, upon subdividing the dose, the difference
between the minimum and maximum plasma concentration will usually
decrease.

Although Eq. (3.76) permits the estimation of average drug con-
centration at steady state based on the pharmacokinetic parameters of
the drug, it is rarely used as such; a much simpler approach is avail-
able. Since C = [ Cgq dt/t and fg s 4t = [§C dt, C may be esti-
mated directly from the ratio of total area under the drug concentration
in plasma versus time curve after a single oral dose, to the dosing in-
terval t (see Fig. 3.6). This approach assumes that systemic avail-
ability and clearance are constants from dose to dose.

Accumulation can be determined by comparing the minimum plasma
concentrations of drug at steady state and following the first dose,
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Fig. 3.4 Mean concentrations of phenytoin (diphenylhydantoin) in
normal adult volunteers who received either 300 mg once a day
(single-dose group: ®——®) or 100 mg three times a day (divided-
dose group: @---@). The average drug concentration at steady
state is a function of the total daily dose (see Ref. 3).

Dose {1x500 mg tablet/day) Dose (4xi25mg tablets/day)
S —
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Fig. 3.5 Average concentrations of griseofulvin during the first and
fourteenth day of drug administration in human volunteers who re-
ceived 500 mg once a day or 125 mg four times a day. Theory pre-
dicts that the average drug concentration at steady state will be the
same for both regimens but that the steady-state peak-to-trough
ratio will be larger for the once-a-day regimen. (From Ref. 4.)
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R = (Cgs)min/(C1)min [Eq. (3.31)]1. However, this method is rel-
atively simple only when one is dealing with a situation in which each
dose is administered in the postabsorptive-postdistributive phase of
the preceding dose. This situation probably exists for a large num-
ber of drugs, although it may not be valid for sustained-release
products and for drugs that are absorbed very slowly.

By setting N equal to 1 and t equal to tin (3.69), an expres-
sion for the minimum plasma concentration following the first dose
(Cl)min can be obtained:

n
xFx, LE TR o
€.) I : 0 i=2 e a
1"min v n
'II (Ai - ka)
i=1
n
K FX, 0 A Y AT
t > e (3.77)
T T
a 2 i=1 1 2
i#g

Similarly, by setting t equal to tin (3.70), the following expression
for the minimum plasma concentration at steady state (CSS)min

results:
n
x Fx. 0 By k) kT
«c ) _ a0 i=2 1 e @
ss’min ~ V n kT
n (,—-k) l—-e
. i a
i=1
n
n(E, - 1)
kaFX0 n j=g I 3 1 Azr
+ > e
Vc =1 n —)\lr
(ka - )‘2) 'II (Ai - )‘2) 1—-e
i=1
i#2
(3.78)
Assuming that each dose is administered in the postabsorptive-post-
kg

distributive phase [i.e., as e “8%and e_)‘1T to e.)\n~1T approach zero],

(3.77) and (3.78) become
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Fig. 3.6 Time course of plasma nortriptyline concentrations in two
normal subjects, G. A. (O) and B. A. (@), who received 0.4 mg/kg
three times a day for 2 weeks. The average drug concentrations pre-
dicted from the total area under the curve after a single dose were

53 and 116 ng/ml for G. A. and B, A., respectively. (From Ref. 5.)

n
kFx, LT ) At
(Cl)min = Vc = e (3.79)
(ka—kn) oI (x, —2A)
=1
i#2
and
n
k FX T (B = A AT
c ) -.a 0 i=2 1 e
ss’min v n -Anr
(1«:a - Xn) .n (Ai - An) 1—-e
i=1
i#2
(3.80)
respectively. Therefore, the accumulation factor R, which is defined

as (Cgg)min/(C1Imin, equals 1/(1 — e_AnT) [Eq. (3.33)]. This ex-

pression can readily be employed to determine the extent of accumula-
tion following first-order input every t time units, since only an
estimate of the terminal disposition rate constant is required. How-
ever, if each dose is not administered in the postabsorptive-post-
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distributive phase, a rather complex function would result for the
accumulation factor. R would then be equal to the ratio of Eq. (3.78)
to Eq. (3.77).

The time required to reach a certain fraction of the ultimate
steady state following first-order input can also be estimated where
the fraction of the steady-state concentration fgq is as defined by
(3.42), that is, fgg = Cy/C, where CN = [f Cy dt/t [Eq. (3.34)]
and C = FX¢/Clgt = FXg/Vga 1 [Eq. (3.76)]. Integration of (3.69)
is relatively complex. However, the concentration-time profile fol-
lowing the oral administration of many if not most drugs can be
adequately characterized by a one-compartment model with first-
order input. Under these conditions, appropriate redefinition of the
terms and integration of Eq. (3.69) from 0 to 1 yields

Nkt -kt
a - -
TC gt = kaFX0 1-e e & _ 1_eNKTeKt
N Vik - K) -k 1 k -Kt K
0 a a a
1—-e 1-e
-Nk 1
L1-e Ty 1o f g (3.81)
-Kt K -k T k :
1—-e a a
1—-e

which on rearrangement and simplification becomes

T FX Nk t ke VKT
C.odt=—"[1+8e _a _ & (3.82)
N VK k -k "k —K .
0 a a

Substitution of the value of fg Cy dt, as given in (3.82), into (3.34)
vields the following expression for the average plasma concentration
of drug during the Nth dosing interval:

3 qu Ke-NkaT kae-NKt
Cy = vxr(“ k, -K Kk _—K (3.89

By substituting C for FX(/VK1 according to (3.76) in (3.83) and
dividing both sides of the equation by C, one obtains

EN Ke-Nka'r K e'NK‘l’
=— =1+ -2 (3.84)

f
ss C ka - K ka K

From (3.84) it is readily apparent that the time required to reach a
certain fraction of the steady-state level is a complex function of the
absorption and elimination rate constants. The larger the value of
k, relative to K, the less dependent on ka is the time required to
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reach a given fraction of steady state [6]. At very large values of
ka relative to K (i.e., kg/K > 10), Eq. (3.84) approaches

_ 4, _ .-NKrt
a5 1 e (3.44)
Therefore,
Nt= —-3.32t1/210g (1 - fss) (3.48)

Hence, when the absorption rate constant is significantly larger than
the terminal disposition rate constant, the time required, N1, to
reach a certain fraction of the steady-state level is a function only of
the half-life of the drug. If this is not the case, then fgg is also
dependent on k3. The smaller the value of kg, the longer the time
required to attain steady state or some fraction thereof.

Estimation of the time to steady state for a drug that shows
multicompartment characteristics on oral administration is a task par-
ticularly well handled by the method of Chiou [1] [see Eq. (3.52)].

As discussed in the section on multiple dosing by intravenous
administration, an initial loading dose may be desirable, since for
drugs with long half-lives, a long pemod of time is required to reach
steady state. The loading dose XO required to achieve steady- state
levels on the first dose may be determined by letting Xy equal Xo in
Eq. (3.77) [the equation for (C1)pin] and setting this equal to the
equation for (Css)min [Eq. (3.78)]:

n n
K FX? TE-k) x« kFx* n 0 B2 AT
0 i=2 a a0 i=2 2
V n e * \% z n e
¢ Oy - k) °“'(k~x)n(x 2
a 2
i=1 i=1
i#2
n
I (E, — k) )
_kaFXO i=2 i a 1 k1
T n ~kate
1 ~k) l-e
i=1
n
kaFXO n 1H2(E XQ) 1 -AJLT
+ S =~ e (3.85)
Vo 4=t n AT
(k —-A)H(A—A)l—e
3
i=1
i#e

AMN1083

Amneal Pharmaceuticals LLC v. Alkermes Pharma Ireland Limited
IPR2018-00943



140 Pharmacokinetics

Solving for Xﬁ results in a relatively complex equation. However,
by administration of the maintenance dose in the postabsorptive-post-
distributive phase of the loading dose plasma concentration-time curve

(.e., e_kaT and e—)‘lr to eﬂ“'1T approach zero), the following equa-
tion is obtained for Xg:

1
Xs = XO ——_———)\*T (3.57)
n
1—e

from which it is relatively simple to estimate a loading dose. This
equation was employed to calculate a loading dose for drugs admin-
istered by the intravenous route. Irrespective of the size of the
initial dose the steady-state plasma concentration of drug ultimately
reached will be the same since the steady-state level is governed by
the size of the maintenance dose (Fig. 3.7).

The drug concentration in plasma versus time curve after oral
administration of many drugs can be adequately described by a one-
compartment model. Setting n equal to 1 in (3.85) and canceling

the common term kg F/V, yields

=5 Time

Fig. 3.7 Influence of the first dose of a multiple dose regimen on
the time course of drug concentrations, C', in plasma. D?* denotes
the first dose (loading dose) and D denotes all subseqeunt doses
(maintenance dose). The dosing interval was selected to equal the
half-life of the drug (i.e., 1= tg509). The ratio of D* to D varies
from 1 to 3. (From Ref. 7.)
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-k T
(K -k)(1-e 8y

0 e-Kr
- X K (3.86)
(K — ka)(l —-e )

By canceling the common term, K — k_, bringing the right side of the
equation to a common denominator, and solving for XK gives

) e-ka'r _ e-(ka+K)t ~ e_KT . e-(ka+K)‘r
* =X (3.87)
0 -kaT -K1 _kaT -K
(1~-¢ Fy1-e"He % -eH

X

Further simplification results in the following expression for XS:

x* = x0 L (3.88)
0 -kat -Kr
(1-e (1—-e )
If the maintenance dose is administered in the postabsorptive phase,

(3.88) can be further simplified to yield (3.57) since the term e_kaT
approaches zero.

Assuming that the fraction F of each dose absorbed is constant
during a multiple-dosing regimen, the time at which a maximum plasma
concentration of drug at steady state occurs (tpg,) may be arrived at
by differentiating (3.70) with respect to time and setting the resultant
equal to zero. Doing this and canceling the common term kaFX/Ve

yields
n
TG k) g K.t
i=2 a e a max
n -kar
'II (Ai—ka) 1—e
i=1
n
nE TR A -t
- Z i=2 2 e £ max (3.89)
=1 n At '
()\l—ka) 11 O\i_ )‘!L) 1—~e
i=1
i#e

As is evident from examining (3.89) t;nax cannot be readily solved
for. As discussed previously, plasma concentration versus time
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curves following oral drug administration can frequently be described
by a one-compartment model. Under these conditions we may write

that

1
1 ka e katmax - 1 K e Ktmax (3.90)
K-k kT K-k -Kt )
a a al—e
1—-e
Canceling common terms and rearranging (3.90) gives
' -Kt
e(ka K)tmax ) ka(l e ) 501
B -k 1 (3.91)
K(l-e %)

By taking the common logarithm of both sides of (3.91) and dividing
by k4 — K, the following expression is obtained for the time at which
the maximum plasma concentration at steady state occurs:

-Kt
g oz KTe )
max k- K °8 -k T

a K(l—-e %)

The time tygx at which a maximum plasma concentration occurs follow-
ing a single dose is given by

(3.92)

k
_ 2,303 _a
tnax = k, - K log K (1.106)
Subtraction of (3.92) from (1.106) yields
-kar
! _ 2.303 1~-e
tnax ~ ‘max ~k_ - K °F Kt (3.93)
a 1—-e

Since the right side of this equation is always positive, it is apparent
that the maximum plasma concentration occurs at an earlier time at
steady state than following a single dose. Frequently, the time at
which the maximum plasma concentration is observed after the first
dose, tpgy, is the time at which the plasma is sampled after adminis-
tration of subsequent doses to assess Cpgx. Based on mathematical
principles this would not be a sound practice, since the time at which
a maximum plasma concentration occurs is not constant until steady

state is achieved.
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DETERMINATION OF PHARMACOKINETIC PARAMETERS
FROM MULTIPLE-DOSING DATA

Estimates of all pharmacokinetic parameters can be made from steady-
state intravenous plasma concentration-time data if tis sufficiently
large to permit an accurate determination of the intercept and dis-
position rate constant associated with the terminal phase of the con-
centration-time curve. - Even if the dosing interval is too small to
permit this, one can still estimate clearance Clg since only the area
under the plasma concentration versus time curve at steady state,

g Css dt or AUC, is required. Once AUC is known, Clg can be de-
termined using (2.43) (Clg = Xg/AUC). Assuming that A, can be
accurately determined, tj/g and Vg can be obtained employing (2.11)
(t1/2 = 0.693/Xpn) and (2.216) (VB = Clg/Ap), respectively. Steady-
state plasma concentrations can be described by

-2 zt

2 Ue (3.22)

2_
The method of residuals (Appendix C) can be applied to the data,
generating the coefficients and disposition rate constants, Uy and
Ay, respectively. Once these parameters are obtained, values of
Ay, the coefficients generated from intravenous single-dose data,
can be calculated from

'XIT
A2=U (1-—-e ) (3.94)

which is a rearrangement of (3.23). This then permits the volume

of the central compartment V., and the steady-state volume of dis-
tribution Vg, to be determined usmg (2 15) (Vo = Xp/h=1 Ap)

and (2.234) [Vgg = Xq 2§ (A2 B s%= (A, i )21, The constants
k10 [Egs. (2.107) and (2.169)], ky9 [Eqs. (2. 108) and (2.172)1,

ko1 [Eqs. (2.106) and (2.168)], k3 [Eq. (2.167)], and k3 [Eq.
(2.173)] can also be determined from multiple-dose data once the val-
ues for A, and i, are known.
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Absorption Kinetics and Bioavailability

Many pharmacokinetic studies are concerned principally with the bio-
availability of the drug. Bioavailability, in simple terms, refers to
the rate and extent of drug absorption. The rate at which a drug
reaches the systemic circulation is an important consideration for
drugs used to treat acute conditions, such as pain or insomnia, which
can be ameliorated by a single dose. A drug that is absorbed slowly
may not achieve sufficiently high concentrations at the site of action
to elicit a desired effect or intensity of effect, even if the entire dose
is absorbed. On the other hand, the extent of absorption is usually
the more important factor for drugs that are administered repetitively
for the treatment of subchronic or chronie conditions, such as infec-
tion, asthma, or epilepsy. The average drug concentration in plasma
at steady state during repetitive administration is directly proportion-
al to the amount absorbed from each dose but is independent of the
rate of absorption. The rate of absorption does, however, influence
the time course of drug concentration in plasma during a dosing in-
terval at steady state. In some cases, very rapid absorption could
produce transiently high drug concentrations in plasma that may be
associated with adverse effects.

Comparative bioavailability refers to the relative bioavailability
of a drug from two or more formulations. Comparative bioavailability
studies are often carried out in place of clinical effect studies to de-
termine whether two or more formulations containing the same active
ingredients in the same amounts are therapeutically equivalent. It is
assumed that two formulations that do not differ very much in the
rate at which and extent to which they make the active ingredient
available to the systemic circulation will not differ much in their
therapeutic efficacy.

Pharmacokinetic theory is well developed and generally accepted
for the determination of the extent or relative extent of absorption
of a drug from a dosage form. Similar agreement does not exist with
respect to characterizing the absorption rate of a drug. The results
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of such analyses are usually dependent on the pharmacokinetic model
that is assumed and are usually descriptive rather than rigorous.

Characterization of absorption kinetics may be useful for determining
relative differences in absorption rates between formulations in com-

parative bioavailability studies.
ABSORPTION RATE

Curve-Fitting

The most common method of evaluating absorption kinetics is to as-
sume that the drug concentration-time data can be described by one
of several pharmacokinetic compartment models and to fit the data to
an equation consistent with the assumed model by means of the method
of residuals (see Appendix C) or a nonlinear least-squares regression
program and a digital computer (see Appendix H). The most common
equations for a one-compartment model are
k FX -kt
a_ 0 -Kt a
C_V(ka~K) (e e ) (4.1)

which assumes first-order absorption and elimination,

k FX -K(t-t ) -k (t-t )
_ a_ o0 0 _ a0
C= V-———-—————(ka e [e e 1 (4.2)
which assumes a lag time ty before the onset of absorption,
ko(eKT _ l)e-Kt
C= B — (4.3)

which assumes zero-order absorption, where T =t during the absorp-
tion period and T = absorption time (a constant) during the post-
absorption period, and

dX k k FX -k t
u_ea 0, -Kt_ a
—ar—k——————a e (e e ) (4.4)

which uses urinary excretion data. The output of the computer
program contains estimates of the pharmacokinetic constants, includ-
ing the absorption rate constant.

Ideally, one should have an independent estimate of K to differen-
tiate the estimated rate constants and to avoid ambiguity in interpret-
ing the results of such curve-fitting procedures. Serious problems
are encountered if the absorption is complex rather than a simpie first-
or zero-order process. Sometimes most of the dose of a drug may be
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relatively rapidly absorbed, but a small fraction of the dose is ab-
sorbed very slowly and absorption persists long after the time at
which drug concentration in plasma reaches a maximum. In such
cases the concentration-time curve may be apparently biexponential
but the rate constant determined from the apparent postabsorption
phase will be smaller than K. In this situation an independent esti-
mate of K is needed. An example is shown in Fig. 4.1. Accurate
estimates of k, from urinary excretion data [see Eq. (4.4)] are pos-
sible only for drugs absorbed relatively slowly because urine col-
lections cannot be made at very short intervals.

The absorption rate constants obtained by curve-fitting Eqgs.
(4.1) to (4.4) are at best estimates of the first-order loss of drug
from the gastrointestinal tract, not of the first-order appearance of
drug in the systemic circulation. If a drug undergoes simultaneous
first-order absorption (rate constant kgbg) and first-order chemical
or enzymatic degradation, k4, in the gut, the apparent absorption

CONCENTRATION

b
o

0.1 v v J
0 6 12 18 24 30 36

TIME (h)

Fig. 4.1 Drug concentrations in plasma after oral administration of

the same dose of drug as a conventional tablet (—) from which ab-

sorption is rapid and as a slowly dissolving tablet (---) from which

absorption is slow. The half-life of the drug is 3.5 h, which is con-
sistent with the value determined after giving the conventional tab-

let. The slow absorption found with the specialized dosage form re-
sults in an apparent half-life of 14 h.
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rate constant, kg, obtained on curve-fitting is actually the sum of
kgbs and kgq [1]. Other factors that affect absorption, such as
gastric emptying or gastrointestinal motility, can also distort the
meaning of kg [2,3]. In general, for any drug that is less than com-
pletely absorbed, it is unlikely that kg = kg [31.

Other problems in the estimation of k, are encountered when
curve-fitting concentration-time data to equations appropriate to a
two-compartment model such as

-Alt ~)\Zt -kat
C =Le + Me + Ne (4.5)

[see Eq. (2.93)]. By definition 11 > A5 and it is likely for drugs
that are rapidly absorbed that kg > Ag, but in all cases k, may be
smaller or larger than A;. There is no basis for assuming one or
the other. Therefore, it is not possible to determine unambiguously
kg from drug concentration-time data obtained after oral administra-
tion. The dilemma may be resolved by independently estimating A1
and Xq after intravenous administration of the drug to the same
subject. Some resolution may also be obtained by characterizing the
pharmacokinetics of the drug after administration of a dosage form
such as an oral solution, from which the drug is more rapidly ab-
sorbed. Most drug concentration in plasma-time data sets obtained
after oral administration can be fitted with two exponential terms
(i.e., a one-compartment model) rather than three exponential terms
(i.e., a two-compartment model). However, intravenous administra-
tion of the same drug often suggests that the two-compartment model
is more appropriate. Some reasons for this have been discussed in
Chap. 2. Under these conditions, attempts to estimate the absorp-
tion rate constant from data obtained after oral administration can
result in substantial error. It has been shown that if such data are
fitted to Eq. (4.1), the larger of the two rate constants would not
be equal to the absorption rate constant but, under certain conditions,
may be equal to Aq [4]. Since for virtually all drugs the time course
of concentration in plasma after intravenous administration shows
multicompartment characteristics, and for most drugs a two- or three-
compartment model is most appropriate, it follows that the estimate
of an absorption rate constant from data obtained after oral admin-
istration of any drug, by assuming a one-compartment model, will be
incorrect even if the drug were truly absorbed by apparent first-
order kinetics.

Wagner [5] has proposed that although the absorption rate con-
stant determined from a one-compartment fit of concentration-time
data after oral administration of a drug that shows two-compartment
characteristics after intravenous administration is incorrect, the ratio
of the absorption rate constants calculated for two dosage forms using
one-compartment analyses would be a good approximation of the actual
ratio of the absorption rate constants. Ronfeld and Benet [4] ex-
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amined the same question and concluded that the approximation error

could be substantially larger than suggested by Wagner [5], but that

a qualitative evaluation of the relative merits of different dosage forms
could be accurately made with one-compartment fits.

Percent Absorbed-Time Plots

The problems associated with the characterization of absorption kinetics
by curve-fitting have prompted many investigators to seek better
methods of analysis. One of the most important of these alternative
methods is based on the construction and evaluation of percent
absorbed-time plots [6, 7], which do not require the assumption of
zero- or first-order absorption.

One-Compartment Model (Wagner-Nelson Method). The amount of
drug that has been absorbed into the systemic circulation, X, , at
any time after administration will equal the sum of the amount of drug
in the body, X, and the cumulative amount of drug eliminated, Xg,
by urinary excretion, by metabolism, and by all other routes at

that time. Thus

X A= X + XE (4.6)
which when differentiated with respect to time becomes
dX dX
A_dX _E (4.7

dt ~ dt  dt

The term dXg/dt (elimination rate of drug) is by definition equal to
the product of the amount of drug in the body X and the apparent
first-order elimination rate constant of drug from the body;

de
- = KX (4.8)
Substitution of KX for dXg/dt in Eq. (4.7) yields
ax
A _dx
Tt " at + KX (4.9)

Since X equals VC, where V and C are the apparent volume of distribu-
tion and plasma concentration of drug, respectively, Eq. (4.9) may
be written as

ax
_A =v9£ + KVC (4.10)

dt

Integration of Eq. (4.10) from time zero to T yields the following ex-
pression for the amount of drug absorbed to time T, (Xp)p:
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T
(XA)T = VCT + KV](; C dt (4.11)

where C is the plasma concentration of drug at time T and fT C dt
is the area under the plasma concentration versus time curve from
time zero to T. An equation for the amount of drug ultimately ab-
sorbed, (X,),, can be obtained by integrating (4.10) from time zero
to infinity and recognizing that C equals zero at both times zero and
infinity. Thus

(XA)Q = KV] C dt (4.12)
0

where f + C dt is the total area under the plasma concentration versus
time curve. Dividing (4.11) by (4.12) and canceling common terms
yields the expression for the fraction absorbed to time T:

T
(XA)T_C +Kj00dt

T
(X

- w (4.13)
A= K fyCadt

Equation (4.13) relates the cumulative amount of drug absorbed
after a certain time to the amount of drug ultimately absorbed, rather
than to the dose administered. By collecting blood after a single oral
dose and determining drug concentrations in plasma and the elimina-
tion rate constant, one can calculate the fraction absorbed for various
times after administration. The calculations required to construct a
percent absorbed-time plot are outlined in Table 4.1 and are based
on the concentration-time data in columns 1 and 2. A plot of Cp +

K ITC dt versus time, as shown in Fig. 4.2, indicates that the curve
is asymptotic and approaches the value of K f"" C dt. After about
18h Cp +K j' C dt is independent of time and closely approximates
K f C dt, indicative of the fact that absorption is negligible and

(X A)T v (X A) The percent absorbed-time plot is shown in

Fig. 4.3. The data suggest that absorption is relatively slow since
at 2 h only about half of the absorption has taken place.

