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Pharmacokinetics

CHAPTER 79

Principles and Applications
of Pharmacokinetics

Michael Mayersohn

This presentation is not intended to be a course in mathematics
nor, fortunately, does the reader need to be a mathematician to
understand and apply the principles of pharmacokinetics. Effort
should be expended in understanding the concepts and princi-
ples, which, hopefully, is facilitated by the shorthand use of
some selected mathematical relationships. The math provides a
universal language for developing and discussing the princi-
ples. These relationships must make sense (or they are useless),
and this occurs if the concepts are understood. That said, it is
necessary to use equations to represent the ideas and for calcu-
lation purposes, Because one principle or idea draws on those
preceding it, try and keep clear “what drives what” (i.e., which
is the true independent variable and which is the dependent vari-
able) and how would a plot of one versus the other appear.
Being able to graph one variable against another is important
because if one can properly create such a plot, one understands
the principle(s) behind the relationship. A graph represents a
rapid means of presenting a relationship and often is the starting
point for a discussion. By convention, there is only one graphing
rule: the dependent variable appears on the y-axis (ordinate)
and the independent variable appears on the x-axis (abscissa).
The term pharmacokinetics arises from the Greek pharmacon,
meaning substance (a drug or toxic agent), and kinetics, meaning
rate process. Pharmacokinetics is the area of study that exam-
ines the rates of those processes associated with entry into, dis-
position through, and exit from the body of a material (i.e., drug
or toxin) presented to the body. Further, such study often
attempts to relate the pharmacologic response or pharmacody-
namic events to the concentration of that substance (or a deriva-
tive, such as a metabolite) as a function of time. The latter gives
rise to useful pharmacokinetic/pharmacodynamic relation-
ships. By extension, foxicokinetics concerns itself with the rate
processes associated with a toxic agent (or derivative) entering
the body and the consequent concentration and time-related
toxicodynamic events. One can contrast pharmacokinetics to
pharmacodynamics; the former being what the body does to the
drug and the latter representing what the drug does to the body.
The processes that are studied and quantified in pharmacoki-
netics are often described by the mnemonic ADME, absorption,

distribution, metabolism, and excretion. The three latter pro-
cesses are associated with disposttion (i.e., what happens to the
drug once in the body, after gaining access to the bloodstream),
whereas absorption describes the movement of the drug from
the site of application to the bloodstream. In a more general way,
these processes may be considered: input (absorption), translo-
cation (distribution), and output (elimination). Critical to our
understanding, however, is the ultimate expression of the inter-
action between the substance and the body, the biolvgic outcome,
which is measured as a response or toxic event,

Figure 1 illustrates the important idea of the overlap between
the pharmacokinetic events and some corresponding biologic out-
come noted as a pharmacodynamic/toxicodynamic event. The
driving force for the processes shown is concentration of drug in
the blood. For this reason, it is important to understand and char-
acterize the concentration-time profile, as it is critical for all subse-
quent events (i.e., distribution, elimination, and response).
Another important aspect of Figure 1 is that all of the events are
occurring at the same time, though processes are often sequential.
After drug dosing or environmental exposure (on one or multiple
occasions), and assuming that the substance is absorbed into the
bloodstream, blood concentrations of the substance are achieved.
That (driving force) concentration causes movement from the
blood to other tissues, including the organs that eliminate the drug
(e.g., liver and kidney) as well as the tissues that contain receptors
or regions of potential toxicity. Thus, while the drug is being
absorbed into the bloodstream, it is simultaneously being distrib-
uted to sites of action or toxicity, and it is undergoing elimination.
Whereas a response tends to be reversible (increasing or decreas-
ing in some manner related to blood concentration; often directly),
elimination processes are almost always irreversible.

A more comprehensive view of the elementary scheme (Fig. 1)
is illustrated in Figure 2. The banner cites the basic processes,
input-translocation-output, which are further divided into more
specific events. Thus, the processes on the left side of the scheme
describe the transition steps of disintegration to dissolution to
absorption that a solid form of a drug undergoes on ingestion,
The dissolution step is often critical because it can rate-limit the
overall absorption process, especially for poorly water-soluble

ey —
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Figure 1. Schematic illustration of the overlap between pharmacokinetic
events and biologic outcome noted as pharmacodynamic/Aoxicodynamic
events, Blood concentration is the driving force for all of the evenls shown.
All of the processes are dynamic as they are constantly changing with time.
(From M. Mayersohn, unpublished, with permission from Saguaro Techni-
cal Press, Inc, Tucson, AZ, 2002.)

compounds. Absorption, or the process of passing across one or
more biologic membranes into the bloodstream, is a function of
the permeability of the molecule (which is related to the oil /water
partition coefficient of the chemical). As the molecule moves
through the intestinal epithelial cells into the bloodstream, it may
undergo metabolism (especially by the CYP-450 oxidative system
as well as by conjugation reactions) or encounter efflux transport-
ers (P-glycoprotein), which move the compound from the cell
back into the gut lumen. Any absorbed drug then moves via the
portal circulation into the liver. Because the latter is the major site
of metabolism, the compound could undergo further chemical
alteration as it passes through the liver. The first-pass effect, also
known as presystennc metabolisni, refers to the movement of com-

Pharmacologic
or Toxinol o%
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pound through the gut wall and liver and its melabolic alteration.
The first-pass effect can be quite important in modulating the
response to a drug. As noted later, it is the magnitude of metabolic
clearance that determines the significance of the first-pass effect
(see Nonvascular Input: Absorption and Bioavailability, Once
past the liver, the compound (and metabolites) gains access to the
bloodstream (the body).

Numerous other routes of administration (pulmonary, rectal,
subcutaneous, intramuscular, dermal, nasal) may provide alter-
native and perhaps more efficient modes of administration com-
pared to the oral route (Fig. 2). In each instance, just as with oral
dosing, the drug must traverse biologic membranes to gain
access to the bloodstream. Each route has its own advantages
and disadvantages. The absorption process can be completely
bypassed by use of a vascular route, such as intravenous ad min-
istration. The latter involves either bolus (all at once) dosing or
infusion over a specified time. In either approach, the entire
absorbed dose enters the body.