It is important to remember that percent absorbed-time plots
tell us nothing about the extent of absorption. In principle one can
obtain similar plots for two formulations of a drug that differ sub-
stantially in terms of how much of the drug is eventually absorbed.
This difference will be reflected in the Cp, + K [0 C dt versus time
plots.
An important characteristic of the Wagner-Nelson method for
evaluating absorption data is that no model is assumed for the ab-
sorption process. One often finds, however, that a plot of percent
unabsorbed (i.e., 100{1 — [(Xp)T/(Xp),]}) versus time on semi-
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Table 4.1 Calculation of Absorption Data Using the Wagner-Nelson Method t

: . T 3

Time Drug Concentration / C dt K / C dt CT +K [ C dt Fraction e

(h) (ng/ml) 0 0 0 Absorbed ’g-

0 0 0 0 0 0 %

1 1.88 0.94 0.08 1.96 0.29 &

2 3.05 3.41 0.29 3.34 0.49 E

3 3.74 6.80 0.59 4.33 0.64 a

5 4.21 14.75 1.27 5.48 0.81 %’-

7 4.08 23.04 1.98 6.06 0.90 g.

9 3.70 30.82 2.65 6.35 g

12 3.02 40.90 3.52 6.54 i"’:
18 1.86 55.54 4.78 6.64
24 1.12 64.48 5.55 6.67
36 0.40 73.60 6.33 6.73
48 0.14 76.84 6.61 6.75
60 0.05 77.98 6.71 6.76
72 0.02 78.38 6.74 6.76
o 0 78.60 6.76 6.76

161

Notes: The example concerns a drug absorbed and eliminated by first-order processes; a one-compartment
model is assumed. The drug is eliminated with a half-life of 8 h (K = 0.086 h™ 1),
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Fig. 4.2 Plot of the numerator of Eq. (4.13) (i.e., Cqp + K f(t) C dt)
versus time, based on the data in Table 4.1. Drug absorption is es-
sentially complete after about 18 h. Thereafter, the value of CT +
K f(t) C dt is a constant equal to K [7C dt [i.e., the denominator of
Eq. (4.13)].

logarithmic coordinates approximates a straight line. This suggests
apparent first-order absorption and the apparent absorption rate
constant may be estimated from the slope, which is equal to ~k,/2.303.
A linear relationship between percent unabsorbed and time on recti-
linear coordinates suggests apparent zero-order absorption. If suf-
ficient data are available, one may be able to characterize more
complex absorption kinetics (see Fig. 4.4).

Urinary excretion data can also be employed to construct per-
cent absorbed-time plots. The excretion rate of intact drug in the
urine, dX/dt, is given by

X,
=k X (4.19)

dt e

where k_ is the apparent first-order excretion rate constant and X
is the amount of drug in the body. Since X equals VC, it follows
that

dax

u—
rrake keVC (4.15)
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Fig. 4.3 Percent absorbed-time plot based on the data in Table
4.1, A plot of percent unabsorbed versus time on semilogarithmic
coordinates would reveal apparent first-order absorption.

Rearranging terms yields
dX /dt
PR S

C= (4.186)
keV

Substituting this value of C in (4.10) and canceling common terms
gives

dXA _l—d(qu/dt)+§_ qu (a1
dt -ke dt ke dt '

which when integrated from time zero to T becomes
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Fig. &.4 Plot of percent suifaethidole remaining to be absorbed (log
scale) versus time after oral administration of a sustained-release
suspension of the drug (see Ref. 6). The data show two components
in the absorption phase and suggest that, under these conditions,
drug absorption can be described by two parallel first-order processes.

1 qu K
Fr =i \@ L Tk B (4.18)
e T e

where (dX,/dt)T is the excretion rate of intact drug in the urine

at time T and (Xy)T is the cumulative amount of intact drug eliminated
in the urine to time T. An equation for the total amount of drug
ultimately absorbed, (X4),, can be obtained by setting T equal to
infinity in Eq. (4.18) and recognizing that dX,/dt equals zero at time
infinity. Thus,
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(X)), = f— X (4.19)
e

where X7 is the total amount of unchanged drug eliminated in the
urine. The fraction absorbed at any time T, (Xp)T/(Xp) e, is de-
termined by dividing (4.18) by (4.19) and canceling common terms:

(X)), (dX_/dt),, + K(X )
A'r NS u’'T (4.20)

X, ®
A KXu

Equation (4.20) indicates that, in principle, percent absorbed-time
plots can be constructed based solely on urinary excretion data.
Urine must be collected long enough to estimate K accurately but need
not be collected to time infinity. A plot of (dXy/dt)T + K(Xyp)T
versus time is asymptotic, approximating KX;; when absorption is
negligible.

In theory, percent absorbed-time plots may also be constructed
from metabolite concentration in plasma versus time data or from
urinary excretion rates of metabolite [8, 9], but the required assump-
tions make these methods of limited value.

The most serious limitation of the Wagner-Nelson method is that
it applies rigorously only to drugs with one-compartment characteris-
ties. In all other cases it is an approximation. It has been shown
that the application of the Wagner-Nelson method to assess the ab-
sorption of drugs with multicompartment characteristics results in an
underestimation of the time at which absorption ceases and an over-
estimation of the absorption rate [7]. The extent of error for a
drug with two-compartment characteristics depends on the ratio of
kip or kej to A3 [10]. If Ag9/kygis >0.8, then in all likelihood the
Wagner-Nelson method provides a reasonable approximation of the
time course of absorption. Clearly, the Wagner-Nelson method should
not be applied if drug concentration-time data after oral administra-
tion indicate multicompartment characteristics (see Fig. 2.15). A
dilemma is encountered, however, when the concentration-time curve
after oral administration of a drug that shows multicompartment char-
acteristics on intravenous injection suggests a one-compartment model.
Analysis of these data by the Wagner-Nelson method may produce in-
correct results. One way of resolving this dilemma is to construct
the percent absorbed-time plot using the Loo-Riegelman method,
described in the next section. Unfortunately, this method requires
concentration-time data obtained after both intravenous and oral
administration and can be used in few instances. For this reason,
the Wagner-Nelson method is likely to be applied in bioavailability
studies for some time to come, despite the uncertainties.

Multicompartment Models (Loo-Riegelman Method). The Loo-Riegelman
method requires drug concentration-time data after both oral and in-
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travenous administration of the drug to the same subject. It can be
applied generally to linear multicompartment pharmacokinetic models.
The derivation that follows is based on a drug with two-compartment
characteristics. The amount of drug absorbed into the systemic cir-
culation at any time is given by

XA=Xc+XE+xp (4.21)
where Xg is the cumulative amount of drug eliminated by all path-
ways and X, and X are the amounts of drug in the central and
peripheral compartments, respectively. Differentiation of (4.21)
with respect to time yields

X = e + EEE_,, o (4.22)

dt dt dt dt *
The rate of elimination of drug, dXg/dt, assuming first-order
kinetics, is by definition

dX

T T (429
where kg is the apparent first-order elimination rate constant of
drug from the central compartment. By substituting kygX. for
dXg/dt in (4.22) and dividing both sides of the equation by the ap-
parent volume of the central compartment, V,, one obtains

dax ax ax
1 7A_1 " 1 1 _p
voa TV dt 2 Kio¥e * v, @ (4.24)

Since X,/V, equals the drug concentration in plasma, C, Eq. (4.24)
can be written

dX dXx
1 A _ac 1 Tp
Vc ralalr + klOC + Vc It (4.25)

Integration of (4.25) from time zero to T yields the following expres-
sion for the amount of drug absorbed to time T:

(X,) T (X))
AT ¢ +k cat + —2-L (4.26)
v, T 0, v,

where [TC dt is as defined previously in this chapter and Ct and

( Xp)T are the plasma concentration and amount of drug in the periph-
eral compartment at time T, respectively. The expression for the
amount of drug ultimately absorbed, (Xp),, is obtained by inte-
grating (4.25) from time zero to infinity, which yields
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(X0, -
—_— = klO C dt (4.27)
0

v
c

where f‘” C dt is as defined previously. The fraction absorbed at
any time T, (Xp)1/(XA)w, is given by
T
Xy ) Cp*+kyy J'O C dt+ (xp)T/vc

= (4.28)
X,

LI fo C dt
Values for Crp, | T ¢ at, and [§C dt are obtained from the oral ab-
sorption study. The rate constant ky, is estimated from a previous
or subsequent intravenous study of the same subject. The amount
of drug in the peripheral compartment as a function of time after oral
administration divided by the volume of the central compartment can
be estimated by a rather complicated approximation procedure re-
quiring both oral and intravenous data.

The differential equation for the rate of change in the amount of
drug in the peripheral compartment with time is given by

dx

P P -

at kmxc k21xp (4.29)
where k12 and kgj are apparent first-order intercompartmental trans-
fer rate constants. If one assumes that the amount of drug in the
central compartment between two consecutive sampling periods can be
approximated by a straight line, then

AXc
Xe = XKo" 3t ! (4-30
where (Xg)g and X, are the amounts of drug in the central compart-
ment at the time of the first of any two consecutive sampling periods
(i.e., time ty) and at time t, respectively; (4X,/At) is the slope of
this line; and t is any time within the sampling period and varies from
0 to at. Substitution for X, in Eq. (4.29) yields

ax AX
q@ - F®de R aT T K%y (4.31)

the Laplace transform of which is
klz(xc)o klZ(AXc/At) e

sxp - (Xp)0 = p + 82 lep

(4.32)

where (X;)g is the amount of drug in the peripheral compartment at
time tg and s is the Laplace operator. Solving (4.32) for Xp yields
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X k. (X k, (AX /At
T = ( p)l)+ 12( c)0+ 12( c ) (4.33)
p s8+k s(s +k_.) 2 *
21 21 s“(s +k21)

By taking the anti-Laplace of this equation (see Appendix A), an
expression for the amount of drug in the peripheral compartment as
a function of time can be obtained. That is,

kot Kk, (X)) k..t k, (AX_/At)
X, =X )Dge 21 +———1}2{ Co(l—e 21)+——-———-12k < t
P p 21 21
k. (AX _/At) k.t
e e C LD (4.34)
Koy

which may be simplified to

-k.,t k, (X)) “k_ .t
_ 21 12°7c’0 _ 21
Xp = (Xp)Oe + ————-k2 (1 e )
1
. klZ(Axc/At) (e-kzlt Pk -
k2 21 (4.35)
21

Dividing Eq. (4.35) by V, and setting time equal to the time between
any two consecutive sampling periods, At, yields

(X)p (X)) kyat kpCo kbt
.—l’—v = —-P——V e + ——k———(l - e )
c e 21
k.. (AC/At) -k At
12 21
M (e tRypt =D (4.36)

Kot

If the sampling period is relatively short so that kgit < 0.5 [11], the
third term of Eq. (4.36) may be reduced by expressing the exponen-

tial term e_k21At as a two-term Taylor expansion (i.e., e’ X =1 —
x +x2/2). Equation (4.36) then simplifies to

2
(X)) (X ). -k, ot k, C -k _ At k., (AC/At)(at)
Vp_T= VEoe 21 +11{20(1_e 217y, 12 -
c c 21
(4.37)

The calculations involved in estimating values of (Xp)T/Ve as a
function of time based on concentration-time data obtained after oral
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administration and estimates of k19 and kg; obtained after an intra-
venous study are shown in Table 4.2. The values can then be
used in Eq. (4.28) to generate percent absorbed-time data as shown
in Table 4.3.

The Loo-Riegelman method can also be applied to urinary excre-
tion data. In this case the equation analogous to Eq. (4.28) is

t
(XA)T _ (dX“/dt)T + klO(Xu)T +k (X))

= e o T (4.38)
(XA)m k. X°
107u
where
-k Atk _(dX /dt) -k At
t ot 21 12 u 0 _ 21
ke(xp)T-ke(Xp)oe 4-—-————-—---———-k21 (L-e )
k, [A(dX /dt)/at] -k _ At
R e 2 4k at-1
X 21
21

(4.39)

Equation (4.39) is analogous to Eq. (4.36) and may be simplified by
applying the two-term Taylor expansion if appropriate.

Although the application of the Loo-Riegelman method is limited
because of the requirement for concentration-time data obtained after
both oral and intravenous administration, it is a very useful and
rigorous approach for the evaluation of absorption kinetics. The
method can be used for drugs that distribute in any number of
pharmacokinetic compartments. For example, the fraction absorbed
equation for a drug that can be described after intravenous injection
by a three-compartment model with linear elimination from the central
compartment (see Fig. 2.17) is

T
X g ) Cp+kyy )'0 C dt + (XZ)T/VC + ()(:*),I,/vc w0

0

where X4 and X3 are the amounts of drug in each peripheral compart-
ment. Individual equations analogous to Eq. (4.36) must be written
for the amount of drug in each peripheral compartment. For example,

(X, o
A kw)’ C dt

Ky (Xg)y Kyt KiCh kgt
- e s 280, )
v v X
c c 31
k. .(aC/At) -k, At
B e M ak at-1 (4.41)
. 31
31
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Table 4.2 Calculation of Absorption Data Using
the Loo-Riegelman Method

Drug Concen-

Time tration in

T Plasma, CT AC At CO (Xp)O/Vc
0 0.00 — —_ _ —_
0.5 3.00 3.0 0.5 0.00 0.000
1.0 5.20 2.2 0.5 3.00 0.218
1.5 6.50 1.3 0.5 5.20 0.749
2.0 7.30 0.8 0.5 6.50 1.433
2.5 7.60 0.3 0.5 7.30 2.157
3.0 7.75 0.15 0.5 7.60 2.849
3.5 7.70 ~0.05 0.5 7.75 3.471
4.0 7.60 -0.1 0.5 7.70 4.019
5.0 7.10 -0.5 1.0 7.60 4.469
6.0 6.60 -0.5 1.0 7.10 5.103
7.0 6.00 -0.6 1.0 6.60 5.442
9.0 5,10 -0.9 2.0 6.00 5.552
11.0 4.40 -0.7 2.0 5.10 5.318
15.0 3.30 -1.1 4.0 4.40 4.861

Notes: The estimation of (X,)7/V, following oral administration is
based on Eq. (4.37). A two-compartment model and first-order dis-
position are assumed: ki3 = 0.29, kg1 = 0.31, and kyg = 0.16.

Although the Loo-Riegelman method was developed based on multi-
compartment models in which elimination takes place only from the
central compartment, Wagner [12] has shown that the method is
equally valid whether elimination occurs from the central compart-
ment alone, from the peripheral compartment(s) alone, or from both
(all) compartments.

An inherent limitation of the Loo-Riegelman method is the intra-
subject variability in pharmacokinetic parameters such as kig, k12,
and kg1 between the intravenous and oral studies. The assumption
must be made that the kineties of drug distribution and elimination
remain unchanged in the interval between doses. A method that
eliminates intrasubject variability is the simultaneous administration
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(_)_EPL)_Qe-kzlAt km(C)(’(1 ~ e-k21At) (k12(At)2)A_g_
Vc 1\;21 2 At (Xp)T/Vc
- — - 0.000
0.000 0.000 0.218 0.218
0.187 0.402 0.160 0.749
0.642 0.697 0.094 1.433
1.228 0.871 0.058 2,157
1.849 0.978 0.022 2.849
2.442 1,018 0.011 3.471
2.978 1.039 —0.004 4,019
3.444 1.032 —0.007 4.469
3.276 1.900 —0.073 5,103
3.740 1.775 —0.073 5.442
3.989 1.650 —0.087 5.552
2.987 2.592 —0.261 5.318
2.861 2.203 -0.203 4.861
1.361 3.168 -0.638 3.891

of the oral and intravenous doses. The oral dose would consist of
drug in the formulation to be evaluated and the intravenous dose
would be a solution containing labeled drug (i.e., either a radioactive
or a stable isotope) [13, 14]. The concentration of labeled drug in
plasma must be determined by methods specific for unchanged drug.

Deconvolution Method

Deconvolution is a model-independent method for determining absorp-

tion rates. Our discussion will be limited to the application of, rather
than the mathematical basis for, the method. It was introduced by

Rescigno and Segre [15] in 1966, but its use has been limited. The
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Table 4.3 Calculation of Absorption Data Using the Loo-Riegelman Method [see Eq. (4.28)] 5
T
T CT kloj(; C dt (Xp)Tch (XA)T/(XA)w U::;:i:;ed
0.5 3.00 0.12 0.22 0.165 83.5
1.0 5.20 0.45 0.75 0.316 68.4
1.5 6.50 0.92 1.43 0.437 56.3
2.0 7.30 1.47 2.16 0.540 46.0
2.5 7.60 2.06 2.85 0.618 38.2
3.0 7.75 2.68 3.47 0.687 31.3
3.5 7.70 3.30 4.02 0.742 25.8
4.0 7.60 3.91 4.47 0.790 21.0
5.0 7.10 5.08 5.10 0.854 14.6
6.0 6.60 6.18 5.44 0.901 9.9
7.0 6.00 7.19 5.55 0.926 7.4
9.0 5.10 8.96 5.32 0.958 4.2 ’:\1
11.0 4.40 10.48 4.86 0.976 2.4 §
15.0 3.30 12.95 3.89 0.996 0.4 8
Notes: A two-compartment open model and first-order disposition are assumed: kjg = 0.16. Values for E‘;'
(Xp)T/V, are taken from Table 4.2, [j'C dt = 126.44. %
1]

AMN1083
Amneal Pharmaceuticals LLC v. Alkermes Pharma Ireland Limited

IPR2018-00943



4 / Absorption Kinetics and Bioavailability 163

deconvolution method requires no assumptions regarding the number
of compartments in the model or the kinetics of absorption. Linear
distribution and elimination are assumed. Like the Loo-Riegelman
method, deconvolution requires data obtained after both oral and
intravenous administration in the same subject and assumes no dif-
ferences in the pharmacokinetics of drug distribution and elimination
from one study to the other. Drug concentrations must be measured
at the same times following both oral and intravenous administration
during the time that drug is absorbed after oral administration [16}.
However, the deconvolution method does not require the determina-
tion of drug concentrations in plasma at equally spaced intervals
during or after the absorption phase [17]. The accuracy of the
method depends on the size of the sampling interval. The same ap-
plies to the Loo-Riegelman method [12].

Under these conditions the fraction unabsorbed or the fraction
remaining FR in the gastrointestinal tract after a certain time, ex-
pressed in terms of the sampling interval, is given by [16]

j=1

H i=n+1 F,At

(n+l)At i
(FR) = et — = [FR] . (4.42)
nat HAt 1=2 FAt (j-1)at
j=n
where

(X,) (X,)

AT = —_ .__.‘.?‘LA.E (4.43)

(FR) =l—- =1
nat (XA)eo (XA)w

and n At is the time after n sampling intervals equal to At. His a
function describing the drug concentration-time curve following oral
administration and F is a function describing the drug concentration-
time curve following intravenous bolus administration. Fp,¢ may be
given by the drug concentration in plasma at n At or the area under
the drug concentration-time curve between n At and (n — 1) At.
Hpat can only be expressed in terms of concentration. When both H
and F are expressed in terms of drug concentrations in plasma, the
method is termed point-point.

Consider a situation where drug is administered intravenously and
orally on two occasions and blood samples are obtained every 15 min
(i.e., At = 15). Using the point-point method, the fraction remaining
unabsorbed 15 min after oral administration is given by Eq. (4.42)

as follows:

coral i.v.
_2at st
(FR)M - Coral ci.v. (FR)O (4.44)
At At
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where (FR),¢ is the fraction unabsorbed 15 min after oral administra-
tion; (FR) is the fraction unabsorbed at t = 0 and is equal to 1.0;
Cglﬁl and C%‘{al are the drug concentrations in plasma 30 and 15 min,
respectively, after oral administration; and C4 'y and C}-¥" are the
drug concentrations in plasma 30 and 15 min, respectively, after intra-
venous bolus administration. The fraction remaining unabsorbed 30
min after oral administration is given by

oral iv. i.v.

c c
__3at_ aat _ 3t
(FR)ZAt - Coral Ci.V.(FR)At i.V.(FR)O (4.45)
At at At

where (FR),t is obtained by first solving Eq. (4.44). Table 4.4 pro-
vides a numerical illustration of how the fraction remaining unabsorbed
can be calculated by deconvolution using the point-point method.

For a one-compartment model with first-order absorption and

first-order elimination, (FR)pat should be equal to e_nkaAt. This
is readily demonstrated by substituting the appropriate equations in
Eq. (4.42). Under these conditions (FR)t is given by

Table 4.4 Calculation of Absorption Data Using Deconvolution
(Point-Point Method) (see Ref. 16)

Time Ci.v. Coral FR®
0 100.0 0.0 1.00
1 84.0 58.6 0.35
2 70.6 69.9 0.12
3 59.9 65.9 0.05
4 49.4 57.9
5 41.5 49.6

aFR denotes the fraction remaining unabsorbed:

_69.9 _ 70.6
FRl- 58.6 84.0(1'00) (Eq. 4.44)
_65.9 70.6 _59.9
FRZ_TE 84.0(0'35) 34.0 (1.00) (Eq. 4.45)
. . 59, 49.4
FR - 209 9———-706(0.12) —-———99(0.35)———-—(1.00)

3 58.6 84.0 84.0 84.0
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-2Kat | 2Kpht -2KAt
(FR) , = &L = ) _ Be (4.46)
at Kat KAt Be Kot
A(e - e )
where A = k,FX/V(ky ~ K) and B = Xg/V. Canceling common terms
and rearranging terms yields

o 2Kat _ Hkgat Kot Kot e‘ka’“)
(FR),, = < m— (4.47)
-Kat
e -
which may be simplified to yield
e'ka“(e-xm _ e'ka“) -k Bt
(FR), = Y =e (4.48)
-Kat a
e - e

Benet and Chiang [18] recommend the use of the point-area method
rather than the point-point method. In the point-area method, H is

Table 4.5 Calculation of Absorption Data Using Deconvolution
(Point-Area Method) (see Ref. 16)

t i.v t2 i.v oral
Time / cat f cat C FR?
0 ty
0 0.0 91.8 0.0 1,00
1 91.8 77.1 58.6 0.35
2 169.9 64.8 69.9 0.125
3 233.7 54.4 65.9 0.04
4 288.1 45.7 57.9
5 333.8 49.6
aFR denotes fraction remaining unabsorbed:
_69.9 77.1
FR, = 38,6 ~91.8 (100
_65.9 77.1 _
FRZ— 58.6  91.8 (0.35) (1 00)
_579_771 _64 _54.4
}E‘R3 %86 918 (0.125) 918 (0 35) 918 (1.00)
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given by the drug concentration in plasma at time n At after oral ad-
ministration and F is given by the area under the drug concentration
versus time curve over the sampling interval after intravenous admin-
istration. The use of the point-area method to evaluate the time
course of absorption is illustrated in Table 4.5.

Intercept Method

Vaughan {19] has proposed a method for evaluating the in vivo re-
lease rate constant of a drug from its oral formulations. The method
is model independent but requires data after oral administration of
both the formulation and a solution of the drug and assumes that ab-
sorption as well as distribution and elimination are first-order proc-
esses.
The drug concentration in plasma after a single oral dose Dg in
solution can usually be described by a summation of exponential terms:
N -%t
C, =Dy 'Z A (4.49)
i=1
where Aj and o are constants and a; > oj+1. If after oral administra-
tion of the formulation containing a dose D¢, the drug is released from
the formulation in a first-order fashion prior to absorption, drug
concentrations in plasma are given by [19]

-ait
( § Ai ) -krt N fokrAie
C.=1fD —Je + 2 —_——— (4.50)
£ = P i=1 % ~ Kp =1 % T %

where f is the fraction of the dose D¢ that is absorbed relative to the
amount absorbed after the solution and k., is the first-order release
rate constant from the formulation. Provided that k, > ay both Cg
and Cg will, at some time after administration, be described by single

exponential functions:

-aNt
Cs = DSANe (4.51)
and
-a,,t
N
fD k A e
C.= __flil'_l“___ (4.52)
f k - a
r N

where ay is equal to A for a multicompartment system or to K for a
one-compartment system. The intercepts I of the extrapolations of
the final exponential regressions of log Cg versus time and log C¢
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versus time, with the concentration axis, are given by the coefficients
of the terms on the right-hand side of Eqs. (4.51) and (4.52):

IS = DsAN (4.53)
and
fD .k A
i ot 4,50
- o
r N

Dividing Eq. (4.53) by (4.54), canceling common terms, and re-
arranging the resulting equation yields an expression for kr:

*N
k = (4.55)
r 1- foIs/Ds] £
Hence k, may be calculated from drug concentration-time data ob-
tained after oral administration of a solution and a formulation. In
principle, Eq. (4.55) may also be used with urinary excretion rate
data. Vaughan [19] has provided an example based on urinary ex-
cretion rate data to illustrate the use of Eq. (4.55). A 15 mg dose
of methylamphetamine was given as an aqueous solution and as a tablet
formulation. The cumulative urinary excretion of unchanged drug
was 50.4% of the dose after the solution and 50.9% of the dose after
the tablet. Hence f v 1. The final linear regressions of the log of
urinary excretion rates against time had a half-life of 5 h correspond-
ing to an a, value of 0.1386 h"l., The ratio of the intercepts was
0.7. Substitution of these values into Eq. (4.55) gives k, as 0.462
h-1l. When release (dissolution) from the dosage is the rate-limiting
step in drug absorption, this method gives an estimate of the ab-
sorption rate constant since under these conditions k, v kq.

The usefulness of the intercept method is greatest when intra-
venous data are not available (so that the Loo-Riegelman or deconvolu-
tion method cannot be applied) and when the oral data clearly indicate
that the drug distributes in a multicompartment manner (so that the
Wagner-Nelson method may not be applied). The weaknesses of the
method include the assumption of first-order absorption and the need
for o, to be essentially the same for both studies. Also, this method
may yield unusual and misleading results if the drug precipitates in
the gut after administration of the solution dosage form.

EXTENT OF ABSORPTION

Although the standard definition of bioavailability includes both rate
and extent of drug absorption, bioavailability and the alternative
terms, availability and systemic availability, are often used to signify
solely the extent of absorption or the amount of drug reaching the
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systemic circulation because this is often the principal concern of
comparative biocavailability studies. Since the average steady-state
concentration of drug in plasma on repetitive dosing is directly pro-
portional to the amount absorbed, administering a drug in a formula-
tion from which the extent of absorption is lower than from another
formulation is the same as administering a lower dose.

The amount of drug reaching the systemic circulation after oral
administration is often less than the administered dose. There are
many reasons for this. Poor formulations may release only a part of
the dose before reaching the colon. This is found most often with
formulations of poorly water soluble drugs or with special formulations
that are designed deliberately to delay release of the drug. However,
oral administration of even the best formulation of a drug may result
in less than completely availability. Some drugs are so polar that
permeation of the gastrointestinal epithelium is limited. Other drugs
are subject to chemical or enzymatic degradation before reaching the
systemic circulation; this may occur in the gut lumen, in the gut
wall, or in the liver during the first pass.

The systemic availability of a drug after oral administration of a
formulation rarely exceeds that found with a solution. In almost all
cases the performance of a dosage form or formulation can be eval-
uated by comparison with that of a solution. However, equivalent
availability does not imply complete availability. For example, Wagner
et al. [20] have shown that the availability of propoxyphene is the
same after oral administration of a commercially available capsule and
an aqueous solution, but the systemic availability of propoxyphene is
less than 25% of the administered dose largely because of first-pass
metabolism [21]. Although relative availability studies are useful for
characterizing the formulation, one must determine absolute availa-
bility to characterize the drug.

Estimation of absolute availability after oral administration almost
always requires comparison with data obtained after intravenous ad-
ministration. In the case of water-soluble drugs, data after intra-
muscular administration may be acceptable as an absolute standard.
Various oral standards have been used to determine relative availability.
These include aqueous and nonaqueous solutions, carefully formulated
suspensions and certain commercial formulations that are generally
accepted as standards.

Almost all bioavailability studies are concerned with the systemic
availability or relative availability of a drug after oral administration.
However, the extent of absorption may also be of concern when admin-
istering a drug by any extravascular route, for example when giving
a drug suspension intramuscularly or when giving a solution of drug
that is likely to precipitate in the muscle depot on injection. Although
it is reasonable to assume that the entire dose of an intramuscularly
administered drug will be absorbed eventually, absorption may be so
slow that, effectively, availability may be considered incomplete.
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This may occur if the release of a fraction of the dose in the muscle
depot is so slow as to give drug concentrations in plasma below that
which one can measure. Availability is also a consideration after
intravenous administration of a chemical derivative of a drug (a
prodrug) that is intended to produce the drug itself in the body. If
the prodrug is both converted to the drug and eliminated by other
routes, the availability of the drug is less than complete. This is
the case for chlorampehnical after intravenous administration of
chloramphenical succinate [22].

Systemic or relative availability of a drug may be determined
based on drug concentrations in plasma, urinary excretion of un-
metabolized drug, or pharmacologic effects. The last mentioned is
considered briefly in Chap. 6. In some instances availability esti-
mates may be based on metabolite or total radiocactivity in plasma or
urine.

Drug Concentrations in Plasma

The most commonly used method for estimating availability is the
comparison of the total area under the drug concentration in plasma
versus time curve, AUC, after oral administration of the test formula-
tion and after administration of the standard.

In referring to the availability of a drug after oral administration
we will use the term systemic availability F when the standard is an
intravenous solution and the term relative availability Fr when the
standard is an oral formulation. An example of the results of a rela-
tive availability study is shown in Fig. 4.5. Formulation (a) is con-
sidered to be the reference standard.

By definition,

(fo c dt)oral _ AUCoral
F=—" = 30c (4.56)
(fo can), i.v.
when equal doses are given intravenously and orally;
Di v.' AUCoral
F= D AUC. (4.57)
oral iov.
when different doses D are given intravenously and orally; and
AUC
F = m—t& (4.58)
standard

assuming that equal doses are given in the test formulation and the
standard.
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Plasmo levels (ug/mi)

Time aofter dosing (h)

Fig. 4.5 Average chloramphenicol concentrations in plasma for groups
of 10 healthy volunteers who received single 0.5 g oral doses of the
drug in various commercial preparations (a, b, ¢, or d). Product

(a) is considered the standard. (From Ref. 23.)

It is easily shown for any multicompartment model with linear
processes that the ratio of areas after intravenous and oral adminis-

tration is equal to F. Since

FDoral
AUC = (4.59)
oral (Vexn)oral
and
Di v
AUC, T e (4.60)
i.v. (VB)‘n)i.v.
it follows that
AUCoral - FDoral(vs)\n)i.v. (4.81)
AUCi.v. Di.v.("s)‘n)oral

Assuming that the same dose was given intravenous and orally, and
the clearance of the drug, V;A,, was the same in each study, Eq.
(4.61) can be reduced to Eq. (4.56).

The proximity of the estimated average value of F or F; as de-
rived from either Eq. (4.56) or (4.58) to the true value of F or Fp
depends on the assumption that average drug clearance is the same
in each of the comparative studies. This is unlikely to be the case
if different panels of subjects are used for each trial since inter-
subject variability in drug clearance can often be pronounced. This
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variability can be reduced (but not eliminated) by carefully matching
the subjects with respect to sex, body weight, age, health status, and
other factors. A still better solution is to use the same subjects in
both trials. Furthermore, by using the same subjects and by alter-
nating the order of drug administration (i.e., a crossover study), we
can avoid subject effects and period effects.

Today, almost all bioavailability studies are carried out in a cross-
over fashion with a single panel of subjects. Hence the average values
of F or F, determined from these studies are usually good estimates
of the true value. However, these studies are still sometimes plagued
by intrasubject variability; that is, an individual's ability to clear a
drug may differ demonstrably from one administration of drug to the
next. It is likely that the larger the intrasubject variability in drug
elimination, the larger the standard deviation associated with the
estimated value of F or Fp. Large standard deviations make it difficult
to differentiate products, an important purpose of bioavailability
studies. Differentiation at an appropriate level of confidence under
conditions where there is considerable intrasubject variability may
require a very large panel of subjects.

There is considerable interest in reducing the effect of intrasubject
variability in bioavailability studies. This would be accomplished if we
could somehow account for differences in clearance in the same individual
from one treatment to another [see Eq. (4.61)]. Unfortunately, this
is not possible because one cannot determine clearance without making
some assumption concerning bioavailability. Alternatively, one can
assume that the apparent volume of distribution in a given individual
is invariant from trial to trial and then correct for differences in
half-life [24].

Rearranging Eq. (4.61), assuming that (Vg)i v, = (Vg)oral, and
recognizing that t1;2 = 0.693/)p yields

Di.v.(tI/Z) AUCoral (4.62)
) AUC '

.
oral i.v.

i.v.

F =
Dorar(ty/2

This so-called half-life correction method assumes that a change in ty;9
from one study to the next in the same subject reflects solely a change
in clearance and is not mediated by a change in apparent volume of
distribution. It is probably reasonable to attempt the half-life cor-
rection in most bioavailability studies but to accept it only when it re-
sults in a substantial decrease in the standard deviation of the mean
value of F or Fp. The half-life correction method must never be used
when a change in ty,g reflects more persistent or prolonged absorption
of drug from one dosage form than another [25].

An alternative correction for intrasubject variability called the
Kwan-Till method is based on variability in renal clearance and re-
quires both plasma concentration and urinary excretion data [26]. This
method assumes that changes in total clearance are solely the result
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of changes in renal clearance and that nonrenal clearance remains

constant from study to study. It appears to be most useful for but
not limited to drugs that are substantially excreted unchanged in
the urine. The total plasma or systemic clearance is given by
Di v
— (4.63)

Cly = AGC,
1.V.

but may also be expressed as
Cl =Cl_ +Cl (4.64)
s r nr

that is, as the sum of renal clearance Cl, and nonrenal clearance
Clp. The renal clearance of a drug is given by

f D
=B
r AUC
where f,. is the fraction of the administered dose that is ultimately
excreted unchanged in the urine;

Cl (4.65)

™%

fu= ) (4.66)

Equation (4.61) may be rearranged and expressed as

(C1) D, « AUC (Cl__+Cl) D, « AUC
F = s’oral i.v. oral - nr r'oral i.v. oral
(Cl) D « AUC, (Cl._+Cl), D « AUC,
8’i.v. oral i.v. nr r’i.v. oral i.v.
(4.67)

Assuming that nonrenal clearance is the same for both the oral and
intravenous study, and recognizing that Clp, is equal to the difference
between Egs. (4.63) and (4.65), we can state that

(D, {AUC, -f . D, /AUC,
i.v. iv. u,i.v. i.v. iv.
f D /AUC JAUC D,
u,oral oral oral oral i.v.
F = (4.68)
(D, /AUC, -f . D, /AUC,
i.v. i.v. u,i.v. i.v. i.v.
+# . D, /AUC, JAUC, D
u,i.v. i.v, i.v. i.v. oral
which can be simplified to
F =( Di.v. _ fu,i.v.Di.v. . fu,orachorzatl)AUCoral
AUCi.v. AUCi.v. AUcoral Doral
AUCoralDi v a- fu i.v )
AUC, D * fu,orall (4.69)
i.v. oral
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Even if the assumption regarding the constancy of nonrenal clearance
from one study to the next were incorrect, it would be of little con-
sequence if the drug were substantially excreted unchanged, since
Clpy would represent a small fraction of Clg. This method has re-
cently been used for estimating the availability of fluoride from tab-
lets [27]. Calculating F by means of Eq. (4.57) and (4.69) yielded
values of 107.8 * 27.2 and 100.8 * 9.2 %, respectively. Applying the
correction factor reduced the apparent variability of the estimate.
In this case, nonrenal clearance was about 60% of total clearance.
The Kwan-Till method outlined above applies exactly only when an
intravenous reference is available. In the absence of such data, an
approximation has been proposed and evaluated [26, 28].
The correction method described above assigns the variability

in total plasma clearance to renal clearance and assumes no variability
in nonrenal clearance. Since there is no way to measure nonrenal
clearance independently, one may alternatively assume that the non-
renal clearance varies in direct proportion to changes in renal
clearance, so that
(C1) « AUC

r’oral i oral (4.70)

(Clr)x V. oral AUCi.v.

F =

Calculating the availability of fluoride for the example cited above [27]
using Eq. (4.70) yields F = 101.5 * 24.0%. The correction reduces the
average bioavailability to a more realistic absolute estimate, but is

has no effect on the standard deviation. Although this method is

not useful for fluoride, it may apply to other drugs and may be used
in the absence of an intravenous reference.

A systemic (integrated) approach to the estimation of bioavailability
using both model-independent (Kwan-Till) and pharmacokinetic
(half-life correction) techniques has been presented [29]. The methods
of Kwan-Till [26] and Wagner-Nelson [6] or Loo-Riegelman {7} are
integrated such that one is able to check many of the assumptions
inherent in these techniques and make adjustments for apparent de-
viations. This integrated approach as well as the Kwan-Till method
requires that plasma and urine be obtained during the bioavailability
study; the half-life correction method requires one or the other, not
both.

In the typical single-dose bioavailability study, blood sampling is
usually terminated before the entire drug concentration in plasma
versus time curve is characterized (see Fig. 4.6). In such cases the
estimation of f ~ C dt or AUC requires an extrapolation. The available
data are first used to calculate «{0 C dt, where t is the time the last
sample was obtained, using the trapezoidal rule (see Appendix D) or
some other method [30]. The data are then plotted on semilogarithmic
coordinates to estimate K or A (see Fig. 4.6). It is assumed that the
drug concentration-time curve after time t is described by
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Fig. 4.6 Rectilinear and semilogarithmic plots of drug concentration

in plasma versus time after a single oral dose. The last blood sample
was taken before drug concentration had declined to a negligible

level, requiring that part of the total area under the curve be estimated
[see Eq. (4.75).]

c=cpe (4.71)
or
-t
c=¢C 0® (4.72)
Integrating these expressions from t to infinity yields
0 Ct
/ C dt = =~ (4.73)
¢ K

or

g

t C
/ C dt = (4.74)
0 n

where C; is the concentration at the last sampling time. The total
area under the drug concentration in plasma versus time curve for a
multicompartment model is given by

~
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© t Ct
AUC =/ C dt =/ C dt + — (4.75)
A
0 1 n

This technique is useful but does not reduce the need for obtaining
blood samples for as long as possible after dosing. The smaller the
contribution of the extrapolation area term (C{/K or C{/ip) to the
total area, the more accurate the estimation of total area.

The treatment described above suggests that the minimum time
required for sampling in a bioavailability study is that which assures
a reliable estimate of the elimination rate constant (i.e., three to four
elimination half-lives after dosing). In some instances, however, con-
siderably shorter sampling periods appear adequate. Lovering et al.
[31] determined for different formulations of many drugs that the
ratio of areas under the drug concentration-time curve changed little
between the apparent end of the absorption period and the time when
blood sampling was terminated. They concluded that for a wide range
of conditions the area ratios for any two formulations at a time equal
to about twice that required for the apparent termination of absorp-
tion are within a few percentage points of the area ratios at infinite
time. The theoretical basis for these observations is complex, but
the work of Kwan and colleagues [32—34] provides some insight. In
general, we can state for all cases that sampling should not be termin-
ated until some time after absorption is complete. For a one-compart-
ment model with first-order absorption and elimination, the closer
the values of the absorption rate constants for two formulations, the
shorter is the sampling time required for the ratio of areas to approx-
imate the ratio at infinite time. For the same model the greater the
difference between kg and K, the shorter is the time required to de-
termine an area ratio that approximates the ratio at infinite time. For
example, for two formulations each with ka/K > 5, the area ratio after
a time equal to one elimination half-life is usually within 80% of the
ratio at infinite time. When the values of the absorption rate constants
are closer, the approximation is better. When the sampling interval
is equal to two elimination half-lives, the area ratio is within 90% of
the ratio at infinite time if kg/K > 5 for both formulations. It appears
that the use of partial areas in comparative bioavailability studies will
be most successful for drugs with long half-lives and for formulations
from which these drugs are relatively rapidly absorbed. Although we
can rationalize results such as those found with digoxin [35], where for
certain formulations the area measured over the interval 0 to 5 h cor-
relates extremely well with the area measured over the interval 0 to 96
h, the prospective use of partial areas cannot be encouraged. One is
always faced with the uncertainty of deciding when absorption has
effectively stopped. If sampling is terminated before absorption is
complete, comparison of partial areas will be misleading. For this
reason we favor sampling as long as possible after administration and
the application of Eq. (4.75) where appropriate.
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There are times when the estimation of the availability of a drug
after a single dose is difficult. For example, single-dose bioavail-
ability studies in patients who require the drug necessitate stopping
drug therapy. Also, the usual dose of some drugs produce such low
drug concentrations in plasma after a single dose that it may be im-
possible to determine concentrations for more than a few hours after
administration. In such cases it may be desirable to estimate bio-
availability after repetitive dosing. Drug concentrations in plasma
at steady state are often considerably higher than those found after
a single dose. We have shown in Chap. 3 that the area under the drug
concentration in plasma versus time curve over a dosing interval at
steady state after repetitive dosing of a fixed dose at a fixed interval
is equal to the total area resulting from that dose in a single-dose
study. Therefore,

T
- (IO Cgg IV

’ ('f; Cgs IV

test (4.76)

F
standard

where Cgg denotes drug concentrations at steady state and tis the
dosing interval. Equation (4.76) assumes that the dosage regimen
was the same for both studies. One advantage of this method is that
fewer data points are required to characterize the area because the
time course of change in drug concentrations in plasma at steady
state is less precipitous than after a single dose and sampling times
are bounded by the dosing interval. A second advantage is that
patients or normal subjects may be crossed over from one formulation
to another without a drug washout period. It is necessary, however,
upon a change of formulation that the drug be given for four to seven
elimination half-lives before estimating f& Cgg dt to assure attainment
of the new steady state. Table 4.6 summarizes the results of a steady-
state bioavailability study with digoxin [36]. The study consisted of
a randomized crossover design, in six healthy volunteers, with three
2-week treatment periods. Digoxin was given once daily at 8:00 a.m.
Drug concentrations in plasma were determined during the final
dosing interval (day 14). Figure 4.7 shows average drug concentra-
tion-time curves during a dosing interval at steady state for three
quindine formulations [37].

Attempts to estimate availability by comparing single steady-state
drug concentrations in plasma after different formulations rather than
areas over the dosing interval may lead to incorrect results. For
example, consider a one-compartment model with first-order absorption
and elimination. The drug concentration at the end of any dosing

interval at steady state is given by
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Table 4.6 Estimation of Digoxin Bioavailability Using Steady-State
Plasma or Urine Data (see Ref. 36)

T
/ Css dt xss
Dosage 0 u
Form (ng-h/ml) F (mg) F
Intravenous solution 37.6 1.00 105.0 1.00
Oral solution 25.6 0.68 94.7 0.90
Oral tablet 21.8 0.58 89.7 0.85

Notes: In each case, 0.25 mg of digoxin was given every 24 h for
2 weeks. Each value represents the mean of six subjects.

k FX
ss a "0 1 e K1 4.11

min V(ka - K) 1 - e-K'r

C

assuming that each dose is given postabsorption. The ratio of
trough or minimum concentrations at steady state for two formulations
in the same individual is given by

PLASMA CONCENTRATION (mg/I)

TIME (h)

Fig. 4.7 Mean quinidine concentrations in plasma for three different
products during a dosing interval at steady state. The drug was given
every 12 h for 6 days before sampling. Comparison of the areas under
the curves during the dosing interval, adjusted for administered dose,
permits an assessment of relative bioavailability. (From Ref. 37,
reprinted with permission.)
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88
(C . ) _ [kaF/(ka - K)1

min’test test
" Tk F/(k, — K] (4.78)

standard

ss )
min”gtandard

(C

assuming that K, V, 1, and Xg are the same in both cases. Clearly,
the ratio of trough concentrations is equal to F,, (i.e., Figgt/Fgtandard)
only if the absorption rate constants for each formulation are the

same or if absorption from both formulations is such that k, >> K in
each case. Further examination of Eq. (4.78) reveals that if drug is
absorbed from two formulations to the same extent but at different
rates, the ratio of trough levels cannot be unity. For example, if

the standard were absorbed faster than the test formulation but to

the same extent, the ratio will exceed unity and one could incorrectly
conclude that the test formulation is better absorbed.

The principal disadvantage of the steady-state method for estimat-
ing availability is that the clinical aspects are much more difficult to
control and execute. It may take many days to achieve steady state.
In any prolonged study, the potential lapses in subject compliance
increase with time. As an alternative, Kwan and colleagues [32~—34]
have proposed a comprehensive method to permit bioavailability
estimates under quasi- or non-steady state conditions. The basic
strategy is to effect sufficient drug accumulation to facilitate assess~
ment of bioavailability without unduly prolonging the clinical phase of
the study. Only one aspect of this method will be considered here.
The reader is directed to the original publications for mathematical
derivations.

Consider that two treatments of the same drug are to be compared
by administering sequentially ¢ doses of a standard formulation followed
immediately by m doses of a test formulation according to the same
dosage regimen. Under certain conditions it can be shown that [32]

T
Ftest (fo C dt)mﬂ -mKt} 1—e 1Kt
Fr = F = P - € —Tmm (4.79)
standard (f; € av . 1-e

where the integral term in the numerator represents the area under
the drug concentration in plasma versus time curve over the dosing
interval after the last dose of the test formulation and the one in the
denominator represents the area over the dosing interval after the
last dose of the standard. If m = g, Eq. (4.79) reduces to

([T cat) i
- 0’r m+2 —e mKrt (4.80)
(fo cadt),

F
r

For a multicompartment system K is replaced by A,. The derivation
of Eq. (4.79) is based on a linear model with first-order absorption,

AMN1083

Amneal Pharmaceuticals LLC v. Alkermes Pharma Ireland Limited
IPR2018-00943



4 / Absorption Kinetics and Bioavailability 179

and requires that k,; >> K or A, for both formulations, where K or
A represents the slope of the terminal linear phase of a semilog-
arithmic plot of plasma concentration versus time. Alternatively, it
requires that kg is the same for both formulations. If neither of these
conditions is satisfied, Eqs. (4.79) and (4.80) are approximations.
The validity of the approximation depends on (1) the difference be-
tween the two absorption rate constants (the smaller the difference,
the better the approximation); (2) the difference between the absorp-
tion rate constant for each formulation and the elimination rate con-
stant of the drug (the larger these differences, the better the ap-
proximation); and (3) the proximity of ¢t and (m + 2)t to the time
required to achieve steady state (the closer one is to steady state,
the better the approximation). Kwan presents several strategies
to improve the approximations as well as alternative strategies to com-
pare different formulations under a variety of quasi- and non-steady
state conditions [32—34). Based on his experience with this method,
Kwan [33] concludes: "In general, the relative bioavailability between
two formulations in a crossover study is a function of the ratio of
respective mean plasma concentration at quasi- and nonsteady-state.
Appropriate correction factors may be introduced to compensate for
the effects of dose, dosing sequence, half-life, sampling interval,
and residuals. Each of these elements can be readily identified in
the equations developed for each design variation."