Once in the bloodstream, the compound has access to all tis-
sues and organs in the body. During this time the drug distrib-
utes to the sites of action or toxicity and it undergoes elimination
by the primary eliminating organs, the liver ancl kidney. Metab-
olites may form during this time and they in turn distribute to
tissues and organs, possibly produce an effect or toxicity, and
undergo further elimination from the body. The scheme in Fig-
ure 2, although appearing somewhat complex, is a considerable
simplification of reality,

Recall that all of the events previously described are occur-
ring at the same time. One needs to understand and relate dose
to blood concentration, blood concentration to response, and all
of these events with time. This is the challenge and the purpose
of pharmacokinetics and toxicokinetics.

Input
Translocation
(Absorption) :> (Distribution) [——1) (El:minalion}
I Phgrmr:a'lo c I
Oral or loxico
dosraage Intramuscuiar o

form

Drug in
solution

Drug in urine
Figure 2. Conceplualized late ol a
e Bile drug in an animal body aiter dosing
= Feces by one or more routes of administra-
Pulmonary tion. The left side of the schema rep-
> Perspiration resentls processes associated with

oral absorption (input). The center
portion reflects drug movement after
gaining access (o the body (translo-
cation). The right-hand side ol the
schema illustrates elimination by var-
ious organs (output). (From M, Mayer-
sohn, unpublished, with permission
from Saguaro Technical Press, Inc,
Tuecson, AZ, 1998,)
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KINETIC PROCESSES

First-Order (Linear) Kinetic Processes

The best place to begin a discussion of pharmacokinetic princi-
ples is by first discussing the elimination (or output or loss) pro-
cess and by making a number of limiting assumptions. To
develop a undamental principle, that of first-order or linear phar-
macokinetics, one first assumes that the drug is given as an intra-
venous (1V) bolus dose (the entire dose is placed into the
bloodstream at one time). Second, one assumes that the drug
distributes instantaneously from the blood to the rest of the
tissues of the body. That assumption gives rise to the so-called
one-compartment model. Although the idea of compartments is
developed later, for the purpose here, one assumes the sim-
plest possible model (i.e., the one-compartment model).

As long as the body receives doses of the substance that do
not exceed the ability of the eliminating processes to handle
those doses, one observes a process of elimination referred to as
first-order or linear pharmacokinetics. Some important excep-
tions to this assumption exist (e.g., ethanol), and there are signif-
icant pharmacologic and toxicologic implications when they
accur. The principle of first-order kinetics, simply stated, is that
the rate of any process is directly related to the concentration or
amount of that substance at any given time. Thus, the driving force
for the rate of that process is simply the concentration or amount
present at that ime. After an 1V bolus dose of drug and given the
agsumptions, the rate of elimination from the body is directly
related to the blood concentration or amount present in the
body, as shown in equation 1:

rate = concentration [Eq. 1]

Double the blood concentration (by doubling the dose), and the
rate of elimination will double, Halve the concentration (by
halving the dose), and the rate will halve. The proportionality
sign can be replaced with a constant of proportionality and an
equal sign to give

rate = K-concentration OR rate=K-C [Eq. 2]

in which C is concentration (in blood or plasma or serum), and
K is the constant of proportionality. To have a final correct equa-
tion, a minus sigh needs to be added to one side of the equation
to indicate loss or elimination of drug from the body.

rate = -K-C [Eq. 3]

The sign simply indicates the direction of movement of the sub-
stance; in this case, movement out of the body (by elimination)
and, therefore, concentrations in the blood are declining with
time. The constant of proportionality, K, is referred to as the
apparent overall first-order elimination rate constant, and it reflects
the unchanging relationship between rate and C. Thus,

K = fate
C

Double the concentration, and the rate will double, and K will be
unchanged. Halve the concentration, and the rate will be halved
and, K will be unchanged. The units of K can be found by sub-
stituting the appropriate units for rate and C;

[Eq. 4]

K = late (concenlratio?/time} =l OR [Eq. 5]
C (concentration)

~ time

The units of a first-order rate constant are always reciprocal
time. The meaning of K is described later; however, every com-
pound has a specific average value and range of values for K in
a given subject group (or animal species), The problem with the
previous rate equations is that they relate concentration and rate

rather than what is more useful, concentration and time. To
obtain that more useful relationship, it is necessary to integrate
equation 3 over the interval, time zero to infinity, Performing
that operation gives

j:rate - —j‘:K-C -dt [Eq. 6]

c=c’e " [Eq.7]
Equation 7 is a classic relationship describing an exponential pro-
cess, in this case a declining exponential. In contrast, microbio-
logic growth can be described by an identical but positive
exponential equation. Blood concentration, C, at any time after an
IV bolus dose is equal to an initial (at time zero) blood concentra-
tion, C”, which is multiplied by some number whose value is
declining over time. That number is given by the base, ¢, raised to
a negative exponent, which is formed by the product of the first-
order elimination rate constant, K, and time (£), after the IV bolus
injection. Because the product of K and t increases as time goes on,
the base raised to an increasing negative number results in
smaller and smaller values, which, when multiplied by CY, gives
decreasing numerical values for blood concentration. Blood con-
centration is declining exponentially according to the value of K:
The larger the value of K, the more rapidly the compound is lost
from the body; the smaller the value of K, the slower it is lost from
the body. A plot of blood concentration versus time on a linear
(Cartesian coordinate) graphic scale results in a curved line
whose concentration values decline exponentially. The initial
time zero concentration, C°, is the result of the IV dose being dis-
tributed into some apparent space or volume, generally referred
to as the apparent volume of distribution, V ;. This somewhat con-
fusing term is discussed in Distribution.

Scientists go through almost any contortion to be able to
express data in the form of a straight line (which is easy to ana-
lyze). It is not surprising, therefore, that equation 7 is most often
presented in one of the two following transformations, which
are in the form of straight-line equations.