Although it is widely accepted that the absolute availability F
of a drug after oral administration can be determined only by ref-
erence to results obtained after intravenous administration, there is
an interesting exception. A method has been proposed for estimating
the absolute availability of drugs with renal clearances that are re-
producibly perturable, without reference to an intravenous dose [38].

Consider the oral administration of a drug under two conditions,
X and Y, which results in different renal clearances. These conditions
may be the coadministration of agents that acidify or alkalinize the
urine or that inhibit tubular secretion. Total clearance is the sum of
renal and nonrenal clearances. We shall assume that nonrenal clear-
ance and the fraction of dose absorbed are the same under both con-
ditions. Therefore,

(Cl)y = (Cl)y €L )% (4.81)

and

(Cls)Y = (Clr)Y + (Clnr)Y (4.82)

where (Clpp)x = (Clpp)y. Subtracting Eq. (4.82) from (4.81) yields
ACls = ACL, (4.83)

where AClg = (Clg)y — (Clg)y and 4Cly = (Clu)x — (Clp)y. For each
condition, total clearance is given by
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((:ls)x Af}lcj: (4.84)
X
and
FD
(Cl )Y AUC (4.85)

where F = Fx = Fy and the dose D = DX = Dy. It follows that

FD FD
aClL = Aucy, ~ AUCy (4.86)

and

ACl_ AUC, - AUC
D AUCY - AUCX

Since all the terms on the right-hand side of Eq. (4.87) can be de-
termined from the two experiments, it is evident that under certain
conditions F can be determined without resorting to an intravenous
study.

This method was tested using intravenous furosemide data from a
furosemide-probenecid interaction study [39]. If the method were
valid, an F value of unity should be obtained. A mean value of
F = 1.05 = 0.11 was determined. The method has also been used to
estimate the availability of tocainide [40] and lithium [41].

Urinary Excretion Data

It is sometimes advantageous or necessary to determine systemic or
relative availability from urinary excretion data. The basis for this
determination is that the ratio of the total amount of unchanged drug
excreted in the urine after oral administration to that following intra-
venous administration of the same dose is a measure of the absorption
(systemic availability) of the drug. This relationship is valid for all
linear models. Since

FDCl1

® r
Xu = Cls (4.88)

it follows that

(Xu )oral( CL)

(Xu)i.v.(Cls) (€1

(Cl) D,
s’oral’ " rii.v. i.v. (4.89)

F =
oral oral
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If we assume that there is a crossover design with a single panel of
subjects and that there is no intrasubject variability in Cl, and Clg
from one study to the next, Eq. (4.89) reduces to
(X D

: oral i.v. (4.90)
(xu)i.v.Doral

F =

or

(x")
= —g.oral (4.91)
(Xu)i.v‘
when equal doses are administered intravenously and orally. In a

similar manner we can show under similar conditions that

&)
F = u’test (4.92)

r «©
( xu) standard
An example of the data required to estimate relative bioavailability
from urinary excretion studies is shown in Fig. 4.8.

The Kwan-Till method may be used in conjunction with urinary
excretion data to reduce the standard deviation of the mean value of
F or F,.. One of two corrections based on experimental estimates of
renal clearance may be applied. First, one may assume that although
renal clearance is different from one study to the next, this change is
compensated for by changes in nonrenal clearance so that total (sys-
temic) clearance is the same. In this case Eq. (4.89) reduces to

_ (Xu)oral Di.v. (Clr)i.v.
F ~ ) ) (4.93)
(X ). oral r’oral
u’i.v.

Alternatively, one may assume that nonrenal clearance Clyp remains the
same. In this case Eq. (4.89) may be written as

F = (Xu)oral Di.v. (Clnr * Clr)oral(CIr)i.v. (4.94)
(X:)i v Doral (Clnr + Clr)i.v.(Clr)oral

Recognizing that nonrenal clearance is the difference between Clg and
Cl, and that (Clypp)orat = (Clppli.v., We obtain

F = (Xu)oral Di.v. (Cls)i.v. B (Clr)i.v. * (Clr)oral (Clr)i.v.
(X:)i v Doz‘al (Cls)i.v. - (Clr)i.v. * (Clr)i.v. (Clr)oral
(4.95)
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Fig. 4.8 Average cumulative amounts of tetracycline excreted in the
urine of six subjects after a single 250 mg dose of the drug (see Ref.
42). The upper curve (C) was the result of administering an oral
aqueous solution of the drug to fasting subjects. The middle curve
(B) was observed after oral administration of the solution to the same
subjects after breakfast. Curve A was obtained after rectal admin-

istration of the aqueous solution.

Rearrangement of Eq. (4.88) yields

(CL)
_ ri.v.
(Cli v, = @, . (4.96)

where (fy)i,v. = (Xg)i.v./Di,v.. Substituting for Clg in Eq. (4.95)
according to (4.96) and simplifying, we obtain

F = (Xu)oral Di.v. (Clr/fu)i.v. B (Clr)i.v. * (Clr)oral
(Xw) Doral (Clr/fu)i.v.
ui.v,

(C1)
ri.v. (4.97)

X
( Clr) oral

which further simplifies to

F= (Xu)oral Di.v. (Clr/fu)i.v. B (Clr)i.v. * (Clr)oral (4.98)
(X:)i v Doral (Clr)oral/(fu)i.v.
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The principal drawback in using urinary excretion data for
estimating availability is the need for collecting urine until virtually
all of the drug has been excreted. With some drugs this may re-
quire several days of collection. Some investigators have observed
with certain drugs that the ratio of amounts excreted over a relatively
short period of time after administration of two formulations is similar
to the ratio obtained on prolonged urine collection. For example,
Greenblatt et al. [43] found that the 1-day and 6-day excretion of
digoxin after intravenous and oral administration of many prepara-
tions were highly correlated (r = 0.94) and the overall variability
in the two measures was nearly identical, despite the fact that less
than half of the cumulative 6-day urinary digoxin excretion was re-
covered on the first day of collection. A similar observation has been
made by Bates and Sequeira [44] with respect to the urinary excre-
tion of total 6-desmethylgriseofulvin after administration of more than
20 formulations of griseofulvin which varied about fourfold in avail-
ability (see Fig. 4.9). Theory predicts that the ratio of amounts ex-
creted in the urine in a comparative bioavailability study are asymp-
totic with time. For drugs with long half-lives and for formulations
from which these drugs are relatively rapidly absorbed, the ratio will
closely approximate the asymptotic value long before the drug is com-
pletely excreted. The use of partial urine collections for estimating
comparative bioavailability may be appropriate if the pharmacokinetics
of the drug are well characterized, but the prospective use of this
method requires too many assumptions to be reasonable.

Systemic or relative availability of a drug may also be estimated
from urinary excretion data at steady state. In theory the amount
excreted over a dosing interval at steady state is equal to the total
amount excreted to infinity after a single dose of the drug. There-
fore,

(x5%)
F = ._u_te_s.t___ (4.99)
r Xss)
( u “standard

where X3° denotes the amount of drug excreted in the urine from time
zero to t during any dosing interval at steady state. Equation (4.99)
assumes that the dosage regimen was the same for both studies. A
principal advantage of steady-state studies compared to single-dose
studies is that the urine collection period is bounded by the dosing
interval. Patients or normal subjects may be crossed over from one
formulation to another without a drug washout period but, on a change
of formulation, the drug must be given for four to seven elimination
half-lives before determining X3 to assure that the new steady state
has been reached. Table 4.6 compares the bioavailability of digoxin
from different formulations as estimated from the area under serum
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Fig. 4.9 Relationship between 24 h and 96 h cumulative urinary ex-
cretion of 6-desmethylgriseofulvin after a single 500 mg dose of griseo-
fulvin in various products to healthy volunteers. In the case of
griseofulvin it appears that bioavailability estimates based on a 24 h
urine collection are equivalent to those based on a complete (96 h)
collection of urine. y = 1.20x + 11.2, n = 47, r = 0.965, P < 0.001.
(From Ref. 44, reprinted with permission.)

digoxin concentration-time curves over a dosing interval at steady
state and from steady-state digoxin excretion in urine.

Bioavailability Estimates Based on Radioactivity, Nonspecific Assays,
or Metabolite Levels

In the early studies of a new drug candidate, a specific assay may not
be available at a time when one wishes to evaluate the absorption of
the drug from test formulations. In this case it is not uncommon for
investigators to use nonspecific assays which detect drug as well as
one or more metabolites (i.e., "apparent" drug) or to administer
radiolabeled drug and to determine total radioactivity in plasma or
urine. Nonspecific assays have also been applied to drugs that are
used in very small doses and have relatively large apparent volumes
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of distribution, so that drug concentrations in plasma are unusually
low and below the sensitivity of common assay methods. Some bio-
availability studies have been based on the appearance of a major
metabolite of the drug in plasma or urine. This is often the case
when a drug is very rapidly metabolized and intact drug is difficuilt
or impossible to detect.

For linear pharmacokinetic systems, estimates of relative avail-
ability based on the area under the concentration of total radioactivity,
apparent drug, or metabolite in plasma versus time curve or based
on cumulative urinary excretion of total radioactivity, apparent drug
or metabolite may provide a useful measure of the relative performance
of the test formulation. The use of nonspecific assays is not appropri-
ate for nonlinear systems. In such cases the total area under the
intact drug concentration in plasma-time curve is a function of the
rate of absorption and the amount absorbed, and estimates of availabil-
ity based on total radioactivity or other nonspecific methods may be
misleading. Nonspecific assays should never be used for estimating
systemic or absolute availability. The approach fails to detect pre-
systemic metabolism in the gut or liver during absorption since drug
and metabolites are not differentiated. Consequently, systemic
availability will be overestimated.

Many other useful comments regarding the use of isotopes in bio-
abailability studies are found in a scientific commentary by Riegelman
et al. [45].

STATISTICAL CONSIDERATIONS IN COMPARATIVE BIOAVAILABILITY
STUDIES

An aspect of biocavailability testing that is of concern to the scientist
and that has broad socioeconomic implications is the interpretation of
the results. Metzler notes that very often bioavailability is a problem
in equivalence [46]. Is the test formulation equivalent to the standard?
What constitutes inequivalence? The answers to these questions must
be based on a consideration of pharmacokinetics, clinical implications,
and statistics. An extensive discussion of the subject is beyond the
scope of this text, but a limited consideration is appropriate. The
reader is referred to commentaries by Metzler [46] and Westlake [47)
for a more detailed treatment.

The traditional statistical methodology which has been applied to
scientific experiments is designed to show that a difference exists
between two treatments. The null hypothesis of no difference is
formulated in the expectation that the results of the experiment will
be inconsistent with the null hypothesis and the alternative hypothesis
of some difference could be accepted. If this is not the case, we ac-
cept the null hypothesis, which is quite different from proving it.

Bioavailability studies present some nontraditional problems.
Sometimes we are interested in proving that the test formulation is
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Table 4.7 Comparison of Confidence Interval and Hypothesis Testing (see Ref. 46)

Results of Experiment:
Comparative Bioavailability

of Test Formulation to Confidence Limit (95%)
Standard Formulation with Criterion for Acceptance and Decision
Test 95% Confidence Limits Reached by a Knowledgeable
Formulation (Statistical) Pharmacologist, Physician, etc.

Decision Based on
Hypothesis Testing,
a= 0,05

Drug A: Lower limit must be 80% or

more
A-1 92% (82% or more) Acceptable
A-2 92% (85% or more) Acceptable because lower limit exceeds
80%
A-3 100% (55% or more) 100% looks good, but data are

insufficient, unacceptable

One-sided test

Acceptable

Unacceptable

Acceptable

981

sop}eun{ooBWIBYJ
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95% (78% or more)

120% (105% or more)

105% (97% and 113%)
110% (95% and 125%)

96% (93% and 99%)

Unacceptable because the lower limit Acceptable
is less than 80%; may become accept-

able with more data

Acceptable, even though more avail- Acceptable
able than standard, because lower

limit is greater than 80%

Drug B: Lower limit must be greater Two-sided test
than 85%, and upper limit
must be less than 115%

Acceptable Acceptable

Unacceptable because upper limit Acceptable
is greater than 115%

Acceptable Unacceptable

AymqereaROlg pue soneury uondiosqy / p
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different from the standard, but at other times we are interested in
"proving" that they are equivalent. Obviously, the most expedient
approach to accepting the null hypothesis is poorly designed ex-
periments with few subjects and large variability. Even in the more
traditional situation where we are seeking differences between formu-
lations we may find statistically significant differences that are in
fact trivial from a clinical point of view. What we really want to learn
from all bioavailability studies, irrespective of our expectation, is
the difference between the test formulation and the standard and
whether or not the difference is acceptable. The latter is largely a
clinical question but also of concern to compendias and others who
are interested in establishing standards. Thus it appears reasonable
to conclude that the evaluation of bioavailability data should be based
on a confidence interval method rather than hypothesis testing [46,
47]. The clinician or some other appropriate party can specify that
the bioavailability of the new formulation relative to the standard must
be within a certain range and that this must be known with a certain
level of confidence. For example, it might be specified that, with
95% confidence, the new formulation should be between 80 and 120% as
available as the standard. A comparison of decisions based on con-
fidence intervals and hypothesis testing for several comparative bio-
availability studies is presented in Table 4.7. If it is known that the
standard formulation is completely available, it is only necessary to
specify lower limits for the formulation (see drug A in Table 4.7).

In most cases both lower and upper limits would be specified (see
drug B in Table 4.7). The confidence interval method is gaining wide
acceptance as the appropriate statistical approach for evaluating
comparative bioavailability studies.

SUSTAINED RELEASE

The therapeutic index TI of a drug has classically been defined as

the ratio of the median toxic or lethal dose to the median effective
dose. For clinical purposes, a better definition is the ratio of the
maximum drug concentration in plasma at which the patient is free of
adverse effects of the drug to the minimum drug concentration in
plasma required to elicit a minimally adequate therapeutic response.

In principle, a drug should be given with sufficient frequency so

that the ratio of maximum to minimum drug concentrations in plasma

at steady state is less than the therapeutic index and at a high enough
dose to produce effective concentrations [48]. For a linear, one-
compartment system with repetitive intravenous dosing (constant dose,
constant dosing interval 1) the ratio of maximum to minimum drug
concentrations in plasma at steady state is given by

ss

_max _ Kt (4.100)
88

c®
min
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where K is the first-order elimination rate constant. It follows that

KTt (4.101)
and
In TI
titl/zm (4.102)

where TI is the therapeutic index. When the therapeutic index of a
drug is 2, the dosing interval should be equal to no more than one
biologic half-life of the drug. For drugs with short half-lives
(t1/2 < 6 h) and low therapeutic indices (TI < 3), the proper dosing
schedule requires the drug to be given unreasonably frequently.
This situation prevails with theophylline and procainamide, among
other drugs. Sustained-release dosage forms may alleviate this
problem, since the slower the absorption of a drug, the smaller the
ratio of Cpax to Cmin over a dosing interval at steady state. In
theory a drug that must be given every 3 h at a dose of 100 mg can
be given every 6 h (D = 200 mg), every 12 h (D = 400 mg), or every
24 h (D = 800 mg) simply by reducing the absorption rate constant of
the drug to maintain the Cpay to Cpin ratio. This may be accomplished
by modifying the formulation to reduce the release rate of drug rela-
tive to that of a conventional formulation. Many sustained-release
products are commercially available from which drug is absorbed in
an apparent first-order fashion but at a considerably lower rate than
observed after conventional tablets or capsules (see Fig. 4.10).

Although mathematical theory sets no limit as to how infrequently
we can give a drug in a sustained-release formulation, a very stringent
limit is imposed on oral formulations by the finite time over which a
drug may be absorbed in the gastrointestinal tract after administra-
tion. The literature on drug absorption, gastric emptying, and in-
testinal motility suggests to us that within 9 to 12 h after administra-
tion of most prolonged-release dosage forms, the drug will be at a
site in the intestine from which absorption is poor and ineffective.
With this effective absorption time range in mind, it follows that the
maximum absorption half-life should be 3 to 4 h. Formulations that
release drug more slowly are likely to result in unacceptably low avail-
ability in a significant number of patients. In principle, a formula-
tion that releases a well-absorbed drug in a first-order fashion with
a half-life of 4 h will result in bioavailabilities ranging from about 80
to 90% of the dose if absorption time is limited to 9 to 12 h, A formu-
lation with a 3 h half-life for drug release yields availabilities of about
90 to 95% of the dose over these absorption times. Shorter effective
absorption times require still more conservative estimates of max-
imum half-lives.

Assuming maximum absorption half-lives of 3 or 4 h, to ensure
adequate availability, we have calculated Cpgax to Cmin ratios at
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Table 4.8 Calculated Steady-State Data for Drugs with Different Elimination Half-Lives Given in One of
Two Sustained-Release Formulations (see Ref. 50)

Elimination SS Ss SSs sSs Ss
Half-Life (h) Dose T tmax Cma.x Cmin Cma.xlcmin
Formulation A: release half-time = 3 h
1.98 400 8 2.6 17.3 9.5 1.8
600 12 3.1 20.7 6.0 3.4
1200 24 3.5 35.6 0.9 41.0
3.15 400 8 2.9 25.8 17.5 1.5
600 12 3.6 29.4 12.8 2.3
1200 24 4.3 46.4 3.0 15.3
4.01 400 8 3.0 31.9 23.5 1.4
600 12 3.8 35.6 18.4 1.9
1200 24 4.8 53.2 5.8 9.2
]
41.95 400 8 3.0 38.7 30.2 1.3 3
600 12 4.0 42.4 24.8 1.7 3
1200 24 5.2 60.3 9.8 6.2 §
5.97 400 8 3.1 46.1 37.5 1.2 £
600 12 4.1 49.8 31.9 1.6 o
1200 24 5.5 67.1 15.0 4.5 g
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>
Formulation B: release half-time = 4 h ~
>
1.98 400 8 2.7 16.5 10.6 1.6 &
600 12 3.3 19.1 7.6 2.5 g
1200 24 3.9 30.4 1.9 15.8 =
©
3.15 400 8 3.0 25.0 18.7 1.3 =
600 12 3.8 27.7 14.8 1.9 ;S
1200 24 4.9 40.4 4.9 8.2 ®
4.01 400 8 3.1 31.2 24.8 1.3 @
600 12 4.1 33.9 20.6 1.6 g
1200 24 5.4 47.6 8.2 5.8 2
jos]
4.95 400 8 3.2 38.0 31.5 1.2 <3
600 12 4.2 40.7 27.1 1.5 b
1200 24 5.9 54.7 12.8 4.3 %
5.97 400 8 3.2 45.4 38.9 1.2 E:’;
600 12 4.4 48.1 34.2 1.4 &
1200 24 6.2 62.2 18.4 3.4

161

AMN1083
Amneal Pharmaceuticals LLC v. Alkermes Pharma Ireland Limited
IPR2018-00943



192 Pharmacokinetics

-
- -

: -
o o

o
©

SERUM LITHIUM (mmol/l)
=3 =3
> >
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Fig. 4.10 Mean serum lithium concentrations after administration of
a single 1.8 g dose to four manic patients (see Ref. 49). The drug
was given either as a conventional preparation (—) or as a sustained-

release preparation (---).

steady state for drugs with elimination half-lives ranging from 1 to
6 h given at a dosing rate of 50 mg/h at intervals of 8, 12, or 24 h.
The maximum concentration in plasma at steady state was determined

from

1 'K‘::ax
K- e (4.103)

88
C =
max

<jo

1-e

assuming complete absorption, where

-Kr _kaT
2.31og [k (1 — e Y/IK(1 — e )1
58 = 2 (4.104)
max k — K :
a
and the minimum concentration in plasma at steady state from
k D -k 1
ss _ a 1 -Krt 1 a
Coin = ¥k~ 10 ( Ke © x1° ) (4.105)
a 1-e 1-e @
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The results are summarized in Table 4.8. It is evident, in general,
that drugs with short half-lives and low therapeutic indices must be
given no less frequently than twice a day. Once-a-day dosing with
sustained-release dosage forms is appropriate for drugs with higher
therapeutic indices or with longer half-lives. However, the need for
sustained release formulations of such drugs is not as great since
adequate therapy can be achieved at reasonable dosing intervals.
Drugs with pronounced multicompartment characteristics after
oral administration often show large Cpax to Cpin ratios. Some must
be dosed at intervals considerably less than the biologic half-life to
avoid adverse effects that are associated with high drug concentra-
tions in plasma (central compartment). A relatively modest reduction
in the absorption rate constant of such drugs by appropriate formula-
tion may substantially reduce the maximum to minimum drug concen-
trations in plasma at steady state and may permit considerably less
frequent administration of the drug. In essence, the reduced ab-
sorption rate may eliminate the "spike" of drug concentration in plasma
associated with rapid absorption and slow distribution [50]. The
principal advantage of less frequent drug administration is the poten-
tial improvement in patient compliance with the prescribed regimen.
Pharmacokinetic theory suggests that the ultimate method for
reducing the Cpax to Chpin ratio is to have zero-order absorption.
Once steady state is achieved under these conditions, drug concen-
tration in plasma is constant as long as absorption persists. Several

30LL R N T
{’%.} %ﬂH ﬁ[H %T{

Fig. 4.11 In vitro (—) and in vivo (4, O, ®) release rates of po-
tassium chloride from a dosage form that utilizes the principle of the
elementary osmotic pump. The in vivo data were obtained in three
different dogs. Bars show experimental error. (From Ref. 54,
reprinted with permission.)

AMN1083

Amneal Pharmaceuticals LLC v. Alkermes Pharma Ireland Limited
IPR2018-00943



194 Pharmacokinetics

SERUM THEOPHYLLINE LEVELS {ug/ml)
: o
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Fig. 4.12 Mean steady-state serum levels of theophylline in 20 asthmat-
ic children who were receiving an oral sustained-release preparation

of the drug every 12 h. The very small difference between peak and
trough concentrations suggests that absorption of the drug from this
dosage form can be described, at least on the average, by zero-

order kinetics. (From Ref. 55. © 1980 American Academy of
Pediatries.)

investigators have discussed the application of pharmacokinetic prin-
ciples to the design of sustained-release formulations that release
drug in a zero-order fashion [51—53]. An example of such a system
is the elementary osmotic pump [54]. The in vivo release rate of KCl
from this dosage form in the gastrointestinal tract of dogs is shown
in Fig. 4.11. Such dosage forms, however, are still limited by con-
siderations of effective residence time of drug at absorption sites in
the gastrointestinal tract. Accordingly, a drug with a short half-
life must usually be given no less frequently than twice a day.