In C=In C"-K-t (Eq. 8]

Equation 8 is obtained by taking the natural logarithm (In; base
e) of both sides of equation 7. Using the more familiar and com-
mon logarithmic form (log; base 10), one obtains the following
useful equation;

logC = logcu-%-t
b 4 & t¥q.9)
Y =b -m-X

Thus, as long as all of the assumptions are correct, a plot of log
Cversus time results in a log-linear straight line whose slope (m)
is given by -K/2.3 and whose y-intercept (b) is equal to the time
zero concentration, CU. In contrast to a graphic plot on linear
axes, which results in an exponentially curved line, a plot of the
same data on a semilogarithmic scale results in a straight line.
The latter has far more useful information compared to the lin-
ear scale plot. The data are either transformed to logarithmic
values and those plotted on a linear scale or, and the more likely
method, semilogarithmic graph paper is used in which the
numerical values for concentrations are placed onto the loga-
rithmic y-axis. In fact, what is most often done today is to form
a data set in a software program (such as EXCEL), and the data
are plotted according to the method of choice. The latter
approach often gives the choice of selecting between a linear
scale or a logarithmic scale on the y-axis.

Semilogarithmic graph paper has also been called ratio paper.
Semilogarithmic scales are best suited (o the plotting of data that

CFAD Ex. 1032 (5 of 58)



79: PRINCIPLES AND APPLICATIONS OF PHARMACOKINETICS 285

£= 25 - £
55 . A 5E B
a € 20| \ E:_""
@ c e
£E5 15 25
.E_E sal \ %E :]'E_—u - K123
25 | 25 .
52 05 Eg 112

=] =] |
2° u.f.uL - — P76 .

2 4 & & 6 2 4 6 8 10
Time, hr Time, hr

Figure 3. A: Plasma concentration-time profile alter an intravenous bolus dose of hydromorphone 1o nor
mal human subjects. The data are plotted on linear (cartesian) scales, and the resulting curvilinearity is an
indication of an exponential decline in concentrations with lime. B: Graph of the same data illustrated in
(A) but plotied on a semilogarithmic scale. The data are represented by a single log-linear relationship,
consistent with an exponential (i.e., first-order) process to describe drug loss from the body. The initial
(hypothetical) time zero concentration of this drug, based on extrapolation of the line back to the y-axis,
is approximately 4 ng/ml, The slope of the line is given by <K/2 3. The two arrows indicate the time needed
for the hypothetical initial concentration (4 ng/ml) to decline by 50% to a value of 2 mg/L, The correspond-
ing intercept on the x-axis (approximately 3 hours) represents the hali-life (t, ,) of the drug. Any other pair
of concentration values in the ratio of 2:1 gives the same value for half-life. Not all of the data have been
replotted for this illustration, as discussed later (see Fig, 12). (Data recovered and replotted from Parab PV,
Ritschel WA, Coyle DE, et al. Pharmacokinetics of hydromorphone afler intravenous, peroral and rectal
administration to human subjects. Biopharm Drug Dispos 1988;9:187-199. From M. Mayersohn, unpub-

lished, with permission from Saguaro Technical Press, Inc, Tucson, AZ, 2002.)

change in an exponential fashion, such as the concentration-
time data obtained in pharmacokinetic investigations. The term
ratin was used to indicate that numbers in the same ratio to each
other are the same distance apart on the logarithmic scale. Thus,
the following pairs of numbers, which are in the same ratio (of
5:1), are separated by the same distance: 10/2, 100/20, 600/120),
and so forth. Similarly, numbers that represent the same per-
centage increase or decrease are separated by the same distance
on the logarithmic scale. The following pairs of numbers, which
represent a 10% decrease, are the same distance apari: 100/90,
10/9, and 20/18. Another characteristic of semilog scales is the
number of cycles that they represent. Each cycle is an order of
magnitude (or a factor) of ten. Two-cycle log axis encompasses a
100-fold range (or two orders of magnitude of ten) from, for
example, 1 to 10 to 100 or 0.01 to 0.1 to 1.0,

K, the apparent overall first-order elimination rate constant,
represents a fractional rate of loss of drug from the body. Thus, for
example, if a drug has a value of K of 0.1 hour (or 0.1 /hour), it
Is approximately correct to say that at the end of any hour approxi-
mately 10% of drug that was there at the beginning of the hour has
now been eliminated. For example, at time zero after giving an IV
bolus dose of drug the plasma concentration is 100 mg/L. One
!wur later, the body has lost approximately 10% of 100 mg/L, giv-
g a concentration of 90 mg/L at 1 hour. One hour after that (at 2
hours), another 10% has been lost and the plasma concentration
at2 hours is now approximately 81 mg/L. At 3 hours, the concen-
tration is approximately 73 mg/L; at 4 hours, approximately 67 mg/
Liand so forth. 1f the rate constant had a value of 0.05 year™ (0.05/
year), approximately 5% of the drug present at the beginning of the
year would be lost by the end of that year. There is a more useful
and simpler way to express drug loss from the body and it
mvolves the idea of half-life, t,/» a term commonly used in many
disciplines (., radioactive decay in physics and it vitro degrada-
hon reactions in chemistry).

Figure 3 illustrates two plasma concentration-time graphs of
ydromorphone after IV bolus dosing to a group of normal
Uman subjects (1), For a reason that is explained in Disposition:

odels, not all of the data have been replotted in these graphs.
¢ graph on the left (Fig. 3A) is plotted on linear (cartesian)

coordinate axes. The data and the corresponding line are curvi-
linear, consistent with exponential decline in concentration with
time. In contrast, the graph on the right (Fig. 3B) is a plot of the
same data on semilog axes. This graph, unlike the one using a
linear scale, contains useful information and is the starting point
for any pharmacokinetic data analysis. It is absolutely essential
to plot a data set before beginning any analysis to visualize the
behavior of the drug and the system. There are several points
that need to be made about Figure 3B. The data are represented
by a single, log-linear line, which is expected for any simple (i.e.,
single) exponential, first-order kinetic process. There is no curvi-
linearity in the graph for the data plotted, which is consistent
with the assumption of instantaneous distribution from the
blood to all body tissues (i.e., a one-compartment model). The
slope of the line is given by ~-K /2.3, from which one can estimate
the value for the apparent overall first-order elimination rate
constant, K. The intercept on the y-axis represents the (hypothet-
ical) time zero plasma concentration, which is never actually
measured (it is always estimated by extrapolation of the straight
line back to the y-axis).

An important concept illustrated on the semilog graph is the
useful and practical idea of a t, . Unlike a value for K, it is easy
to understand the concept of a t, . By definition, t, , is the time
necessary for any given value of concentration to decline by one-
half or by 50%. This is illustrated in Figure 3B by the horizontal
arrow indicating where a plasma concentration value of 2 ng/
ml is seen on the line and the vertical arrow that indicates the
time at which that concentration is achieved. Because the drug
level declined 50% (4 to 2 ng/ml) at the 3-hour time point, 3
hours is the value for t, , for hydromorphone. However, any
other pair of concentration values in the ratio of 2:1 could have
been used (e.g., 2 to 1 ng/ml) and the same value for t, ,, would
have been obtained.

Although it does not have meaning at this point, it is good
practice to refer tot, ,, as the terminal t, ;. In fact, although a vari-
ety of different words are used to qualify the term t, ,,, including
biologic, elimination, and disposition, the one term that is always
correct is terminal t, .. Biologic 1, , is not a good expression
because it can be confused with the decline in pharmacody-
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namic activity rather than characterization of drug loss from the
body. Elimination t, ,, although commonly used, is only correct
when dealing with a one-compartment model, as discussed
later, Disposition t, , is often a correct usage; however, it may be
incorrect when characterizing plasma concentration-time data
after nonvascular dosing (e.g., oral route).

t, , and K are related. Taking equation 9 and specifying that
C is one-half of the starting value, C" (which by definition occurs
after one t, ,) and rearranging,

K-t

logC'"' - logC = 2"3‘

%k
logC" - log[0.5C") = — 12

23
Y K t,,
LUgL C U} = 2;"2
0.5C R |Eq. 10]
K-t
log[2] = ——=2
ogl2] 33
i _ [0.3010] - [2.3]
172 K
b = 0693
172 K

t, » and K are inversely related; the greater the K, the smaller the
t, ,»and the smaller the K, the greater the t, .. Furthermore, notice
that t, , (and K) is independent of dose or plasma concentration.
This is what is meant by dose-independent pharmacokinetics; the
parameters describing the disposition of a drug are not dependent
on dose (this statement also applies to other pharmacokinetic
parameters, such as apparent volume of distribution and clear-
ance). In the example cited in Figure 3B, the terminal t, , value of
approximately 3 hours for hydromorphone has a terminal rate
constant of 0.693/3 hours, or 0.231 hour™.

In contrast to the parameters being independent of dose,
plasma concentration does depend on dose; double the dose and
plasma concentrations will double, with no change in t, . These
two statements are illustrated in Figure 4. In Figure 4A, three
different IV bolus doses have been administered: dose D, dose
2D, and dose 5D. A plot of the concentration-time data on semi-
log axes gives lines that are parallel to each other, because there

is only one value for K or t,, for that drug. However, the lines

Plasma Concentration

Time, hr

intercept the y-axis giving time zero concentrations in the same
ratio as the doses: concentration of one unit, concentration of
two units, and concentration of five units. As noted above, and
as shown in Figure 4B, a plotof t, , (or K) as a function of dose
gives a flat ling; there is no dependence of t; , on dose.

Whereas t, , is independent of dose, the resulting plasma con-
centrations (as noted in Fig. 4A) are directly dependent on dose,
as shown in Figure 5A. This is often referred to as dose-propor-
tionality. The idea illustrated in Figure 4A can also be repre-
sented by the principle of superposition, which states that
because doubling the dose results in doubling of plasma concen-
tration, a plot of concentration /dose should give rise to one line
that represents the superposition of all concentration and dose
pairs, This principle is illustrated in Figure 5B.

One of the most important aspects of first-order or linear
kinetics is that everything about the disposition or behavior of a
drug is predictable, as can be surmised from the relationships
illustrated in Figures 4 and 5. Because parameters remain con-
stant with dose and because concentrations are directly depen-
dent on dose, one is able to predict a concentration-time profile
for any given IV dose. In such a linear system, doubling the
input results in an exact doubling of the output (e.g,, double the
dose, double the plasma concentration). When first-order
kinetic principles do notapply, all predictability is gone and one
faces significant problems in, for example, drug dosing and
extrapolating from a subtoxic dose to a toxic dose.

Non-First-Order (Nonlinear) Kinetic Processes

Many physical and biologic processes cannot be simply charac-
terized by first-order kinetic or linear systems behavior. In fact,
the world is a nonlinear one in which doubling the input often
results in something other than a doubling of the output (less
than or more than double the output). The assumption is often
made that the system (e.g., the body) behaves in a linear way, or
at least that approximation is believed to be correct. In fact, it is
true that many of the drugs and toxins that are dealt with
behave in a linear manner, at least at medically relevant doses.
But, this may not be a reasonable approximation for some doses
or levels of exposure, especially at the high end of the range in
which the toxicologist becomes involved. All pharmacokinetic
processes (absorption, distribution, elimination) may exhibit
nonlinear behavior, and there are drug and toxin examples of
such behavior for each of those processes.