In our view the most important criteria for the evaluation of
sustained-release products are bioavailability and Cpgx to Cpin ratios
at steady state. It is certainly desirable to have a bioavailability of
at least 80% relative to the conventional dosage form. Where appropri-
ate, the peak-to-trough ratio at steady state should be no greater
than the therapeutic index of the drug. In all cases, this ratio
should not exceed that observed after repetitive administration of
the conventional dosage form at shorter intervals. The data in Fig.
4,12 indicate exemplary performance of a sustained-release product
of theophylline. The C ., to Cyip ratio at steady state resulting from
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administration of this dosage form every 12 h is smaller than that
found on administration of a conventional dosage form of theophylline
every 6 h.
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Apparent Volume of Distribution

The proportionality constant relating drug concentration in blood or
plasma to the amount of drug in the body has been termed the ap-
parent volume of distribution. There has been considerable confusion
concerning the estimation and meaning of the apparent volume of dis-
tribution of a drug. A principal cause of this confusion is the fact
that there is no obvious relationship between the apparent and real
volume of distribution of a drug.

The real distribution volume of a drug is related to body water
and cannot exceed total body water (i.e., about 58% of body weight
in the normal adult human). Body water may be divided into at
least three distinct compartments: the vascular fluid or blood, the
extracellular fluid, and the intracellular fluid. In humans, extra-
cellular fluid is about one-third of total body water and includes the
plasma, which is about 4% of body weight. Blood volume, which in-
cludes the intracellular fluid of the erythrocytes and other formed
elements, is about twice the plasma volume.

Some high molecular weight substances, such as Evans blue or
indocyanine green, are essentially confined to the circulating plasma
after intravenous administration and can be used to estimate plasma
volume (or blood volume if the hematocrit is determined). Certain
ions, such as chloride or bromide, rapidly distribute throughout the
extracellular fluid but do not easily cross cell membranes, so they
may be used to estimate extracellular water. The volume of total
body water may be estimated by means of heavy water or certain lipid-
soluble substances, such as antipyrine, which distribute rapidly
throughout the total body water.

The apparent volume of distribution of each of these tracers
approximates its true volume of distribution because binding to plasma
proteins and tissues is negligible. For most substances this is not
the case. Most drugs are significantly bound in either the vascular
or extravascular space, or both. Drugs that are predominantly bound
to plasma proteins have apparent volumes of distribution that are

199
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smaller than their real volumes of distribution, whereas drugs that
are predominantly bound to extravascular tissues have apparent vol-
umes of distribution that are larger than their real distribution space.
For different drugs, volumes of distribution may range from about

0.04 to more than 20 liters/kg.

RELATIONSHIP BETWEEN VOLUME OF DISTRIBUTION, DRUG BINDING
AND ELIMINATION, AND ANATOMIC VOLUME

A quantitative expression relating apparent volume of distribution,
real distribution space, and binding may be developed using the model

The model consists of two physiologic spaces, the

shown in Fig. 5.1.
Linear

vascular or blood space and the extravascular or tissue space.
binding occurs in both spaces and the concentration of free drug is
the same throughout the total body water. After administration of
drug into the vascular space by intravenous bolus injection, distribu-
tion is assumed to be instantaneous. Elimination occurs in a first-

VASCULAR SPACE NONVASCULAR SPACE

Blood « bound Drug Tissue - bound Drug

PRSI
Free Drug B Free Drug
. H

kg

v

Eliminated Drug

Fig. 5.1 One-compartment pharmacokinetic model with two linear bind-
ing sites. Initially, a bolus dose of drug is introduced in the vascular
space; binding and distribution is assumed to be instantaneous. The
rate of drug elimination is given by the product of k¢ and free drug

concentration.
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order fashion at a rate proportional to the free drug concentration.
The model is, in one sense, a one-compartment system in that drug
distribution between the two physiologic spaces is assumed to be in-
stantaneous. However, in another sense, the model is a two-compart-
ment system since vascular binding sites (such as plasma proteins)
and tissue binding sites are restricted to separate spaces.

In the case of linear binding in the vascular space (blood),

CBbzbcf (5.1)

and

ABb -bVBCf- bABf (5.2)
where Cgp is the concentration of drug bound in the blood at time t;
b is a proportionality constant relating free (unbound) drug concen-
tration Cg to bound drug concentration in the blood; Ap and Agf
are the amounts of drug bound and free, respectively, in the blood
at time t; and VB is blood volume.

Since the free drug concentration at any time is the same through-
out the system, it follows that the amount of free drug in the blood

is given by
v

=B
=5 A ¢ (5.3)

f
where V¢ is the volume of distribution of free (unbound) drug and is
equal to the sum of Vg and VT (where V7 is the volume of the tissue
or extravascular space), and Ay is the amount of free drug in the
body at time t. It follows that

\'

At

ABb=bV—?-Af (5.4)

In the case of linear binding in the extravascular space,

CTb = BC ¢ (5.5)
and

ATb = BVTCf = BATf (5.6)

where Cpy, is the concentration of drug bound in the extravascular
space at time t; B is a proportionality constant relating free drug
concentration to bound drug concentration in the extravascular space;
ATp and Arf are the amounts of drug bound and free, respectively,
in the extravascular space at time t; and Vg is the volume of the
extravascular space. Since the free drug concentration at any time
is the same in both spaces, it follows that
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Vp
ATf=V—-Af (5.7)
£
and
A =B Y—IA (5.8)
™ PV, M .

At any time after administration, the entire dose D can be ac-
counted for by the sum of the amounts bound in the vascular and ex-
travascular space, the amount of free drug in the body, and the
amount eliminated:

t
D=Af+ABb+ATb+kf/(; Af dt (5.9

where ky is the first-order elimination rate constant and the term
kf f& A dt represents the amount eliminated up to time t. Differentia-
tion of Eq. (5.9) with respect to time yields
dA dA dA
f Bb Tb -
gt +—_—_dt + at +kaf—0 (5.10)
By differentiating Eqs. (5.4) and (5.8), we obtain

dA v, dA
B _f (5.11)

v
Ib =B‘—71—-—§ (5.12)

Therefore, Eq. (5.10) may be transformed to
dA \' A%
f B T _
(1+b—+BV—f—)+kaf—0 (5.13)

dt Vf

Rearrangement yields

—dA v \"
f B T\ _
—at (1 +b V——f +B Vf ) = kaf (5.14)

Since Ag = V¢Cp, it follows that
—dcC kf

f
= C,=8C
dt 1+ b(VB/Vf) + B(VB/Vf) f

£ (5.15)
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where g8 is the apparent elimination rate constant and is given by

k
f
= (5.16)
1+ b(VB/Vf) + B(VT/Vf)

B

If we define a new term, f, as the fraction of the total amount of
drug in the body which is free, then

Ag 1

ftAgy YA, 17 (ABb/Af) + (ATb/Af)
Rearranging Eq. (5.4) gives a term for Agh/A¢ and rearranging Eq.
(5.8) gives a term for ATh/As. Substituting these terms in Eq.
(5.17) yields

(5.17)

f=g

1
f= (5.18)
L+ Db(Vy/Vy) + BV, /V)

Substituting this expression in Eq. (5.16) gives

g = fkf (5.19)

It is evident that the apparent elimination rate constant g is the
product of the instrinsic elimination rate constant for free drug k¢
and the fraction of the total amount of drug in the body that is free,
f. Ordinarily, we cannot measure f in humans and it is very difficult
to measure in animals. On the other hand, we can determine the
fraction free in the vascular space (i.e., the fraction unbound in
blood) by relatively simple binding experiments. This parameter, fg,
is defined as

R S 5 __ "Bt (5.20)
B Ce+Chp VeCe*VeCmp “pr*4po
Comparison of Eqs. (5.17) and (5.20) suggests that the relationship
between f and fg is complex and nonlinear. It follows that 8 will not
be a linear function of fg.

Integration of Eq. (5.15) yields

= C° -8t
C ¢ C e (5.21)
where Cf is the concentration of free drug at time zero (i.e., im-
mediately after injection).
The total drug concentration in the blood Cpg is given by

CB=C£+CBb=Cf+bCf=(1+b)Cf (5.22)
It follows that
= C¢° -8t
CB CBe (5.23)
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The initial condition at time zero for the model is given by the

equation
A;+A°b+A§b-D (5.24)

The ratio of AB to dose D is

[+ (<] ]
A3_VB® __ “Br* %R (5.25)
Q (<] o .
D D Af + ATb + ABb
Therefore,
AS  + A
Co = M__. _Q_. (5.26)

o o o
B Ap*Ar, *Agp Vp

Equations (5.17) and (5.20) apply equally at the initial condition
and at any time t. Therefore, the ratio of f to fg is given by

£ PBrthAg, A (5,21
o3 .
£, TAT+AS + AT AL

Since A;/Agf is equal to V¢/Vg, according to Eq. (5.3), it fol-
lows that on rearrangement of Eq. (5.27), we obtain

o Le]

ABf + ABb VBt (5.28)

[} ) o = .
Af + ABb + A Vf fB
Substituting Eq. (5.28) into Eq. (5.26) yields

\'
f D B _f D

0 = e /. U= =

CBE V. V. "LV (5.29)

The systemic (blood) clearance of a drug, Clg, is calculated from
the ratio of the dose to the total area under the blood concentration-

time curve:
R (5.30)

Cl =
fo C_ dt

Integration of Eq. (5.23) fromt = 0 to t = », followed by substitu-
tion for Cf from Eq. (5.29) and for 8 from Eq. (5.19), gives

00 C%
C dt = — = (5.31)
/; B f Vtkf
Substituting this term in Eq. (5.30) yields
ClS = fB(kaf) (5.32)
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where Vgky is the intrinsic clearance. Thus we see the classic rela-
tionship between systemic clearance and the fraction of drug free in
the blood, which was first described by Levy and Yacobi [1].

By definition, systemic clearance is the product of the apparent
volume of distribution and the apparent elimination rate constant:

Cls =V8 (5.33)
Therefore,
Cls

V= —B—' (5.34)

Substituting for Clg from Eq. (5.32) and for 8 from Eq. (5.19) gives

[

-B
V= 7 Vf (5.35)
Equation (5.35) indicates that in the absence of drug binding (i.e.,
f=fg =1), V=Vs. This is the case for antipyrine; the apparent
volume of distribution of antipyrine closely approximates total body

water.
From Eqs. (5.17) and (5.20) it can be shown that

f Aps  AptApp tAq

AT A A (5.38)
Bf Bb f

Since in all cases an amount term is the product of a concentration

term and a volume term,

2.
f

5 VpS vfc +vBcBb VCorp 5.7
T~ V,C,+ VgCp Ve,

which simplifies to

g VéCe* VgChp * V1lrp 1
= C +C v (5.38)
f Bb f
Therefore,
B Vet VaCrb * Vol
TS T e (559
f Bb
Substituting Eq. (5.39) in Eq. (5.35) and rearranging terms yields
V(Cf + CBb) = Vfo + VBCBb + VTCTb (5.40)

Dividing each term in Eq. (5.40) by C; gives
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V(Ce + Cpy) Vs5%so . VrCrp
<. “VYstc. *tT (5.41)
£ £ £

It is heipful to define a new term fy (i.e., the fraction free in the
extravascular space), which is, by analogy to fg [see Eq. (5.20)],
given by

Ce
f .= (5.42)
T Cf + CTb
By rearranging terms in Eqs. (5.20) and (5.42), we can show that
C 1-f
T (5.43)
f B
and
C 1-1
=2 == (5.44)
f T
Substituting Eqs. (5.20), (5.43), and (5.44) into Eq. (5.41) yields
1-f 1-f
§‘—7=Vf+ ) A (5.45)
B B T

Recognizing that Vg is simply the sum of Vg and Vp, and multiplying
each term in Eq. (5.45) by fg gives the following expression:

1-f
= _ T
V= fB(VB + VT) + (1 fB)VB + fB fT VT (5.46)
Expanding each term yields
f —f f
B BT
V= fBVB + fBVT + V}3 - fBVB + f'r VT (5.47)
which simplifies to
fB
V=VB+Z';VT (5.48)

Experimentally, drug binding is determined, by one of several
methods, in plasma or serum rather than in blood. Hence one de-
termines f,, the fraction of drug unbound (free) in the plasma,
rather than fg. However, f, values can be easily converted to fg
values by multiplying f,, by the ratio of drug concentrations in plasma
and in whole blood [i.e., fg = fp(Cp/CB)] .
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In the event that no information is available concerning the par-
titioning of drug between plasma and red blood cells, an alternative
expression for calculating apparent volume of distribution is as

follows:

f

vi=v +v. R

p Ty
T
In Eq. (5.49), V'is the apparent volume of distribution relating the
total amount of drug in the body to the total drug concentration in
plasma, Vp is plasma volume, and Vg is the volume of the extra-
vascular space plus the erythrocyte volume. Drug binding to erythro-
cytes contributes to fp.

The derivation outlined above resulting in Eq. (5.48) or (5.49)
was first presented by Gibaldi and McNamara [2] and leads to a re-
lationship identical to that proposed by Wilkinson and Shand [3] based
on the work of Gillette [4]. This relationship is conceptually very
useful. It is evident that ordinarily, the smallest apparent volume of
distribution of a drug is blood volume, This value is approached when
there is extensive binding in the vascular space (i.e., fg + 0) and
little binding in the extravascular space (i.e., fp + 1). A highly
polar drug, restricted to the vascular space because of molecular
weight considerations, may have an apparent volume of distribution
equal to plasma volume. Lipid-soluble drugs such as dicumarol that
are highly bound to plasma proteins but less bound to tissues (i.e.,
fg/fT < 1) have apparent volumes of distribution that are between
the values of blood volume and the volume of total body water. Many
basic drugs, including amphetamine, are preferentially bound to extra-
vascular tissues (i.e., fg/fp > 1) and have apparent volumes of dis-
tribution that exceed the volume of total body water. Drugs that are
negligibly bound (i.e., fg = f7 = 1) have apparent volumes of distribu-
tion that approximate the volume of total body water in the cases of
lipid-soluble compounds (e.g., antipyrine) or the volume of the extra-
cellular space in the case of poorly lipid soluble compounds.

Equation (5.48) predicts a linear relationship between apparent
volume of distribution V and fraction free in the blood fg when
the fraction free in the extravascular space is constant. Thus if
certain perturbations such as disease state, concomitant drug therapy,
or genetic factors affect plasma protein binding of a drug but have no
effect on tissue binding, a plot of V versus fB will be linear with a
positive slope and an intercept equal to Vg (see Fig. 5.2). If the
perturbation produces a parallel but smaller effect on tissue binding,
an apparently linear plot may result, but the value of the intercept
will be greater than Vg. If the effects on plasma protein and tissue
binding are quantitatively similar, V is independent of fg. Both of
these cases are also shown in Fig. 5.2. Perturbations that principally

(5.49)
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Fig. 5.2 Apparent volume of distribution as a function of free fraction
of drug in blood, fg. Blood volume is equal to 75 ml/kg. Total body
water is equal to 600 ml/kg. Case A: fg varies from 0.1 to 0.2, fp

is constant at 0.1. Case B: fpg varies from 0.1 to 0.2, f7 varies from
0.1 to 0.14 such that fp = 0.4 fg + 0.06. Case C: Both fg and fr
vary from 0.1 to 0.2 such that fg/fr is constant. (Data from Ref. 2.)

affect plasma protein binding will produce an increase in V, whereas
those that principally affect tissue binding will result in a decrease
in V. An example of the latter situation is found with digoxin in
patients with renal disease [5].
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TISSUE BINDING

Although the fraction free in the extravascular space, fr, cannot
be determined directly in humans, it may be possible, under certain
circumstances, to estimate it indirectly by using a rearranged form of
Eq. (5.48):

f v
BT
f = (5.50)
T V- VB
By determining V and fg experimentally and by using appropriate
estimates of Vg and Vp, we can readily calculate f7. Therefore,
we can assess whether a perturbation that affects plasma protein
binding also affects tissue binding. Using this approach it has been
found that uremia and nephrosis, both of which significantly decrease
the plasma protein binding of phenytoin in humans, have no effect
on the apparent tissue binding of the drug. On the other hand,
apparently genetically related differences in plasma protein binding
of warfarin in individual rats are paralleled by differences in tissue
binding [6].

Clarification of the role of tissue (extravascular) binding in drug
disposition and drug effects requires further investigation, but it is
clear that the systemic clearance of a drug is independent of tissue
binding [see Eq. (5.32)]. On the other hand, tissue binding appears
to be a principal determinant of the apparent elimination rate constant
8 or half-life of a drug.

By rearrangement of Eq. (5.33), we can show that

Clh‘3
B = v (5.51)
Substituting for Clg according to Eq. (5.32), and for V according to
Eq. (5.48), yields

g = _._fB. V_______fkf (5.52)
Vg + (g lEV

If we assume a situation where drug binding to erythrocytes is neg-
ligible, and define apparent volume of distribution in terms of drug
concentration in plasma rather than blood, we may rewrite Eq. (5.52)
as

g = fPV_fk i S (5.53)
= _ )
Vo + (B IRV

Since plasma volume is only about 40 ml/kg, it follows that for drugs
with an apparent volume of distribution greater than 400 ml/kg,
V=-VpaV gV&‘(fp/fT) and
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o fpvfkf _ fpVike
B —(f /f )V' - vy (5- 54)
p T T T

As we have noted, the product of V¢ and kr is usually designated
as intrinsic clearance or Cly and reflects the intrinsic ability of
the eliminating organ(s) (e.g., the liver or kidneys or both) to clear
the drug from the blood. Therefore,

f Cl
g2t (5.55)
T
and
0.693V
v 1 (5.56)

t N
1/2 fTClI

Equation (5.56) shows that, for many drugs, half-life is a func-
tion of the body's intrinsic ability to eliminate the drug and of the
degree of binding of the drug in the extravascular space, and that
half-life is independent of plasma protein binding. Although Eq.
(5.56) applies rigorously only to drugs with apparent volumes of
distribution exceeding 400 ml/kg, it has been shown for drugs with
apparent volumes ranging from 100 to 400 ml/kg that, under the con-
ditions stated half-life is largely dependent on tissue binding and
less dependent on plasma protein binding [7]. The half-lives of
drugs with apparent volumes of distribution of less than 100 ml/kg
are highly dependent on plasma protein binding.

It should be recognized that fr is a hybrid constant and reflects
the weighted average of drug binding to different organs and tissues
in the extravascular space. As noted by Gillette [4], Eq. (5.48) is
more appropriately expressed as

n
fs 121 (Cp)y (V)

V=V_ + =
B C,

(5.57)

where Cy is the concentration of free (unbound) drug at steady state,
(Cp)i is the total (bound and unbound) drug concentration in a given
tissue or organ at steady state, and (Vy) is the anatomic volume of
the given organ or tissue. Since Cf/fp is equal to total drug concen-
tration in blood Cpg, it follows that

n

V=gt ; R, (V) (5.58)
i=1

where R; is the partition coefficient or distribution ratio of drug be-

tween tissue and blood [i.e., Rj = (Ct);/Cgl.
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The fraction bound in the extravascular space, fp, largely re-
flects the binding of drug to organs and tissues that contain large
fractions of the total amount of drug in the body. An assessment of
fp by pharmacokinetic means [see Eq. (5.50)] to detect the effect
of a perturbation on tissue binding may fail to reveal even substantial
changes in drug binding to tissues or organs that contribute little to
the overall apparent volume of the extravascular space.

ESTIMATION OF APPARENT VOLUMES OF DISTRIBUTION

In principal, one can calculate the apparent volume of distribution
of drug in laboratory animals or in humans, on necropsy, by determin-
ing the distribution ratio between blood and each of the principal
organs and tissues that account for the total amount of drug in the
body, estimating the anatomic volume of each and using Eq. (5.58).
This has been carried out for lidocaine in the monkey [8] but is a
formidable task. Thus many other, considerably simpler, methods
have been devised to estimate the apparent volume of distribution of a
drug in the intact organism. All methods require that the drug be
given intravenously so that the amount reaching the systemic circula-
tion will be equivalent to the administered dose and be known.

For the model described in Fig. 5.1, it can be shown that drug
concentrations in the vascular space (blood or plasma) decline
exponentially with time (see Fig. 1.1). Extrapolation of such data to
zero time on the drug concentration axis provides an estimate of the
initial drug concentration Cj immediately after intravenous bolus in-
jection but before any drug has been eliminated. It follows that

v = dose (5.59)
C
0
The volume term caleulated by this equation is often called Vextrapolated:
This equation must never be applied to data obtained after oral or
intramuscular administration, even if complete absorption or avail-
ability can be assumed.

In practice, however, few drugs show simple monoexponential de-
cline immediately after injection; that is, our assumption regarding
instantaneous distribution throughout the body space seems rarely to
be true. In most cases, it appears that a finite time is required for a
drug to distribute throughout the body space, and most plots of log
drug concentration versus time after intravenous bolus injection must
be described by multiexponential equations (suggestive of a multicom-
partment system) rather than monoexponential equations (indicative of
one-compartment systems). Under these conditions extrapolation of
the linear portion of the log concentration versus time plot to the con-
centration axis yields a value which is less than the concentration of
drug in the blood immediately after injection. Furthermore, calcula-
tion of V according to Eq. (5.59) by assuming that the extrapolated
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value is equal to C wili result in an overestimate of the apparent
volume of distribution. Therefore, we may use Eq. (5.59) only when
the deviation of the log concentration versus time plot from a mono-
exponential expression is negligible.

A more general, and therefore more useful, approach for estimat-
ing V is to use the well-developed relationship between the total area
under the drug concentration versus time curve, AUC, and the intra-

venous dose:

_ dose
AUC = VK (5.60)
or
_ dose _ dose
AUC = Ve - V)‘n (5.61)

where K is the first-order elimination rate constant (one-compartment
model) and 8 or i, is the terminal slope (times 2.303) of the curve
described by plotting log concentrations versus time for a drug in a
linear multicompartment system. Upon rearrangement we obtain

_ dose
V_K——- AUC (5.62)
and
V= dose _ _ dose (5.63)

T ge AUC A, AUC

The volume term described by Eq. (5.62) is sometimes called
Varea, whereas that described by Eq. (5.63) has been termed Vgypeg
or Vg. The terminology Vg arises from the fact that this volume term
relates drug concentration in plasma or blood to the total amount of
drug in the body during the terminal exponential phase (log-linear or
8 phase) of a log drug concentration in blood or plasma-time curve for
any multicompartment model where elimination occurs from the central
compartment [9]. Equation (5.62) or (5.63) may be applied to data
obtained after oral administration of a drug only when complete ab-
sorption and complete systemic availability (i.e., no first-pass or gut
metabolism) can be assumed.