B
- - -
2 4 6 8
Dose

Figure 4. A: Hyputhetical semilog plasma concentration-time plots for a drug given at increasing doses of
D, 2D, and 5D. Note that the lines are parallel (same slope and, therefore, the same K and half-life), and
the inlercepts on the y-axis (initial time zero concentrations) are in the same ratio as the doses (1:2:5).
These same ratios apply to concentrations resulting from those doses at any given time. B: The results of
the data in A in terms of half-life and its relationship to dose are illustrated in this graph. Note that the hali-
lite is independent of dose (or concentration). This behavior is reférred to as dose-independent pharmace-
kinetics, which is a characteristic of first-order processes, (From M. Mayersohn, unpublished, with permis-
sion from Saguaro Technical Press, Inc, Tucson, AZ, 2002,
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Figure 5. A: The relationship between plasma concentration and dose at any time after an IV bolus dose for
the hypothetical drug illustrated in Figure 4A. The points noted are for doses D, 20, and 5D, and the concen-
trations are for those seen at time zero. This behavior is often referred to as illustrating dose-proportionality.
B: The concentrations resulting from any given dose are divided by that dose and plotted on semilog axes as
a function of dose. This graph illustrates the principle of superposition as well as dose-proportionality. (From
M. Mayersohn, unpublished, with permission from Saguaro Technical Press, Inc, Tucson, AZ, 2002,)

The nonlinear behavior of interest for chemicals and drugs
involves the output or elimination process, especially metabo-
lism and urinary excretion. There are some, but few, examples
of drugs or toxins that undergo non-first-order or nonlinear
elimination. Dosing or exposure to such a compound results in
plasma concentrations that exceed the ability of the eliminating
organ to efficiently remove that substance. That is, the elimina-
tion process is not able to keep up with or is swamped by the
amount of substance that is being presented to it for processing.
The latter statement is in contrast with first-order kinetics in
which there is a direct relationship between the amount of sub-
stance presented and the rate of its being processed (recall: rate
o= concentration).

The most fundamental difference between first-order kinetics
and non-first-order (nonlinear) kinetics is illustrated by the rela-
tionship between the rate of a given process (e.g., metabolism)
and plasma concentration, the driving force for the process, The
most useful relationship for the latter process is best expressed
in the form of the classical enzyme kinetics equation of Michae-
lis and Menten. The Michaelis-Menten enzyme kinetic equation
expresses the relationship between the rate of enzyme-catalyzed
substrate metabolism to the concentration of substrate,

max €
k. +C
in which rate (or v for velocity) is a function of a maximal rate
(V,...)» plasma concentration (C), and the Michaelis constant
k % The Michaelis constant is equal to the concentration
associated with one-half the maximal rate, V_ (units of k_
are those of concentration). Equation 11 is in the form of a
hyperbola—a relationship commonly noted in biologic sys-
tems as 3 consequence of some nonlinear behavior (e.g., phar-
macologic effect versus plasma concentration or receptor or
protein binding as a function of concentration). The best way
to analyze this relationship is to consider low and high plasma
concentrations to simplify the equation by making appropriate
approximatons.

Atlow concentrations (i.e., C <<k ), C can be ignored in the
denominator of equation 11,

A N N
ax pis max | max L
c¢- k ‘(k )C

mm + mim mim

rate (or, v) = [Eq.11]

A%
rate (or, v) = =

)
k [Eq.12]

_ The Michaclis constant is often given the symbol k_, butitis easily confused with
A fate comstant, such ag o first-order metabolic rate constant. To avoid that confu-
Son. the symbol K is used here

This approximation results in the relationship noted in equa-
tion 12, which indicates that at low concentrations, rate is
directly proportional to concentration, as would occur for a
first-order process. The ratio of the two constants, V_  tok
is itself a constant, as it is in a first-order process. Thus, at low
concentrations, the system behaves according to first-order
kinetic principles. The ratioof V__ tok_ is a first-order rate
constant, and it has also been referred to as intrinsic clearance,
as is discussed later in the Clearance section. The units of these
two terms differ (time-' for a first-order rate constant and vol-
ume/time for clearance).

In contrast, at higher concentrations (i.e., C>> k), Ko 1S
ignored in the denominator of equation 11,

A Wil

max ax =V

Y g s

This approximation results in the relationship shown in equa-
tion 13, which indicates that rate becomes a constant, no matter
how much concentration increases (or, no matter how the dose
increases). At the extreme, this would represent zero-order kinet-
ics, but, with few exceptions, true zero-order behavior is rarely
actually seen. Instead, mixed kinetics is more likely seen—behav-
ior somewhere in between first-order and zero-order kinetics. In
a zero-order kinetic process, the rate does not depend on con-
centration (which is raised to a power of zero, resulting in a con-
stant). Rather, the rate depends on some other factor.

A comparison of this basic behavior (rate vs. concentration)
for a linear first-order process and for a nonlinear (Michaelis-
Menten) process is illustrated in Figure 6. The graph on the left
(Fig. 6A) indicates a direct, linear relationship between rate and
concentration for any compound that undergoes first-order
elimination. The hypothetical graph shown is for ethanol meta-
bolic rate in humans assuming that ethanol was metabolized
according to a first-order process (i.e., using the ratio of V__ to
k . asnoted in equation 12). The slope of the line is the first-
order rate constant for metabolism or metabolic clearance,
depending on units. The graph on the right (Fig. 6B) is a plot of
ethanol metabolic rate versus ethanol plasma concentration in
humans. This graph is a typical representation of nonlinear
elimination, which is characterized by a hyperbolic Michaelis-
Menten relationship. Notice that the rate is not directly propor-
tional to concentration, except at low concentrations as shown in
the inset graph (i.e., at concentrations much less than the k-
value; in this case, approximately 0,06 g/L). The arrow along the
x-axis points to the Michaelis constant (approximately 0.06 g /L),
which corresponds to one-half V_  (approximately 4.5 g/hour,
as shown on the y-axis; V| __ is approximately 9 g/hour). Aver-
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Figure 6, A: Hypothetical rate of ethanol metabolism as a function of plasma concentration if ethanol were
eliminated by a first-order process. The direct, linear relationship is characteristic of first-order kinetics. The slope
of the line is either a first-order rate constant of metabolism or metabolic clearance, depending an units. B: Rate
of ethanol metabolism as a function of plasma concentration based on the average values of V| (approximately
9 ghour) and k_ {approximately 0.06 g/L) in humans. The hyperbolic relationship is characteristic of nonlinear
or Michaelis-Menien enzyme kinetics, The maximal rate, V| . is the extrapolation on the y-axis of the asymptote
of the line (as predicted by equation 13), and ks the concentration value on the x-axis corresponding to one-
half of V. Mixed order kinetics is observed aver much of the concentration range. The inset graph illustrates
the direct, "linear relationship between rate and concentration at low concentrations of ethanol (as predicted by
equation 12). That line is extended to higher concentrations, assuming first-order kinetics, in (A), (From M. May-

ersohn, unpublished, with permission from Saguaro Technical Press, Inc, Tucson, AZ, 2002.)

age values in human subjects for V__ and k  have been used
in generating the data for these plots.

The consequences of the rate versus concentration relationship
for a nonlinear process are exiremely important, and there are sev-
eral significant clinical and toxicologic implications. At low con-
centrations (C << k_ ), in which first-order kinetics applies, the
apparent elimination rate constant is a constant, such that as con-
centrations increase so do the corresponding rates, as noted on the
left side of equation 14. In contrast, as concentrations increase
(C>>k ), rate does not keep up with concentration and the value

for K decreases, as noted on the right side of equation 14.
—

C«kmm;E=ECt£TT. Cokpy: KU=TTE  [Eq.14]

If the value of K decreases as concentration (or dose) increases,
then the t, , increases. The t,,, is longest at the highest concen-
trations and then decreases in value as concentrations decrease
with time until, finally, a constant terminal t, , is seen at lower
concentrations (ie, C<<k_ ).

The behavior just described is illustrated for ethanol in one
human subject in Figure 7 (2) and for the solvent dioxane in rats in
Figures 8 and 9 (3). The ethanol blood concentration-time data (2)
shown in the large graph is plotted on a linear (y-axis) scale. Most
of the data have the appearance of a straight line with curvature at
later times when low concentrations are seen. This hiockey-stick
shape occurs when high concentrations exceed k ~and the result-
ing rate of decline is approximately a constant (i.e., zero-order).
This gives rise to a linear concentration-time relationship. At later
times (low ethanol concentrations; C << k), the line begins to
curve, representing return to an exponential process. In contrast,
the semilog plot shown in the inset graph has a line that is continu-
ally changing slope until it becomes approximately log-linear at
later times (low concentrations; return to first-order kinetics).

The dioxane concentration-time data obtained in rats and
shown in Figure § are a dramatic example of nonlinear elimina-
tion (3). The lowest intravenous dose (3 mg/kg) results in a log-
linear decline in concentrations, whereas the two larger doses
(100 and 1000 mg/kg) show dramatic curvilinearity, until the
terminal log-linear phases are achieved. Notice that the ultimate
terminal log-linear lines for all doses are parallel, as they must
be for this type of saturable process. The inset graph plots

plasma concentration divided by dose as a function of time for
the data shown in the large graph. This type of plot illustrates
whether the principle of superposition applies. If the lines
superimpose at all doses (as noted in Fig, 5B), then first-order,
linear kinetics apply. If this does not occur, then there is devia-
tion from linearity and some non-first-order, nonlinear pro-
cess(es) is being evidenced. The inset graph illustrates that
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Figure 7. Ethanol blood concentrations as a function of time in one
human subject given a 2-hour constant rate intravenous infusion of etha-
nol (720 ml of 8% viv ethanol in normal saline). Only the postinfusion data
are plotted (i.e., data after the end of the 2-hour infusion; first value
deleted). Note that this s a linear scale, and a straight line is obtained until
approximately 4 hours after the end of the infusion. The inset graph is a
semilogarithmic plot of the same data. Note that a curvilinear line is seen
whose slope changes with time until it becomes log-linear anly at later
times at low concentrations, (Based on data recovered from Wilkinson PK,
Sedman Al, Sakmar E, et al. Blood ethanol concentrations during and fol-
lowing constant-rate intravenous infusion of alcohol, Clhn Pharmacol Ther
1976;19:213-223. From M. Mayersohn, unpublished, with permission
irom Saguaro Technical Press, Inc, Tucson, AZ, 2002
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Figure 8, A: Semilogarithmic plot of dioxane plasma concentrations as a function of time after the admin-
istration of three different intravenous doses Lo rats, Note that the lowest dose (3 mg/kg) provides a log-
linear straight line suggesting first-order kinetics. In contrast, the two higher doses (100 and 1000 mg/kg)
resull in a typical curvilinear relationship characteristic of a nonlinear saturable process. B: Plasma con-
centrations (for six different doses) divided by dose as a function of time. The principle of superposition
(see Fig, 5B predicts that the resulting data fall onto one line if disposition is described by first-arder kinet-
ics, The solid regression line shown represents data from the three smallest doses of dioxane ti.e,, 3, 10,
and 30 mg/kg). The principle of superposition is violated for all of the larger doses {i.e., 100, 300, and 1000
mg/kg), indicating that some nonlinear, non-first-order process is occurring. Dose key (mg/kg): 3 (@), 10
(12); 30 (a); 100 (Q); 300 (#); 1000 (m). (Based on data recoverec from Young |0, Braun WH, Gehring P).
The dose-dependent fate of 1 4-dioxane in rats, | Environ Pathol Toxical 1978;2:263-282, From M. May-
ersohn, unpublished, with permission from Saguaro Technical Press, Inc, Tucson, AZ, 2002.)

linearity applies for the three lowest doses, as expressed by the
solid linear regression line. For all other (larger) doses, however,
it is clear that dioxane disposition is nonlinear.