An estimate of apparent volume of distribution that is equivalent
to Vgreq Or Vg may also be obtained from blood- or plasma-level data
obtained after constant rate intravenous infusion for a sufficiently
long period to attain steady state. The drug concentration in plasma
or blood under these conditions, Cgg, is given by

0 (5.64)
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where kg is the zero-order infusion rate constant and Clg is systemic
clearance. For a one-compartment model, Clg = VK, and for a multi-
compartment model, Clg = Vg, Hence

kO
v = (5.65)
KCSS
or
_ %
V= aC (5.66)
S8

If a one-compartment model can be assumed, an estimate of apparent
volume of distribution may be obtained from data collected before
steady state during constant rate intravenous infusion. Under these

conditions

k
C=gr(1-eh (5.67)
where t is infusion tjme. V may be calculated from the slope of a plot
of C versus 1 — e"Kt, which is equal to kg/VK. The infusion rate kg
is known and the rate constant K may be estimated from data collected
after stopping the infusion. The volume term calculated by means of
Eq. (5.65) or (5.66) has sometimes been termed Vipfysion (Vinf) or
Vinfusion equilibrium (Vinf eq) but is, in fact, equivalent to Vareq Or

B If the body may be viewed as a single compartment with respect to
the distribution and elimination kinetics of a drug, the volume terms
introduced above (i.e. s Vthrapolated. Varea, Vinf eq) and the phySiO'
logically based apparent volume of distribution defined by Eq. (5.48)
or (5.58) are equivalent. This physiologically based volume is equiv-
alent to the apparent volume of distribution at steady state, Vgg.

In those situations where the body may not be viewed as a single
compartment and where there is a finite time required for distribution
to take place so that a multicompartment model is required to describe
the kinetics of the drug, the volume terms are not equivalent. Under
these circumstances, one finds that Vextrapolated > Varea or Vg =
Vinf eq > Vgg. Moreover, yet another volume term, Vg or Vy, the
volume of the central compartment, is often used to describe multi-
compartment models. By definition, Vgg > V,. The only useful volume
terms for multicompartment systems are Vg, Ve, and Vgg.

The g-phase apparent volume of distribution, Vg, may be calcu-
lated for any linear muiticompartment model by determining the total
area under the drug concentration in plasma or blood versus time
curve, AUC, after a single intravenous administration and the slope
of the long-linear or g8 phase and by applying Eq. (5.61). It can also
be shown that Vg = kq1gVe/8, where k1g is the apparent elimination
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rate constant of drug from the central compartment. The product of
Vg and B or V, and kg is systemic clearance.

The principal shortcoming of this apparent volume of distribution
term as an index of drug distribution is that Vg may reflect the degree
of equilibration of a drug under dynamic conditions rather than its
apparent distribution volume. This is more easily appreciated when
one recognizes that Vg is a function of the elimination kinetics of a
drug [10]. An increase in the intrinsic elimination rate constant will
cause an increase in Vg, whereas a decrease in elimination will cause
a decrease in Vg. Hence a change in the Vg of a drug may not reflect
a change in the actual distribution space or in the degree of binding
but may signify merely a change in the degree of equilibration be-
tween central and peripheral compartments secondary to a change in
elimination kinetics. For a multicompartment system with drug elim-
ination occurring from the central compartment, characterized by the
rate constant k,,, the limits of Vg are = as kyj + =, and Vgg as
kipg » 0.

Drug concentration C in a linear multicompartment model as a func-
tion of time after intravenous injection can always be described by
an equation of the form

n -Ait
C=2 Ce (5.68)
i=1
where C; is the coefficient of the ith exponential term of the polyex-
ponential equation and 1, is the exponent multiplying time t in the
exponential terms. Note that X, is the largest A (usually symbolized
by ain a two-compartment model), Ag is the second largest, and so on.
The term A, (or B) is used to denote the smallest value of };. Under
these conditions the apparent volume of the central compartment is

given by

intravenous dose

Vc = —T—-‘ (5.69)
i

For a two-compartment open model, V, = intravenous dose/(A + B).

This volume term may be useful for estimating peak concentrations in

plasma or blood for drugs that distribute relatively slowly in the body

and are absorbed relatively rapidly after oral or intramuscular admin-

istration. Drugs with relatively small V,/Vgg ratios may show unusual-

ly large peak-to-trough concentration ratios over a dosing interval

even when administered relatively frequently.

The most useful volume term to describe the apparent distribution
space in a multicompartment system is V s° As its name implies, Vgg
relates the amount of drug in the body to the drug concentration in
the plasma or blood at steady state, during repetitive dosing, or during
constant rate infusion. Vgg is independent of drug elimination, and its
relationship to anatomical space and drug binding has been described

by Eqs. (5.48) to (5.50).
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Equations to define and estimate Vgg have been developed in Chap.
2. A useful expression for calculating Vgg after rapid intravenous
administration of a drug whose disposition is described by Eq. (5.68)
is [11]

n 2 n 2
D C/y Dz C/a
o L = S,
vs,s= n 2° 2 (5.70)
(z c./x.) (AUC)
. 1 1
i=1

Equation (5.70) is a general relationship that applies to any linear

multicompartment model in which elimination occurs from the central
compartment. For a two-compartment open model we may write Eq.
(5.70) as

_Dica/ad) +@/8%)] (5.71)
[(Ala) + (B/8)]°

Thus calculation of Vgg simply requires curve-fitting of drug concen-
tration-time data after intravenous bolus injection, to estimate Cj and
A{ values, and application of Eq. (5.70).

Although (5.70) is a rather general expression, it does require
the implicit elaboration of a compartment model. A still more general,
model-independent approach for estimating Vgg has been proposed
[12,13]. It can be shown that the term zi“=1 Ci/Ai2 [see the numera-
tor of Eq. (5.70)] is, in fact, equal to the area under the first mo-
ment of the drug concentration in blood or plasma curve, AUMC, that
is, the area under the curve of the product of time t and drug con-
centration C from time zero to infinity. In other words,

v
ss

DI([; tC dt]
_ g _ D[AUMC] (8.72)

 (fecar®  ravc)?

The principal assumptions required for developing Eq. (5.72) are that
the system is linear and that drug elimination takes place from the
measured site (i.e., the plasma, blood, or central compartment).

This method does not not require the assumption of a compartment
model, nor does it require a curve-fitting procedure. To calculate
Vgs» one must merely determine the total areas under the drug con-
centration versus time curve and under the first moment versus time
curve (see Fig. 5.3) using the trapezoidal rule (see Appendix D) or
some other convenient method.

Since many drugs are administered by a constant rate intravenous
infusion over a short period of time rather than by a rapid intravenous
injection, the following variant of Eq. (5.72) [14] is often useful:
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Fig. 5.3 Plots of concentration versus time (®) and of the product of
concentration and time versus time (O) after intravenous bolus injec-
tion of a drug. The total area under the concentration versus time
curve is AUC; the total area under the concentration-time versus

time curve is AUMC.

k T+ AUMC T(kOT)

0

(AUC )2 2. AUC
where kg is the infusion rate, T the infusion time, and kyT the ad-
ministered dose.

For many drugs V, [see Eq. (5.63)] provides a close approxima-
tion of Vgg. However, in at least two situations, V, significantly
overestimates Vgg. One case is that of drugs that are rapidly cleared
from the central compartment with short half-lives. For example, it
has been calculated for benzypenicillin in humans that Vg = 26 liters,
whereas Vgg = 15 liters [10]. A second case occurs where most of
the dose of a drug is eliminated relatively rapidly but a small fraction

(5.73)

ss
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of the dose persists and gives rise to unusually long half lives. In
such cases the area under the extrapolated line from the 8 phase to
the drug concentration axis represent a relatively small fraction of
the total area under the drug concentration versus time curve (see
Fig. 2.9, curve Y). Based on data in the literature [15], it may be
calculated that for gentamicin in humans, VB = 202 liters, whereas
Vgs = 33 liters. The latter value is a much more realistic and more
useful estimate of the apparent distribution space of gentamicin.

In 1976, Niazi [16] suggested that the change in apparent distribu-
tion volume manifested by a drug in a multicompartment system as a
function of time after intravenous administration might be a useful
parameter for characterizing distribution kinetics (see Fig. 5.4). Im-
mediately after injection the drug occupies a space we have termed
Vg, the volume of the central compartment, Ve may also be thought
of as a proportionality constant relating drug concentration in plasma
or blood to the amount of drug in the body at t = 0 (i.e., the intra-
venous dose). The apparent volume or proportionality constant re-
lating concentration and amount increases with time until it reaches a
limiting value which we have termed Vg. We have noted that Vg is
actually a proportionality constant relating drug concentration in
plasma or blood to amount of drug in the body during the g8 phase and
that Vg > V,. The time-dependent volume of distribution Vi may be

Vs

Volume of Distribution (L)

5 1 | !
40 80 120 160

Time {min)

Fig. 5.4 Apparent volume of distribution of trichloromonofluoro-
methane as a function of time following intravenous administration in
the dog. (Data from Ref. 16.)
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defined as the ratio of the amount of drug in body at any time to the
drug concentration in plasma or blood at that time and will vary in
value from V, to V4. Since in a multicompartment model where the
drug is eliminated only from the central compartment, the amount of
drug remaining in the body as a function of time can be expressed
in terms of fractional areas [17]. It can be shown that [16]

D- AUC
_ tr>
t- C,* AUC

[1EY

\' (5.74)

where D is the intravenous dose, C¢ is the drug concentration at time
t, and the AUC terms refer to either partial or total areas under the

concentration-time plot. Comparative plots of Vy versus time for dif-
ferent individuals or different species receiving the same drug might
be helpful in characterizing rates of distribution.

The idea of time-dependent changes in apparent volume of distribu-
tion is also useful for systems showing nonlinear plasma protein binding
or tissue binding. Such changes may be quantified for one-compart-
ment models but are difficult to describe quantitatively for multicom-
partment models. In principle, it can be shown that V decreases with
time when nonlinear plasma protein binding occurs, whereas V in-
creases with time when only nonlinear extravascular tissue binding

occurs [18].

REFERENCES

1. G. Levy and A, Yacobi. Effect of plasma protein binding on
elimination of warfarin., J. Pharm. Sci. 63:805 (1974).

2. M. Gibaldi and P. J. McNamara. Apparent volumes of distribu-
tion and drug binding to plasma proteins and tissues. Eur. J.
Clin. Pharmacol. 13:373 (1978).

3. G. R. Wilkinson and D. G. Shand. A physiologic approach to
hepatic drug clearance. Clin. Pharmacol. Ther. 18:377 (1975).

4, J. R. Gillette. Factors affecting drug metabolism. Ann. N.Y.
Acad. Sci. 179:43 (1971).

5. R. H. Reuning, R. A, Sams, and R. E. Notari. Role of pharma-
cokinetics in drug dosage adjustment: I, Pharmacologic effect
kinetics and apparent volume of distribution of digoxin.

J. Clin. Pharmacol. 13:127 (1973).

6. M. Gibaldi and P. J. McNamara. Tissue binding of drugs.
J. Pharm. Sci. 66:1211 (1977).

7. M. Gibaldi, G. Levy, and P. J. McNamara. Effect of plasma
protein and tissue binding on the biologic half-life of drugs.
Clin. Pharmacol. Ther. 24:1 (1978).

8. N. Benowitz, R. P. Forsyth, K. L. Melmon, and M. Rowland.
Lidocaine disposition kinetics in monkey and man: I. Prediction
by a perfusion model. Clin. Pharmacol. Ther. 16:87 (1974).

AMN1083

Amneal Pharmaceuticals LLC v. Alkermes Pharma Ireland Limited
IPR2018-00943



5 / Apparent Volume of Distribution 219

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

M. Gibaldi, R. Nagashima, and G. Levy. Relationship between
drug concentration in plasma or serum and amount of drug in
the body. J. Pharm. Sci. 58:193 (1969).

W. J. Jusko and M., Gibaldi. Effects of change in elimination on
various parameters of the two-compartment open model. J.
Pharm. Sci. 61:1270 (1972).

J. G. Wagner. Linear pharmacokinetic equations allowing direct
calculation of many needed pharmacokinetic parameters from the
coefficients and exponents of polyexponential equations which
have been fitted to data. J. Pharmacokinet. Biopharm. 4:443
(1976).

J. H. Oppenheimer, H. L. Schwartz, and M. I. Surks. De-
termination of common parameters of iodothyronine metabolism
and distribution in man by noncompartmental analysis. J. Clin.
Endocrinol. Metab. 41:319 (1975).

L. Z. Benet and R. L. Galeazzi. Noncompartmental determina-
tion of the steady-state volume of distribution. J. Pharm. Sci.
68:1071 (1979).

C. S. Lee, D. C. Brater, J. G. Gambertoglio, and L. Z. Benet.
Disposition kinetics of ethambutol in man. J. Pharmacokinet.
Biopharm. 8:335 (1980).

W. A. Colburn, J. J. Schentag, W. J. Jusko, and M. Gibaldi.
A model for the prospective identification of the prenephrotoxic
state during gentamicin therapy. J. Pharmacokinet. Biopharm.
6:179 (1978).

S. Niazi. Volume of distribution as a function of time. J. Pharm.

Sci. 65:452 (1976).

W. L. Chiou. A simple equation to estimate the fraction of drug

remaining in the body after an intravenous injection. J. Pharm.

Pharmacol. 34:342 (1972).

P. J. McNamara, G. Levy, and M. Gibaldi. Effect of plasma pro-
tein and tissue binding on the time course of drug concentration

in plasma. J. Pharmacokinet. Biopharm. 7:195 (1979).

AMN1083

Amneal Pharmaceuticals LLC v. Alkermes Pharma Ireland Limited
IPR2018-00943



AMN1083
Amneal Pharmaceuticals LLC v. Alkermes Pharma Ireland Limited
IPR2018-00943



6

Kinetics of Pharmacologic Response

The type of relationship that exists between the plasma concentration
of a drug and a given response is generally determined by two factors:
whether concentration is directly or indirectly related to response,
and whether the drug interacts with the receptor in a reversible

or irreversible manner. The simplest type is where there is a direct
relationship between plasma concentration and response, and where
the interaction of the drug and the receptor is reversible. Many
drugs (e.g., antiarrythmics, digitalis glycosides, theophylline, and
neuromuscular blocking agents) appear to act directly and reversibly.
A second type of concentration-response relationship is where the
elicited response is not directly related to the plasma drug concen-
tration. This is generally referred to as an indirect pharmacologic
response, and is best exemplified by the coumarin anticoagulants.

A third type is where the drug binds to the receptor irreversibly.
Anticancer agents and bactericidal antibiotics are examples of drugs
that exert their effects in this manner.

KINETICS OF DIRECTLY REVERSIBLE PHARMACOLOGIC RESPONSE

One-Compartment Model

The concept of a direct and rapidly reversible response implies that

a given intensity of response is associated with a particular drug con-
centration at the site of action. By definition in the model under con-
sideration, the drug concentration at the receptor site Cy is propor-
tional to the drug concentration in the plasma C, and the interaction
between the drug and receptor is reversible:

,___drug-receptor

s == + >
C \—'_Cr eceptor &=——= complex response
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The following relationship, known as the Hill equation, has been
proposed to relate plasma concentration and response R under these
circumstances:

R _c°

R=—— (6.1)

(1/Q) +C
where Ry, is the maximum intensity of the pharmacologic response
(i.e., R + R, as C » =), Q is a constant related to the affinity of
the drug for the receptor, and s is a constant that relates the change
in response to the change in concentration. One should also note
that the term 1/Q is equal to the drug concentration in the plasma
(raised to the sth power) at which response is 50% of maximal re-
sponse, (i.e., Cgo ). The basis for Eq. (6.1) has been discussed in
detail [1]. This equation will quantitatively and fully characterize
the typical sigmoid curve resulting from a log C versus R-type plot.
Rearranging terms and inverting both sides of (6.1) yields

o

s

n_1:Cq 6.2)
cQ

Subtracting unity from both sides of this equation (i.e., R/R from the

left side and CSQ/C8Q from the right side), collecting terms, and
again inverting both sides of the equation gives

R _ s
m—~CQ (6.3)
m

A linear form of this equation is

logm=slogc+logQ (6.4)
m

A plot of R/(Rp — R) versus C on log-log graph paper will yield a

straight line with a slope of s.

A more common approach relating response and concentration is
based on the well-known empirical plot of response versus logarithm
of dose, plasma concentration, or amount of drug in the body which
yields the classical sigmoid curve shown in Fig. 6.1. Very often this
curve manifests excellent linearity from at least 20 to 80% of the max-
imum attainable intensity of response, a region of particular interest
and applicability under clinical conditions. This linear relationship
may be expressed by

R=mlogC+r (6.5)

where R and C are as described previously, m is the slope of the R
versus log C plot, and r is a constant. Such linearity between response
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Fig. 6.1 Typical log dose-response curve calculated according to
the relationship Fp = D/(K + D), where K is a constant and Fp is the
fraction of the maximum response of the system attained after a dose
D. The plot is apparently linear in the region bounded by Fr = 0.2
and FR = 0.8 (see arrows). A dose of 3 units is the median effective
dose EDj5g since it produces an intensity I of response that is 50% of
the maximum intensity Ipmayx. (Data from Ref. 2.)

and log C has been demonstrated for a number of drugs, examples
of which are propranolol (Fig. 6.2) and theophylline (Fig. 6.3). Re-
lating response to the logarithm of plasma concentration rather than
the logarithm of dose should reduce the variability in the data by re-
moving variability related to interpatient differences in drug absorp-
tion and elimination.

Rearrangement of (6.5) yields

R—-r
- (6.6)

log C =

In a one-compartment system, the plasma concentration of drug at
any time following the administration of an intravenous bolus dose of a
drug that is eliminated by first-order processes can be described by

Kt
2.303 (6.7)
where Cj is the plasma concentration at time zero, t is time, and K is
the apparent first-order elimination rate constant of the drug. Based
on the proposed model, the maximum response elicited by this dose,
R, would be associated with a plasma concentration of Cy {5]. There-
fore, an equation analogous to (6.6) can be written:

logC=logCO—
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Fig. 6.2 Relationship between response (percent reduction in exer-
cise-induced tachycardia) and propranolol concentration in plasma
(log scale) after intravenous administration to healthy volunteers.

(Data from Ref. 3.)

R, —-1r
0
= (6.8)

log CO =

Substituting the values of log C and log Cg from (6.6) and (6.8),
respectively, into (6.7) yields

R-r R~ ki (6.9
m - m 2.303 '
This equation can be simplified to give
mK
R-R0~ 2.303t (6.10)
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Fig. 6.3 Relationship between average response (normalized improve-
ment in 1 s forced expiratory volume) and theophylline concentra-
tion in plasma (log scale) after intravenous administration of the drug
to patients. (Data from Ref. 4.)

This equation shows that, under the conditions stated, the intensity
of response decreases at a constant rate that is a function of the ap-
parent first-order elimination rate constant K and the slope of the
response versus log C curve, m. It should be noted that the rate of
decline in response is zero order even though the rate of decline in
plasma concentration is first order. This linear or zero-order de-
cline in response with time has been demonstrated for a number of
drugs and an example is shown in Fig. 6.4.

It is also readily shown by substituting log C from Eq. (1.94)

[C= kaFX()(e'Kt - e-kat)/V(ka ~ K)1 into Eq. (6.5) that (6.10) also
describes the decay of effect in the postabsorptive phase (i.e.,
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Fig. 6.4 Time course of hypotensive response (reduction in mean
arterial pressure) in a patient following 10 (O) and 25 (e) mg single
oral doses of minoxidil. Some time after administration, the intensity
of the drug's effect declines at a constant and similar rate after each
dose. (Data from Ref. 6.)

e_kat + 0) after oral or intramuscular drug administration. An example
is the zero-order loss of the stimulant effect of amphetamine after intra-
muscular administration (Fig. 6.5). Although the decline in pharma-
cologic response for many drugs that act directly and reversibly is

zero order, there are examples where the decline in response appears
to be first order. This type of decline has been observed with the
digitalis glycosides (Fig. 6.6).

This departure from theory may be related to the approximate
nature of Eq. (6.5). Although (86.10) predicts a linear decline of
pharmacologic response with time after intravenous administration,
combination of (6.1) with the appropriate pharmacokinetic expression
for drug elimination in a one-compartment model suggests that the
decline of pharmacologic response is curvilinear (see Fig. 6.7). Re-
gions of this curve may be linearized on semilogarithmic coordinates.
Of particular importance is the fact that the response versus time
curves are nearly linear in the response range 20 to 80%. Hence, for
all practical purposes one would anticipate for a large number of drugs
that the loss of effect would indeed be essentially linear over a very
wide reponse range, as predicted by (6.10).

Regardless of the relationship between response and concentra-
tion, one can frequently demonstrate a relationship between the dura-
tion of a given response and the dose and half-life or elimination rate
constant of a drug [9]. Equation (6.7) can be readily converted to an
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Fig. 6.5 Time course of central nervous sytem response (locomotor
activity measured in counts per minute) after intraperitoneal and
intramuscular administration of dexamphetamine sulfate to rats.
Irrespective of dose and route of administration, the effect of the drug
declines at a constant rate during the postabsorptive phase. (From
Ref. 7.)

equation in terms of amount by multiplying the concentration terms by
the apparent volume of distribution. This yields

- Kt
0 2.303

where X is the amount of drug in the body at time t and Xj is the initial
amount of drug in the body (i.e., the intravenous dose). If it is as-
sumed that the intensity of a pharmacologic response is associated

with a given amount of drug in the body, and that there is a minimum
amount of drug in the body Xpin necessary to elicit a response, the
time necessary for the initial amount of drug in the body X to decline
to this minimum effective amount is the duration of response t3. Sub-
stitution of Xy, for X and tg for t in (6.11) yields

log X =log X (6.11)
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Fig. 6.6 Time course of cardiac response (change in ejection time
index, plotted on log scale) after intravenous administration of
digoxin. Exponential decline of response has also been observed
with other cardiac glycosides, including ouabain, deslanoside C, and
digitoxin. (Data from Ref. 8.)

th
log Xmin = log XO ~ 3303 (6.12)
which when solved for tq is
_ 2.303 _ 2.303
td——-———K log X0 K log Xmin (6.13)

Therefore, a plot of the duration of response versus the logarithm
of the intravenous dose should be linear. The intercept on the log
Xg axis will be the minimum amount of drug in the body necessary to
elicit a response, and the slope —2.303/K will provide an estimate of
the elimination rate constant. An example is shown in Fig. 6.8,
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Fig. 6.7 Drug concentration in plasma and anticipated response curves
under different conditions [see Eq. (6.1)] after intravenous admin-
istration. [From Ref. 1, © 1972 Academic Press, Inc. (London),

Ltd., reprinted with permission.]

Equation (6.13) may be applied to determine the rate constant for
drug elimination in instances where direct measurement of drug con-
centration as a function of time is not possible but where pharmaco-
logic response can be measured adequately.

Under certain circumstances drugs may be dosed based on phar-
macologic response. An example would be the use of neuromuscular
blocking agents during anesthesia. If a drug confers on the body
the pharmacokinetic properties of a one-compartment model, the ad-
ministration of a second dose of a drug immediately after the apparent
disappearance of the pharmacologic response from the initial dose is
likely to produce a more intense and more prolonged response than the
first dose. This is due to the fact that the second dose is superim-
posed on the minimum effective amount of drug remaining in the body
from the first dose [11]. This phenomenon is readily expressed in
mathematical terms by considering that the intensity of the response
is related linearly to the logarithm of the amount of drug in the body
(see Fig. 6.9). Hence

X
R = m(log X ~ log Xmin) =m log ijn (6.14)
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Fig. 6.8 Relationship between intravenous dose of pentobarbital

(x axis) and duration of anesthesia (y axis, in minutes) in monkeys.
Xmins the minimum dose required to elicit a measurable response, is
equal to 13 mg/kg. (From Ref. 10.)

This equation may be used to estimate the maximum intensity Rgj of
the pharmacologic response elicited by an initial intravenous dose Xg:
X

X .
min

(6.15)

R01 =m log

When a second (and equal) dose is administered immediately after
disappearance of the response of the first dose (i.e., when the
amount of drug in the body has declined to Xyin), the maximum in-
tensity of the response Ryy would be
X, +X

mi

-0 min (6.16)

Xmin

R 02 =m log
Obviously, Rgg > Rg1. The maximum response from a third and sub-
sequent doses, if all were administered in the same manner as the
second dose, would be equal to the maximum response from the second
dose, and hence would be described by (6.16).
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OBSERVED RESPONSE (R)

log X
Fig. 6.9 Relationship between response and the logarithm of the
amount of drug in the body X, according to Eq. (6.14). The slope
(m) of the line is the same as the slope of a log concentration-re-
sponse plot [see Eq. (6.5)] and the X intercept corresponds to the
minimum amount of drug in the body, Xpi,, needed to elicit a
measurable response.

Similar reasoning may be applied to determine the effect of a
second dose on the duration of a pharmacologic response. By re-
arranging (6.13), the duration of effect of the first dose can be
written as

X

2.303 0
(tg), = 55— log 37— (6.17)
min

It follows that the duration of effect of the second dose is
X +X

_ 2.308 0" “min
(tyy = T log — (6.18)

min
Again, it is apparent that (tg)g > (t4)1. Equations (6.16) and (6.18)
predict that there will be no further increase in the intensity and
duration of response of third and subsequent doses. The predictable
"potentiating” effect may be avoided by using X0 — Xpj, as the second
and subsequent doses.

The total pharmacologic activity of a single dose of a drug has
sometimes been represented as the area under the intensity of response
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versus time curve (i.e., [;° R dt). This index of total activity has
shortcomings for many drugs in that it does not define the maximum
intensity or duration of response. It is useful, however, in quanti-
tating such responses as diuresis, electrolyte excretion, and weight
loss. Since there is frequently a nonlinear relation between the
amount of drug in the body and the intensity of response [see, e.g.,
(6.1) and (6.5)] the relative pharmacologic activity of a drug (i.e.,
the total area under the effect versus time curve divided by the dose, "
which upon intravenous administration is given by fo‘" R dt/Xg) usually
decreases with increasing dose. Consequently, the total effect of a
fixed amount of drug per day may be affected by the dosage regimen
(i.e., the number of doses per day). Computer simulations using the
integrated form of (6.1) have shown that when the daily dose is di-
vided, the total 24 h response is increased [1]. The greatest in-
crease occurs with the first subdivision of the dose (i.e., two doses

a day compared with a single dose). It is of interest to note that the
administration of 1 g of chlorothiazide twice a day produces a sig-
nificantly greater 24 h diuretic response than that observed after ad-
ministration of a single dose of 2 g [12].

Multicompartment Models

Effect in the Central or Peripheral Compartment. The time course of
drug action in multicompartment systems depends on the location of the
site of action. Mathematically, the site may be located in the central
compartment or in the peripheral compartment or it may require rep-
resentation as a separate compartment. The location of the site of
action may be determined by examining the relationship between the
intensity of response and the concentration of drug in the plasma or
the calculated amount of drug in a peripheral compartment. A rela-
tively simple approach to this problem has been used with tubocurarine,
where effect data after several doses (over a fourfold range) were
available [13]. A detailed method to correlate response with either
plasma concentration or the "concentration” at some other site or
hypothetical compartment after a single dose has also been suggested
[14]. In essence, this method requires the following steps:

1. Measure the response and plasma concentration as a function
of time until drug levels are no longer detectable.

2. By means of mathematical analysis, determine the appropriate
pharmacokinetic model that rationalizes the concentration-
time data.

3. Attempt to relate the response values to the instantaneous
concentrations in the plasma compartment or peripheral com-
partments by means of some functional effect-concentration
equation such as (6.1) or (6.5).
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4. Once the appropriate pharmacokinetic model and functional
equation are determined, simultaneously fit the observed drug
concentration in the plasma, response, and time data, using a
suitable nonlinear least-squares estimation program and a
digital computer (Appendix H).

The significance of response correlations with drug "levels" in
hypothetical peripheral compartments of multicompartment models is
subject to challenge. Westlake [15] has demonstrated the large degree
of error that may be involved in calculating the amount of drug in the
peripheral compartment of a two-compartment model from drug concen-
tration in the plasma versus time data after intravenous administration,
which can be rigorously fit to a biexponential equation. Still greater
error is involved if a more complex pharmacokinetic model is required
to rationalize the plasma concentration-time data. Additional error is
introduced when one considers that the quantitative assessment of re-
sponse is often imprecise. Also, no single "response-concentration"
relationship has been universally accepted; rectilinear, log-linear,
or log-log plots have been used in arriving at these correlations.
Finally, the calculated time course of drug in a hypothetical peripheral
compartment reflects a type of weighted average of at least several
tissues. It is quite possible that the time course of drug at the site
of action and at some noneffector tissue having a relatively high
capacity for the drug may be significantly different, yet from a kinetic
point of view both the site of action and the noneffector tissue may
appear to be part of the same peripheral compartment.

If the site of action is associated with the central compartment,

a plot of response versus the logarithm of plasma concentration

should yield the same sigmoid-type curve as that shown in Fig. 6.1. A
similar relationship should also be observed when the response is
associated with a peripheral compartment and response is plotted
against the logarithm of the calculated amount of drug in a peripheral
compartment. Examples of these two possible situations are illustrated
in Figs. 6.10 and 6.11, respectively. When the site of action is as-
sociated with a peripheral compartment, and response is plotted as a
function of the logarithm of plasma concentration, response will in-
crease with decreasing plasma concentration during the distributive
phase, reach a peek, then decrease during the postdistributive phase.
This type of response-concentration profile is depicted in Fig. 6.12.
The maximum response observed following a given dose will occur when
maximum drug levels are attained in the peripheral compartment.

In multicompartment systems the rate of decline of response is
likely to occur at a constant rate independent of dose during the post-
distributive phase, irrespective of the apparent site of effect. How-
ever, drug concentrations in the postdistributive phase may be too
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Fig. 6.10 Relationship between neuromuscular response (percent
paralysis) and amount of drug in the central compartment of a multi-
compartment system (log scale) after intravenous administration of
tubocurarine. The closed circles were calculated based on a pharmaco-
kinetic model and the open circles represent experimental data from
normal volunteers. (From Ref. 16, reprinted with permission.)

low to be of clinical consequence. When the site of action is associated
with the central compartment the maximum response will be observed
shortly after administration of the intravenous dose (i.e., during the
distributive phase). Since drug concentration during the distributive
phase does not decline in a monoexponential fashion, one would not
expect response to decline in a linear manner. Theory suggests that
the decline of response to a drug showing multicompartment charac-
teristics and apparently acting in the central compartment will be a
curvilinear function of time after intravenous administration. Inter-
estingly, the decline of effect of certain drugs such as tubocurarine
which show pronounced multicompartment characteristics is apparently
linear after a given dose, but the apparent zero-order rate of decay
of effect decreases with increasing dose (see Fig. 6.13). This linearity
merely reflects the fact that over the limited concentration range as-
sociated with the range of intensities of pharmacologic effect, the
curvilinear log C versus time plot can often be approximated by a
straight line. The dose dependence resuits from the changing slope
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Fig. 6.11 Relationship between behavioral response (average per-
formance scores on arithmetic tests) and amount of drug in the periph-
eral compartment of a two-compartment open model (or "tissue con-
centration") after intravenous administration of d-lysergic acid
diethylamide (LSD) to volunteer subjects. The number associated

with each data point denotes the blood sample number after drug ad-
ministration (e.g., number 1 represents the "tissue concentration"
calculated from the drug concentration found in the first blood sample

taken after injection). (From Ref. 14.)

of the log C versus time curve in this concentration range as a function
of dose (see Fig. 6.14).

In contrast to the relationships developed for the one-compartment
model in the first section of this chapter, the duration of effect of a
drug conferring multicompartment characteristics to the body is not a
linear function of the logarithm of the intravenous dose. Examples
are shown in Figs. 6.15 and 6.16. Apparently, linear relationships
between duration of effect and logarithm of dose can be obtained in a
restricted dose range, but the slope of the line is dependent on the
intensity of the effect used as the end point {18]. Moreover, for a
so-called two-compartment drug the slope of this apparently linear re-
lationship after intravenous administration may approximate 1/X,
1/)y, or some other intermediate value. An additional observation is
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Fig. 6.12 Relationship between neuromuscular response (percent
twitch depression) and pancuronium concentration in the plasma after
intravenous administration of the drug. The arrow denotes the time
course of the response. The results suggest that the locus of drug
effect is at a site peripheral to the central compartment. (From Ref.
17, © 1978 Macmillan Journals Ltd., reprinted with permission.)
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Fig. 6.13 Decline of neuromuscular blocking effects after intravenous
administration of different doses of d-tubocurarine to human volun-
teers. Although the loss of effect is zero order, the rate is dose de-
pendent. (From Ref. 16, reprinted with permission.)
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Fig. 6.14 Time course of tubocurarine in the central compartment of
a multicompartment system after intravenous administration of different
doses to healthy volunteers. The horizontal lines denote drug levels
required to elicit 20% and 80% paralysis of the thumb adductor muscle.
Although the deline of drug levels between 80% response and 20%
response is approximately log linear in each case, the slope is dose
dependent. (From Ref. 16, reprinted with permission.)

that the duration of a response associated with the central compart-
ment of a multicompartment system will increase with successive doses
when the drug is dosed according to response alone (Fig. 6.17).

This is in contrast to a one-compartment system, where the duration
of response increases from the first to the second dose but does not
increase on subsequent doses. The maximum response increases
from the first to the second dose in both systems but does not in-
crease thereafter.

It is of theoretical interest to consider drug effects in a peripheral
compartment of a multicompartment system which is poorly accessible
to the central compartment. Drug moves in and out of such deep
compartments rather slowly. If the site of drug action is in the deep
compartment, the pharmacologic effect will be delayed and prolonged,
and the relationship between drug levels in the plasma and effect may
not be readily apparent. With this type of drug, repeated intravenous
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Fig. 6.15 Relationship between duration of response and intravenous
dose (log scale), assuming that the site of effect is in the central
compartment of a two-compartment model. The duration is measured
in terms of the time required after administration of a given dose for
the peak effect to decline to 90%, 50%, or 10% of the maximum attain-
able effect of the drug. It is evident that the shape of the curve
depends on the end point. (From Ref. 18.)

administration of equal doses at constant time intervals will yield the
concentration versus time patterns shown in Fig. 6.18 for the central
and deep peripheral compartments. This simulation, with the assumed
minimum detectable drug concentration in the central compartment

and minimum pharmacologically effective drug concentration in the deep
compartment, suggests certain clinically interesting characteristics.
The pharmacologic effect appears only after the third dose, and the
intensity of this effect increases beyond the tenth dose since drug
levels in the deep compartment do, in fact, accumulate. When drug
administration is stopped, the effect persists well beyond the last
dose. There are pronounced pharmacologic effects at a time when
there is no detectable drug concentration in the plasma. Thus the
effects of drugs that act directly and reversibly in a deep compartment
may sometimes be mistaken for indirect and/or irreversible drug

effects.
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Fig. 6.16 Relationship between duration of response and intravenous
dose (log scale), assuming that the site of effect is in the peripheral
compartment of a two-compartment model. The end points used to
determine duration of response are the same as in Fig. 6.15. For this
particular simulation the curves are approximately linear and parallel.
(From Ref. 18.)

Other Sites of Effect. A particular shortcoming of the pharmacody-
namic modeling discussed in the preceding sections of this chapter is
the required assumption that the plasma, central compartment, or

some other pharmacokinetically identifiable compartment is associated
with the pharmacologic effect. However, pharmacokinetic models con-
cern themselves with the disposition of mass of drug in the body; a
site receiving little mass is not described. There is no a priori reason
to assume that the active site corresponds, kinetically, with a site
receiving a large mass of drug. Accordingly, there is little reason to
hope that the kinetics of drug in plasma, or another pharmacokinetically
determined site, will parallel those at the active site. It has recently
been proposed that the effect compartment be modeled as a separate
compartment linked to the plasma compartment by a first-order process,
and be one that receives a negligible mass of drug [19,20]. There-
fore, one does not enter an additional exponential term into the phar-
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Fig. 6.17 Relative duration of response (®) and peak concentration

(0O) for a situation where equal intravenous doses are given repetitive-

ly as soon as a certain effect end point is reached, assuming that the

site of effect is in the central compartment of a two-compartment model.

(From Ref. 18.)

macokinetic solution for the mass of drug in the body to account for
the effect compartment. The model is illustrated in Fig. 6.19. In
this model a first-order rate constant ko connects the central to the
effect compartment. Drug leaves the effect compartment by means of
a first-order rate constant keg. By assuming kile to be very small
relative to the magnitude of any other rate constant in the model
(Fig. 6.19), the transfer of mass to the effect compartment is neg-
ligible, and consequently does not influence the plasma concentration
versus time curve. Since a negligible amount of drug is transferred
to the effect compartment, its return to the central compartment is
inconsequential, and therefore may be taken to the outside rather than
back into the system. The rate constant for drug removal from the
effect compartment, kgq, characterizes the temporal aspects of equi-
librium between plasma concentration and response.

The following differential equation can be written for the amount
of drug in the effect compartment, X :
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TIME

Fig. 6.18 Relative concentrations of a drug in the central (solid line)
and deep peripheral (O) compartments of a multicompartment system
during repetitive intravenous administration of equal doses at equal
time intervals. (From Ref. 18.)

dX

F— = k1 X - keOXe (6.19)
where kie and kgg are as defined above and X, is the amount of drug
in the central compartment. The Laplace transform of (6.19) (see
Appendix B) is

)=k, a - (6.20)

s(a k a
(s, le s,c el s,e

Solving for 8,e and substxtuting the value of ag , as given in (2.3)
[i.e., ag,c = Xo ni, (s +El)/n =1 (8 +Ap] yields

n
kleXO i1=12 (s + Ei)
s.e = o (6.21)
(s + k ) I (s+ 2, )
i=1

The anti-Laplace (see Appendix B) of (6.21) gives the following equa-
tion for the amount of drug in the effect compartment as a function

of time:

100?
ol o eodoo 00000000, oo
4000° ]’ \J °°o,°°
000 N %004,
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Fig. 6.19 Pharmacokinetic-pharmacodynamic model to describe that
situation where the site of effect does not correspond to a pharma-
cokinetic compartment. (Data from Refs. 19 and 20.)

n
ifz (B; = ko) -kt
Xe - klexo n €
.n (Ai - keo)
i=1
n
AR at
+ klexo le o e (6.22)
(keo - xz) i (>\i - AR)
i=1
i#e

where X is the intravenous dose, E; the sum of the exit rate constants
from the ith compartment, n the number of compartments in the n-
compartment mammillary model, and A; and 1, are disposition rate con-
stants, Assuming that the amount of drug in the effect compartment

is proportional to the concentration in this compartment, Cet

X =V C (6.23)
e e e
where V, is the apparent volume of the effect compartment, we can
write (6.22) in terms of concentration as follows:
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n
n(E, —k ) _
c = k1eX0 =2 ! e0 e keOt
e Ve n
m(x -k )
=1 i el
n
k, X. n (B = Ay At (6.24)
+ le 0 z i=2 e L
Ve =1 n
(kg = Ay i Gy =2y

i#2

By assuming that the rates of appearance of drug in and removal of
drug from the effect compartment are governed by the same process,
it follows that the clearance from the central to the effect compartment
and the clearance out of the effect compartment are equal, and therefore

Vckle = VekeO (6.25)

Rearrangement of (6.25) to solve for k1e/Vg (i.e., k1o/Ve = kgg/Ve)
and substitution of kegg/V for kie/Ve in (6.24) gives

n
n(E ~k ) _
. keOXO i=2 i el keﬂt
C = e
e VC n
T (A, -k )
i=1 i el
n
kX, D ifz (B =2y At
+ v le = e (6.26)
(keo - Az) .H (Ai - }‘2)
i=1
i#2

Multiexponential plasma concentration-time data after intravenous
administration can be described by

n

xg n L ETN

c=-2 v B2 — . (6.27)

n

¢ 9=1
I ()\i“‘ }\2)
i=1
i#2
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Fig. 6.20 Plasma concentration (@) and effect (O) relationships
during and after intravenous infusions of d-tubocurarine to a patient.
The solid lines represent the best fits of the proposed model to the
data. Note break in graph at 20 to 30 min, due to change of scale on
time axis. (From Ref. 19.)

Once plasma concentration-time data have been fitted, all the param-
eters in (6.27) and (6.26) (except for kgp) can be generated. Sub-
stitution of C, for C in (6.1) yields the following equation, which re-
lates the observed pharmacologic response to concentrations in the
effect compartment:

R C:
R=—"2°% (6.28)
(1/Q) +c:

where C_ is given by (6.26). Therefore, either response-time data
can be fitted after the concentration-time data have been fitted, gen-
erating values of Ry, s, Q, and ke [Eqgs. (6.26) and (6.28)], or
response-time and concentration-time data can be fitted simultaneously
[Eqs. (6.26) to (6.28)1, generating all pharmacokinetic and pharma-
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codynamic parameters. This approach to the quantitative description
of response-plasma concentration-time data has been used in the quan-
titative analysis of d-tubocurarine and disopyramide pharmacody-
namics [19—-21]. An example is presented in Fig. 6.20.

KINETICS OF INDIRECT PHARMACOLOGIC RESPONSE

The intensity of a pharmacologic response may not be due to a direct
effect of the drug on the receptor; rather, it may be the net result
of several processes only one of which is influenced by the drug.
Under such circumstances a direct relationship between the plasma
concentration of the drug and the measured pharmacologic response
can generally not be obtained. If this is the case, the process that
is influenced by the drug must be identified and an attempt made to
relate plasma drug concentrations to changes in this process. A good
example is the anticoagulant (hypoprothrombinemic) effect of the cou-
marin drugs, which inhibit the synthesis of certain vitamin K-depen-
dent clotting factors (i.e., factors II, VII, IX, and X), but have no
effect on the physiologic degradation of these factors. Thus the
real effect of these drugs is inhibition of synthesis rate, and any cor-
relation with plasma concentration must be based on this effect rather
than on the degree of inhibition of clotting time [22]. Administration
of warfarin or bishydroxycoumarin rapidly blocks the synthesis of pro-
thrombin complex activity P [23], but significant anticoagulant effect
will not be observed until normal circulating levels of P are reduced
sufficiently. Hence it is not surprising that although peak levels of
warfarin in the plasma are observed within several hours after oral
administration, the maximum hypoprothrombinemic response does not
appear until several days after administration (see Fig. 6.21).

The degree of anticoagulation is generally measured in terms of
a prothrombin time PT. PT is a measure of the net effect of the rate
of synthesis and the rate of degredation of the appropriate clotting
factors. Prothrombin time is generally expressed as the percent of
the normal prothrombin complex activity, and will be denoted by the
symbol P. P can be determined employing the following relationship:

PTO - PTn
P =100 1-—TI‘——— (6.29)

n

where PT is the observed prothrombin time and PTp, is the normal
prothrombin time. For example, if a prothrombin time of 19 s was
measured, the prothrombin complex activity P would be 42% of normal,
assuming a normal prothrombin time of 12 s.

The net rate of change of P at any time (i.e., dP/dt or Rpet) may
be described by

Riet™ Rsyn - Rdeg (6.30)
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Fig. 6.21 Average warfarin concentration in plasma and depression
of prothrombin complex activity after oral administration of warfarin
to healthy subjects. (From Ref. 22.)

where Rgyn and Rgep are the rates of P synthesis and degradation,
respectively. The R values are measured in terms of percentage of
normal activity per day since P is measured relative to the average P
level of normal subjects.

As noted, the direct effect of coumarin anticoagulants is not re-
flected by changes in P but rather by changes in Rgyp relative to its
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normal value. Rgyn may be calculated from (6.30) if Rgeg can be
determined, since Rpet is readily obtained from P (i.e., Rpet = dP/dt).
If it is assumed that the degradation of P is describable by first-order
kinetics, then

Rdeg = de (6.31)
where kg is the apparent first-order degradation rate constant. This
constant can be obtained experimentally from the slope of a log P versus
time plot after administration of a synthesis blocking dose of a coumarin
anticoagulant. Under these conditions Rgypn in (6.30) equals zero.
Therefore,

dP _ -

at~ Rpet = Rdeg (6.32)
and hence

ar _

Fr de (6.33)

Integration of (6.33) yields
P=P0e kdt (6.34)
which in logarithmic terms is
kdt
log P = log P0 ~ 3303 (6.35)

where P is the level of P prior to medication. Therefore, a plot of
log P versus time should be a straight line, the slope of which will
yield kg (Fig. 6.22). In one study where a synthesis blocking dose
of 1.5 mg/kg of warfarin was administered orally, an average value
of kq of 1.21 per day was determined [22]. This corresponds to an
average half-life of 13.7 h.

Solving (6.30) for Rgyp and substituting kgP for Rdeg according
to (6.31) and dP/dt for Rpet according to (6.32) yields

dp
syn 5?+ de (6.36)
Therefore, by knowing kq and P as a function of time, Rgyn can be
determined.
The magnitude of response R at any given time can be expressed
as the difference between the synthesis rate before medication ngn
and Rgyn at time t:

R = ngn - Rsyn (6.37)
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Fig. 6.22 Plasma prothrombin complex activity in a normal subject
after oral administration of 1.5 mg/kg dose of warfarin. (From
Ref. 22.)