The biologic implications of this nonlinear behavior can be
appreciated from the graphs illustrated in Figure 9. The general
shapes of the relationships shown apply to any first-order
(dashed lines) and saturable nonlinear (solid lines) elimination
processes; however, the graphs illustrate dioxane behavior in rats.
Graph A is a plot of the initial clearance of dioxane based on
parameter values reported in the literature (3). Because clearance
is @ measure of the efficiency of elimination (discussed under
Clearance Concepts), efficiency decreases with increasing dose,

unlike what would be found for a first-order process (dashed
line). The apparent t, , of dioxane is illustrated in graph B and,
consistent with the idea of reduced efficiency of removal from the
body, the compound stays in the body for a longer and longer
time as the dose increases (unlike the behavior of a first-order pro-
cess; dashed line). Graph C examines what is being referred to as
expostire as a function of dose. Exposure is related to and often
measured by the area under the plasma concentration-time curve
(AUC), a useful concept that is discussed under Clearance Con-
cepts. For a first-order kinetic process, the greater the dose, the
greater the exposure (dashed line); however, exposure increases
out of proportion to dose when elimination is saturable. A conse-
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Figure 9. A: Initial clearance of dioxane as a function of IV dose given to rats. (The initial clearance was
calculated using the parameter values provided in Young JD, Braun WH, Gehring PJ. The dose-dependent
fate of 1 4-dioxane in rats. | Environ Pathol Toxicol 1978;2:263-282.) Note that clearance, an expression
of efficiency of elimination (rate/concentration), decreases as the dose rises, In contrasl, ¢learance is inde-
pendent of dose for a first-order process (dashed linel. B: Apparent half-life of dioxane as a function of 1V
dose given to rats. The value of half-life is based on the initial clearance and apparent volume of distribu-
tion. (From Young |1, Braun WH, Gehring P). The dose-dependent fate of 1, 4-dioxane in rats. | Environ
Fathol Toxicol 1978;2:264-282, with permission.) Note that half-lile increases as dose increases, In con-
trast, hali-life is independent of dose for a first-order process (dashed line). C: Exposure 1o dioxane as a
function of IV dose given to rats. Exposure is measured as the total area under the dioxane plasma
concentration-time curve for each dose. Note that esposure increases out of proportion to dose, whereas
a linear relationship is expected for a first-order process (dashed line). (From M, Mayersohn, unpublished,
with permission from Saguaro Technical Press, Inc, Tucson, AZ, 2002.)
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quence of this behavior is that plasma concentrations on multiple
dosing or continued exposure, increase out of proportion to dose
(a direct, linear relationship is expected for a first-order process).
Furthermore, and of considerable significance, one would expect
anabrupt change in the response (or toxicity -dose relationship at
doses above saturation. The graphs illustrated in Figure 9, each
representing an important clinical or toxicologic biologic mea-
sure, indicate that for a saturable elimination process one does not
expect a proportional and predictable relationship with dose. This
is in dramatic contrast with a linear, first-order process.

Substrate saturation of enzymatic activity occurs as the result
of one of the following conditions: the substrate k  is small and
smaller than plasma concentrations obtained from typical dos-
ing or exposure (e.g., phenytoin); the substrate is ingested in
large doses, resulting in plasma concentrations that exceed k.
(e.g., ethanol, salicylates). The latter possibility is especially
relevant to the ingestion of a drug overdose or environmental
over-exposure and, therefore, is a particularly important consid-
eration in medical toxicology.

There are numerous other mechanisms that may be responsi-
ble for nonlinear metabolic behavior, including depletion of
metabolic cofactors (e.g., acetaminophen metabolism), reduc-
tion in liver blood flow, enzyme induction or inhibition, and
substrate-induced hepatic toxicity affecting the previous param-
eters. Several of these mechanisms suggest that a more inclusive
definition of linearity would consider temporal effects. Thus, a
linear systent is one that is both dose and time invariant; the out-
put (or response) is directly related to dose (input) and that rela-
tionship remains unchanged at all times. A nonlinear system is
one that violates either dose or time invariance or both.

Although hepatic metabolism has received the greatest atten-
tion with respect to nonlinearity, any route of elimination may
undergo nonlinear behavior. For example, the renal excretion of
compounds that undergo active tubular secretion (e.g., penicil-
lin) or reabsorption (e.g., nutrients as vitamins, monosaccha-
rides, amino acids) involye transport systems that may be
saturated by substrate or inhibited by structurally related com-
pounds, The Michaelis-Menten relationship noted previously
applies in an identical fashion to these saturable transport pro-
cesses, as discussed under Clearance Concepts. Other mecha-
nisms that may result in nonlinear renal excretion include
alterations in urine pH (e.g., phencyclidine, methamphetamine)
and urine flow (e.g, theophylline) as well as substrate-induced
renal toxicity affecting the previous parameters.

DISPOSITION: MODELS

One of the most important functions of any scientific discipline
is to make quantitative predictions. This is certainly true in
pharmacokinetics, in which one might ask, How does a change
in body function or dose affect drug disposition and response?
A fairly general approach that is used to make such predictions
is through the use of models. A model is a hypothetical construct
thatappears to work in a way similar to that of the system under
study—in this case, the human body, A model (any model) only
does so, of course, in a limited way. In fact, it is important to bear
in mind that “all models are wrong; some models are useful.”
Useful is often good enough. The human biologic model, which
gives rise to a corresponding mathematical model, is usually an
abstract notion of how the system is conceived to behave. To cre-
ate such a model it is necessary to make numerous simplifying
assumptions; after all, this is a model and not a duplicate of the
system. The correctness of the model predictions is only as good
as the quality of the assumptions that have gone into creating
the model.

Too Simple
realty o .
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Simplicity Reality . %
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Figure 10. llustration of the balance needed between simplicity of the
maodel and reality as judged by (he plasma concentration-time data. A: The
model is too simple, as the model-predicted line provides a paor depiction
of the actual data. B: A reasonable model results in an excellent model-
predicted line as it provides a good description of the actual data, A good
balance between simplicity and reality is achieved. C: The mode! is unnec-
essarily complex, resulting in a complicated model equation that exactly
connects all of the data points. (From M. Mayersohn, unpublished, with
permission from Saguaro Technical Press, Inc, Tucson, AZ, 2002.)

All models must balance two opposing needs: simplicity and
reality. The model must be simple or it cannot be used in a prac-
tical way; we must be able to understand it and write sufficiently
simple equations to describe it. The K.1.S.5. principle (keep it
simple, stupid) or the rule of parsimony, embodied in the older
concept referred to as Ockham's razor,* states that the model
should be no more complicated than it need be to meet its func-
tion, in this case, describing the data. However, if the model is
too simple, it does not explain reality (i.e., the data). The simplic-
ity of a model must be balanced by the need of the model to
describe the data: If it does not do so, it is useless for predictive
purposes. It must also be emphasized, however, that a model
can never be any better than the quality of the experimental data
that goes into its creation; the experiment and the quality of the
data need to be emphasized. In practice, the best model is chosen
on the basis of statistical comparisons, a discussion of which is
beyond the scope of this chapter.