As discussed above, the magnitude of many types of pharmacological
response is related to the logarithm of the plasma concentration of
the drug. Equation (6.14) can be converted to a concentration equa-
tion by dividing by volume of distribution to yield
R = m(log C - log Cmin) (6.38)
where Cpin is the minimum effective plasma concentration. Substituting
Rgyn — Rsyn for R according to (6.37) in (6.38) and solving for Rgyn
gives
= R° + -~ .
ayn Rsyn m log Cmin m log C (6.39)
Therefore, a plot of Rgyn versus log C should yield a straight line
with a slope of —m (Fig. 6.23). According to (6.39), when Rgyn
equals Rgyn, C equals Cpin.
Prothrombin Complex Activity Versus Time. Although the direct
effect of the coumarin anticoagulants is on Rgyn, the time course of
P is of interest since this is the actual response being measured. This
information can be obtained by incorporating the concepts expressed
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Fig. 6.23 Average synthesis rate of prothrombin complex activity as

a function of plasma warfarin concentration in normal volunteers.
Warfarin sodium dosing schedules: e, a single oral dose of 1.5 mg/kg;
#, daily oral doses of 10 mg for 5 days; O, daily oral doses of 15 mg
for 4 days. Cp min. the apparent minimum effective plasma warfarin
sodium concentration; Cp max, the concentration of warfarin sodium

in the plasma which apparently suppresses totally the synthesis of
prothrombin complex activity. (From Ref. 22.)

in the preceding paragraphs into a single mathematical expression

that permits the determination of P as a function of time and the
initial plasma concentration (or dose) of the drug. Substitution of
dp/dt + kqP for Rgyn according to (6.36) in (6.39) and rearrangement

yields

P _ -o - -
=R +ml°gcm1'n m log C de (6.40)

dt syn

Prior to the initiation of anticoagulant therapy, the circulating levels
of P are constant at P°, and at that time ngn is given by

o = <]
Rsyn de (6.41)
[see (6.36)]. Substituting this value of ngn in (6.40) results in
dP _ . po - -
" de +m log Cmin m log C de (6.42)

It has been shown that after intravenous administration,
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- - Kt
log C = log CO 7303 (6.7)
Accordingly,
Cc
dP _ \ po _ _0 , mK .
- de m log cmin + 5.303 t de (6.43)

Since the first two terms of (6.46) are constant for a given dose, they
may be combined, and upon rearrangement,

dp _ mK
dt+de_A0+2.303t (6.44)

where Ay = kqP° — m log (Cg/Cpip). Multiplying through by dt
yields

_ mK
dP+de dt—Aodt+2.303t dt (6.45)

The solution to this differential expression requires the use of an
integrating factor.® In this case the appropriate integrating factor is

e/ kdt, which is equivalent to ekdt. Multiplying through by this term
yields

k.t
k.t k.t k.t d
d qa ., d mKte
e dpP + dee dt = AOe dt + ——-———2.303 dt (6.46)
Since
k.t k.t k.t
d(Pe d )=e d dP + k .Pe d dt (6.47)

d

we may substitute d(Pekdt) for the left-hand side of (6.46). Hence
upon substitution and rearrangement, (6.46) may be rewritten as

k.t k.t
d mKt d
d(Pe ) = (A0+2-303)e dt (6.48)
The indefinite integral of this expression is
k.t k.t
d _ mKt d ,
Pe —[(A0+2.303)e dt +1 (6.49)

where i is an integration constant. Upon rearrangement,
-kt k,t
d mKt d
P=e ‘ .
[/(AO + 2‘303) e dt + 1} (6.50)

tSee L. M. Kells, Elementary Differential Equations, 6th ed. McGraw-
Hill, New York, 1965, chap. 3, sec. 24, pp. 63—68.
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The integral term of (6.50) may be expressed as

k.t K.t
d mK d
A, [e dt + 57 /te dt

The first term of this expression is readily solved since

k.t A k.t
at %o fdb
AO/e dt=— e = +i

d

but the solution of the second term requires some effort.
the general relationship

xy=fd(xy)= [(xdy+ydx)=fxdy+fydx

it follows that

/xdy=xy—-/ydx

Now returning to the second term of the integral,

k,t
MK [ gt

and letting t = x and ekdt dt = dy, it follows that y = ekd

251

(6.51)

Considering

(6.52)

(6.53)

t/kd.

Substituting these relationships in the second term of the integal

yields

K.t Kt
Kt d d
/ted dt=t%——/ek at
d d

which upon integration yields

Kt k.t
K.t ¢ X4
te dat=t &y
K, 2
d

Upon further simplification,

kgt kgt
te ¢ at=%— (kgt = 1) +1"

2
kd
Accordingly,
k.t
k.t d
S fte Car=mEe (kb -1 +in
: 2.303kd

(6.54)

(6.55)

(6.56)

(6.57)
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Summing (6.51) and (6.57) yields the integral term of (6.50):

k.t

k.t A k.t d
/<Ao*zm—§f)t§> e farmgle® it - b s

’ d 2.303kd

(6.58)

Substituting the right-hand side of (6.58) for the integral terms in
(6.50) and collecting the integration constants such thati +i' +i" =1
yields

k.t
~k t] A, k.t d
P=e d[K—Oed +EK~e—2—(kdt—1)+I] (6.59)
d 2.303k
d
Upon simplification,
-kt A
P=1Ie d+k—0— mK2+2[;é{3kt (6.60)
d 2.303kd * d

Evaluation of I at t = 0, where C = Cgy and P = P°, yields

I=Po_ﬁ +__"LK_2 (6.61)
d 2.303kd
Substituting for I and Ag in (6.60) and simplifying the results gives
-kdt
P=P° —~a(l—e ) + bt (6.62)
where
a= . logk(co/cmin) + mK 3 and b= 2 303K g,(gk
d 2. 303kd ' d

Equation (6.62) has a number of interesting features. Shortly
after drug administration, when t is relatively small, the second term
predominates over the third term and P decreases with time. At later
times, the third term predominates and P increases with time. At some

time later, e-kdt + 0 and P increases linearly with time. Values of P
calculated as a function of time after warfarin administration, by

means of (6.62), agree exceedingly well with clinically observed values
(see Fig. 6.24). A pharmacokinetic analysis by this method of the
effect of a barbituate on the anticoagulant action of warfarin and
bishydroxycoumarin has shown that the reduced efficacy of these drugs in
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Fig. 6.24 Calculated (—) and observed (O) prothrombin complex
activity in healthy human subjects after a single oral dose of 1.5
mg/kg warfarin sodium. (From Ref. 22.)

humans during barbiturate administration is due to enhanced biotrans-
formation of the coumarin drugs rather than to changes in distribu-
tion or affinity to the pharmacologic receptors. Thus, whereas the
biologic half-life of the coumarins was decreased significantly with the
barbiturate, the relationship between effect and plasma-drug concen-
tration remained unchanged [24,25]. On the other hand, phenyl-
butazone, which also enhances the elimination of warfarin, has a pro-
nounced effect on the relationship between synthesis rate of pro-
thrombin complex activity and plasma-warfarin concentration [26].
These observations are consistent with the assumption that phenyl-
butazone competitively displaces warfarin from nonspecific binding
sites in the plasma and tissues and thereby increases the interaction
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of the anticoagulant with its pharmacologic receptor and metabolizing
enzyme system.

KINETICS OF IRREVERSIBLE PHARMACOLOGIC RESPONSE

Although most drugs produce a response that is reversible, certain
antibiotics and anticancer agents cause cell death (an irreversible
effect) by the irreversible or covalent incorporation of drug into a
metabolic pathway of a cell. When discussing the kinetics of irre-
versible pharmacologic response, it is appropriate to consider two
classes of drugs, each of which affects the cell cycle and mitosis in

a different manner, one class which is nonphase specific in its cytoxic
effect and the other class which is phase specific.

PROPHASE

METAPHASE

ANAPHASE

CELL CYCLE N MITOSIS

Fig. 6.25 Segments of the cell e¢ycle and mitosis (see Ref. 27).
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Fig. 6.26 Effect(s) of various chemotherapeutic agents on phases of
the cell cycle. (From Ref. 28, reprinted with permission.)

The various segments of the cell cycle and mitosis are depicted
in Fig. 6.25. Briefly, at the completion of mitosis M, the cells spend
a variable period of time in a resting phase Gy. This is followed by
the DNA synthesis period, the S phase. The cells cease DNA synthesis
during the Gy phase before reentry into mitosis. Each cytotoxic
agent exerts its effect by disrupting one or more phases of the cell
cycle. For example (see Fig. 6.26), methotrexate and cytosine
arabinoside appear to inhibit DNA synthesis, while corticosteroids and
L-asparginase inhibit the entry of cells into the S phase. Vincristine
arrests mitosis and blocks the entry of resting cells into the mitotic
cycle. Cyclophosphamide, on the other hand, appears to have several
effects: inhibition of DNA synthesis, arrest of cells in mitosis, and
inhibition of cells from entering DNA synthesis.

Nonphase Specific Drugs

The proposed model in Fig. 6.27 is an expansion of the model in Fig.
6.19, and is a slight modification of one presented previously [29].
This model permits an evaluation of the influence of cell cycle non-
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Fig. 6.27 Pharmacokinetic-cytotoxic model for nonphase specific

drugs. (Data from Ref. 29.)

specific drugs on cell cytotoxicity. In this model X

is the amount of

drug in the effect compartment, Cg the concentration of proliferating
target cells, kg the rate constant for natural mitotic growth, k, the
rate constant for normal physiologic degradation, and k the rate con-
stant for cell kill. All other parameters are as defined previously. As
with the model in Fig. 6,19, the effect compartment is assumed to re-
ceive a negligible amount of the total drug in the body (i.e., kie is
very small) and therefore does not influence the plasma concentration
versus time curve. Nor does it enter into the pharmacokinetic solution

for the amount of drug in the body.

Based on the model in Fig. 6.27, the following equation can be

written for the rate of change of target cells:

dCs
—=kC —-kC —kCX
dt s s rs s e

Rearrangement yields

dCs
Fs— = (ks - kr) dt - kXe dt
which when integrated becomes
t
InC_=(k_—-k)t—-k X dt +i
8 8 r 0o ©

(6.63)

(6.64)

(6.65)
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where i is a constant of integration. Att=0, i=1In Cg, where Cg
is the concentration of target cells before the initiation of therapy.
Substitution of In C§ for i in (6.65) and rearrangement produces the

following relationship:

C

t
S = -— —
In C—g = (ks kr)t kj(; Xe dat (6.66)

Since most anticancer drugs have relatively short half-lives, it is
suggested that the pharmacokinetic events (i.e., absorption, distribu-
tion, and elimination) are essentially over before much happens to

the cells, Therefore,

t ©
/ Xe dt =/ Xe dt (6.67)
0 0

The amount of drug in the effect compartment as a function of time
is given by

n
T (B = Kog) g ¢
X =k X, =2 o el
e "1e°0 n
n (, -k )
=1 i el
n
n ii[z (B =AY At
klex0 ;LZ]_ o e (6.22)
(keO - )\ﬁ) 'II (}‘i - )‘l)
i=1
i#g

Integration of (6.22) from zero to infinity yields

n
. kg
,[0 Xedt_klexo k :Tl(k -k )
el i=1 i el
n
.S i B (6.68)
=1y (k -x);(x.—x)
L el 2 i=1 A

it2
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The same solution for f0°° Xe dt [Eq. (6.72)] results regardless of the
value of n. Therefore, arbitrarily setting n = 2 in (6.68) gives

® [ By~ Ky
X dt=k X
[) e 170 |k O =k DO, —k )

. B, =Yy
g = 20, = D
E. —
27 %y
+ — - (6.69)
Aokeg = 2Py *z)]

Bringing (6.69) to a common denominator, expanding the resulting
numerator, canceling common terms, substituting kg for Eg, and
factoring out k9; produces

2 2 .2 2 _ .2 2
] Kdten k. x 1tz 7 M2 Mafeo T Moo T MFe0 * M¥eo
o ¢ 172170 Aphgkag(hy = AP lkgg = AP (kg = 2
(6.70)

Recognizing that the numerator of (6.70) is equal to (A1 - Ap)(Kgg —
21)(kgg — Ag) permits (6.70) to be simplified to

© k, k.. X
_*1e21%0
foxedt"—_“xxk (6.71)

12 el

Since A1ig = kg1kig [Eq. (2.100)], kojkig can be substituted for
Aiirg in (6.71) and kgj canceled to give

o k, X
/ X dt=—220 (6.72)
0

e Kog¥yg

Substitution of kX g/kegk1g for fot Xe dt, according to (6.67) and
(6.72), in (6.66) yields

c, Kk
In g5 = (kg = k)t = ———=" X, (6.73)
s e0 10
or
Cs ks B kr kk1e
log 5= —3.303 ' T 7303k k. 0 (6.74)
s el 10

Equation (6.74) can be given as
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CS ks B kr
log'Eg =—2'—333——'t —KLXO (6.75)
where
kkle
K = — (6.76)
L 2.303keok10

Therefore, a plot of the logarithm of the fraction of surviving cells
(C4/Cg) versus dose should be linear. An example is presented in
Fig. 6.28. The slope of the line Ky, is a function of the affinity of
the target cell for the drug, k, the elimination rate constant of the
drug, kig, and the constants responsible for the appearance and dis-
appearance of drug in the effect compartment.

The reciprocal of Ky, (i.e., 1/Ky,) has been defined as a lethality
constant EDg0, which is the dose increment of drug required to re-
duce the fraction of surviving cells (CS/Cg) by one order of magnitude
[29]. This lethality constant can be used to compare the cytotoxic
effects of a drug on various cell systems or effects of various drugs
on a single-cell system. For example, a comparison of the curves in
Fig. 6.28 would suggest that cyclophosphamide has a smaller lethality
constant for or is more potent against osteosarcoma cells than chimera
spleen cells.

Cell-Cycle-Specific Drugs

There are some anticancer drugs which are cytotoxic only during a
specific phase of the cell cycle. For this class of drugs the model in
Fig. 6.29 is proposed. Again, this model is slightly modified from
one presented previously [30]. Cg represents the concentration (or
number) of cells sensitive to the drug, and Cy is the concentration (or
number) of insensitive cells. Cells in each group are interconvertible
with transformation rate constants kpg and kgp. All other terms are
as defined previously. As can be seen from the model, the cell pro-
liferation rate constant kg is assumed to act only on Cg cells, and the
rate constant for cell loss ky acts only on Cp cells. This model is
analogous to systems in which Cg and Cp represent proliferative and
resting cells, respectively.

The rate of change in the number of target or proliferating cells
and insensitive or resting cells can be written as the following dif-
ferential equations:

dCs

a - kSCs kXeCs ksmCs + krsCr (6.77)

and
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Fig. 6.28 Survival curves for chimera spleen cells (O) and osteo-
sarcoma cells (®) after intraperitoneal administration of single doses
of cyclophosphamide. (From Ref. 29, reprinted with permission.)

dCr

at o ksrcs - krscr B krCr (6.78)
The problem encountered in trying to solve (6.77) and (6.78) is the
time-dependent nature of X,. This problem can be overcome by nu-
merical integration of the specific differential equations that describe
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Fig. 6.29 Pharmacokinetic-cytotoxic model for cell-cycle-specific
drugs. (Data from Ref. 30.)

the model [i.e., Eqs. (6.77) and (6.78), plus the differential equa-
tions for Xg and other compartments (see Fig. 6.29)]. Such an ap-
proach has been applied to arabinosyleytosine data (see Fig. 6.30).

If Xg in (6.77) is assumed to remain constant, a specific equation
for (6.77) can be obtained quite readily. Assuming that X, can be
approximated by the average amount of drug in the effect compartment
during a dosing interval at steady state, X,, where

T
[ X dt
ey 0 e
X =—— (6.79)
e T

(see Chap. 3), then
[TX at
. ﬁ-—o—:?—-— (6.80)

where tis the dosing interval and [} X, dt is the area under the X¢
versus t curve during a dosing interval at steady state. Since

J§ Xe dt equals [TX, dt (see Chep. 3), ky,Xg/Kggk1g can be sub-
stituted for [f Xo dt/tin (6.80) [see Eq. (6.72)] to give

k, X
X, 21(—}1(‘*—-_9 (6.81)
e0 10"
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Fig. 6.30 Time course of drug levels and survival of lymphoma cells
in mouse femur on multiple dosing of arabinosyleytosine (Ara-C). The
upper graph shows the calculated body levels of Ara-C when doses

of 0.167 mg are given every 4 h (assuming a biologic half-life of 1h)
as well as the average body level of Ara-C (dashed line). The solid
line in the lower graph is calculated from the model using numerical

integration. (From Ref. 30, © 1971 Plenum Publishing Corp.)

Substitution of this value of X, for X, in (6.77) yields

dCS kklex 0CS
dat - ks s k .k Tt ksrcs * krsCr (6.82)
el 10
The solutions for Cgy and C, are provided in the appendix to this
chapter.
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Fig. 6.31 Dose- and time-dependent cell survival curves for the ef-
fects of vinblastine on hematopoietic and lymphoma cells in the mouse

femur. (From Ref. 30, © 1971 Plenum Publishing Corp.)

Of interest is the total number of cells in the system Crasa
function of time and of dose. This is given by

-a.t -at
! 2 (6.83)
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Fig. 6.32 Time course of drug levels and survival of lymphoma cells
in mouse femur on multiple dosing of vinblastine. The upper graph
shows the calculated body levels (solid line) of vinblastine when doses
of 0.025 mg are given every 4 h (assuming a biologic haif-life of 3.5
h) as well as the average body level of vinblastine at steady state
(dashed line). The solid line in the lower graph is calculated from
the model using numerical integration; the dashed line is based on
average body levels. (From Ref. 30, © 1971 Plenum Publishing Corp.)

where t is time, oy and oy are disposition rate constants,

o -— o 4 -— p—
- Cs(krs * kr * ksr al) * Cr(KXO ksr ks * krs al)

A =
1 oy oy

(6.84)

and
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— o - —
A2 = Cg(krs + kr * ksr cLZ) * Cr(KXO * ksr ks * krs o‘Z)

a, = a

1 2
(6.85)

and C¢ and C? are the respective concentrations or numbers of sensitive
and insensitive cells at time zero. Derivations of these equations may
also be found in the appendix to this chapter.

The approximation that resulted in the solution for (6.83) allows
the characterization of the average effect of a given dose of a drug,
rather than the time course of effect of the dose, and is precise only
at the instant that all of the drug has been lost from the body and
tumor site [30]. An example of the application of Eq. (6.83) with re-
gard to the effect of dose and time on hematopoietic and lymphoma cells
in the mouse femur is illustrated in Fig. 6.31. Figure 6.32 demonstrates
the good agreement between the approximate solution and a more rig-
orous kinetic treatment.

Although the data are limited, there are examples in the literature,
as illustrated above, that demonstrate the application of the relation-
ships developed in cancer chemotherapy. Unfortunately, there remains
a paucity of information concerning the effect of duration of antibiotic
therapy and dose on bacterial cell growth.

APPENDIX: SOLUTIONS FOR C4, Cy., AND Cy FOR CELL SYSTEMS
SENSITIVE TO DRUGS THAT ARE CELL CYCLE SPECIFIC

The differential equations for Cg and Cr [Egs. (6.86) and (6.81), re-
spectively] are

dC
s =3 — —
it - kscs KXDCS ksrcs + krscr (A6.1)
and
dC
at ksrcs - krscr - err (A6.2)
where
kk1
K= 1?—1?_67 (A6.3)
e0 10

The respective Laplace transforms of these equations are (see Appen-
dix A)

= o= 3 _ —_ —_
SCS Cs (kS KXO ksr)Cs + krscr (A6.4)
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and
sC_—-C°=k_C - (k_+k)C (AB.5)
r r sr s s r'r
where C2 and c;‘, are the concentrations or numbers of sensitive and
insensitive cells at time zero. Collecting common terms in these two
equations yields the following:

- c = o o
(s + KXD + ksr ks)Cs krsCr + CS (A6.6)

= — R
(s + krs + kr)cr ksrcs + Cr (A6.7)

Multiplying Eq. (A6.6) by (s + kpg + kyp) and (A6.7) by kps, adding
the resulting expressions, and solving for Cg yields

(s+k +k)C°+k_C°
= rs r s rs r
C = 3 (A6.8)
s +s(KX_ +k _+k +k -—k)
0 sr rs r s

s

+ + + - -
(kyg * k(KX ksr ks) krsks

1] r

If we consider the identity

2
s +s(KX + ksr + krs + kr - ks) + (krs + kr)(KX0 + ksr - ks)

0

- krsksr = (8 + al)(s + az) (A6.9)

Eq. (A6.8) can be rewritten as follows:

(s+k__+KkK)C°+k C°
_ rs r' s rs r

Cs = (5+a)(s +a.) (A6.10)
1 2
where
aptoy SRX gkt kgt R~ Ky (A6.11)
and
M% = (krs * kr)(KXO + ksr - ks) - krsksr (A6.12)

Solving (A6.10) for Cg using a table of Laplace transforms (Appendix
A) gives

- o] o -
B (krs + kr “1)05 +k C alt

rs r
Cs - o, — o e
2 1
— <] °
+ (krs * kr 0‘Z)CS * krs(:r -azt
al - a2 e (A6.13)
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C, can be solved for in a similar manner. Multiplying (A6.6) by
ksr and (A6.7) by s + KXg + kgp ~ kg, adding the resulting expres-
sions, solving for C,, and considering the identity given by (A6.9)
yields
* ksr B ks)C; * ksrcg

(A6.14)

_ (s + KX
c - 0

r (s+a1)(s+a2)

The following equation for C, as a function of time can be determined
using a table of Laplace transforms (Appendix A):

— —_— [+] o -
c = (KXO * ksr ks c‘l)cr * ksrc:s 0‘1,t
r a2 - al
(KX _ +k ~—-k —o,)Co+k C° -q_t
+ 0 sr s 2" 7r sr s e 2 (A6.15)
% T %

An expression for the total number of cells in the system, Cp, can be
obtained by adding (A6.13) and (A6.15). Addition followed by simpli-
fication yields

—ult -azt
CT = Cs + Cr = Ale + Aze (A6.16)
where
] -— [+ — J—
A = Cs(krs * kr * ksr al) * Cr(Kxo * ksr ks * krs 0‘1)
1 cxz - al
(A6.17)
and
[+ — [~ — —_—
A = Cs(krs * kr * ksr u2) * cr(KXO * ksr ks * Kz's “z)
2 01 - ocz
(A6.18)
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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:

_ig.z_‘.l_ﬂ(i_ (7.1)
dt Km+C :

where —dC/dt is the rate of decline of drug concentration at time t,
Vm the theoretical maximum rate of the process, and Ky, the Michaelis
constant. It is readily seen by determining C when —dC/dt = (1/2)Vp
that Kp, 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
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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_j are first-order
rate constants, and k; 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 K, 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 K,
is much larger than C, (7.1) reduces to

\'s
C (7.2)

!
23
§

g (8

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/Km. 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 Kp,. Equation (7.1) then reduces to

dac

~a " Vn (7.3)
Under these conditions, the rate is independent of drug concentra-
tion, so that the process occurs at a constant rate Vy,. 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

2 e e e e e - —— -

P

K
/l I ] 1

50 100 150 200

CONCENTRATION (pug/m1)

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 ug/ml and the max-
imum rate Vy, is equal to 2(ug/ml)h-1,
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Log scale— plasma concentration of diphenylhydantoin (ug/mi)
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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: 4.7mg/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

—gcf—(cwm):vm dt (7.4)
or
-dC - £ C =V_dt (7.5)
C m
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Integration of this equation gives the expression

—-C—~K InC=V t+i (7.6)
m m

where i is an integration constant. Evaluating i at t = 0, where
C = Cy, yields

1=—C0—Km In Co (7.7
Substituting this expression for i in (7.6) and rearranging terms gives
c,-C K C
-0 _m,. 9
t= v t 7 In C (7.8)
m m
100
10
] 9
b 8
4 2
- g
0 T
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- TIME {min)
o p
@
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04+ : : : :
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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; Ky = 10 mg and Vp,, = 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 Cy has decreased to C. A modified form of (7.8), that is,

c,-C K_ C
bt =
0V

m m

m 0
+ In C (7.9

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 Cy 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

CO—C Vm
logC=ﬁ6§-{;+logCO—mt (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 kinetics. The lowest dose represents the case where
Kn >> 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 Kp,,

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. 7.3.

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 Vy

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 Ky, and Vi, 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,
K
1 m

1
+__—
AC/At VmCm Vm

(7.11)

so that a plot of the veciprocal of AC/At versus the reciprocal of Cp,
yields a straight line with intercept 1/V, and slope Ky/Vyp. 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
ac v (AC/At)Km (1.13)
At m Cm :

respectively. Based on (7.12), a plot of Cp/(AC/At) versus Cpy
should yield a straight line with a slope of 1/V; and an intercept of
Km/Vy. 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
yield a zero-time intercept of log CE (see Fig. 7.5). The resulting
straight line can b