Figure 10 illustrates this idea of balance between simplicity
and reality. The model-predicted line in Figure 10A does a poor
job in describing the plasma concentration-time data. In this
instance the model is too simple, as it does not reflect reality;
simplicity is over-weighted. In contrast, the model-predicted
line in Figure 10B does a nice job in describing the data. There is
a good balance here between simplicity and reality. An unneces-
sarily complex model and complicated equation results in the
predicted line shown in Figure 10C; simplicity is under-
weighted.

*Ockham’s razor, after William of Ockham (b. 1280 England). “Entia non sunt mul-
tiplicanda praeter necessitate”; entities should not be multiplied unnecessarily,
Thus, simpler is better. When competing theories lead to the same result, the least
complicated is preferred, The simplest most parsimonious explanation for a phe-
nomenon is likely to be the correct one. When seeking to explain a phenomenon,
start with the simplest theory. This is opposite a “Rube Goldberg,” which uses the
most complex methods for completing a task, The razor probably represents cut-
ting oul the unnecessary details, Einstein lakes it one step iurther: "Everything
should be made as simple as possible, but not simpler.”
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Figure 11, A: A one-compartment open model illustrated from an anatomic view. All body tissues and organs
are lumped together in this single body box. Blood connects to all regions. B: The one-compariment open
maodel as it is generally presented. K is the apparent overall first-order terminal rate constant. C: Semilog con-
centrations of the drug measured in several tissues after an IV bolus dose, Note that the lines are log-linear at
all imes after dosing (instantaneous distribution), they are parallel (kinetic homogeneity), but they do not super-
impose (lack of concentrational homogeneity). (From Mayersohn M. Toxicokinetics: Measurement of disposi-
tior hali-life, clearance and residence times. In: Maines M, ed. Current protocols in toxicology. New York:
lohn Wiley and Sons, 2000:5.3.3, with permission of Saguaro Technical Press, Inc, 2002, Tucson, AZ.)

Although several approaches are commonly used to analyze
data to obtain pharmacokinetic information about a substance,
a classic method of data analysis has been referred to as compart-
mental modeling. This approach to modeling visualizes one or
more compartments or regions connected together to represent
(but are not equivalent to) body tissues. These models are
strictly hypothetical and seldom bear any resemblance to phys-
iologic reality, in the sense that real body organs, tissues, or flu-
ids are not actually represented. In contrast, a nonabstract,
physiologically meaningful approach exists and is referred to as
physiologically based pharmacokinetic modeling.

A compartient represents body tissues or organs that are
lumped together because they behave in the same manner with
respect to drug distribution. Thus, body tissues could be lumped
together and distinguished from each other as a result of blood
flow (well- or poorly perfused) or because they are lean tissues or
because they are fatty tissues. The simplest possible model, the
one-compartment open model, rests on the assumption that all body
regions behave the same with regard to drug distribution and this
oceurs as a result of instantaneous distribution to all body regions.
Administer an IV bolus dose and the drug instantaneously distrib-
utes from the blood to all tissues in the body, Of course, this cannot
happen; drug must move at a finite rate from the blood to body tis-
sues, but if this oceurs so fast that distribution cannot be accurately
measured, then, for practical purposes, distribution is instanta-
neous. This model and the concentration-time data that it would
reflect are illustrated in Figure 11. The data that give rise to this
simple model are plotted on semilog axes in Figure 11C. Because
the data can be described by a log-linear line, elimination occurs
according to first-order kinetics. Because the line is uniformly log-
linear at all times {essentially going back to the y-axis), distribution
from the blood to all tissues must have occurred rapidly (instanta-
Neously). At least there are no sufficiently early samples taken
soon after the IV dose to suggest otherwise. This log-linear line can
be described by a single exponential function (ie, C=C"- ¢ ") as
aresult of first-order elimination kinetics and because of instanta-

neous distribution. Note that the concentration-time lines for dif-
ferent tissues are parallel, indicating that all tissues behave the
same kinetically (i.e., kinetic homogeneity). The slopes of these lines
are identical, and, therefore, values for K and t,,, are the same;
there is only one t, , value for the drug in the body. However, the
lines are not superimposable. The latter, indicating a lack of con-
centrational homogeneity, is to be expected as a result of differ-
ences in drug binding to different tissues. In the instance shown,
muscle tissue, which has higher concentrations than plasma, must
bind the drug more than plasma proteins. Plasma concentrations
are greater than those in the kidney, suggesting that plasma pro-
tein binding must be greater than binding to kidney tissue. This
relative ranking of concentrations for the tissues noted is arbitrary
and should not be generalized. It is important to recognize that in
virtually all experiments it is the fotal concentration of drug that is
assaved (i.e,, bound and unbound) and plotted. As noted later, the
unbound concentrations are expected to be identical in all tissues.
The hydromorphone data illustrated in Figure 3B would be
interpreted as reflecting first-order kinetics and a one-compart-
ment model, at least for the data plotted. Of course, it is not
known what happens before the 3-hour sample. Actually, that is
not true; the author of this chapter intentionally deleted the con-
centration values before 3 hours to illustrate the behavior that was
discussed at that point, The complete data set, shown in Figure 12,
now indicates a concentration-time curve not consistent with a
one-compartment model; the data are behaving in a more com-
plex manner. The display of data, such as that noted in Figure 12,
is inconsistent with instantaneous distribution and, therefore,
cannot be described by a simple one-compartment model. The
initial rapid decline in plasma concentrations that occurs during
the first 1 to 2 hours after dosing may be explained by the drug
distributing out of the bloodstream and diffusing into other tis-
sues of the body. This movement, unlike the idea of instantaneous
distribution, occurs at a measurable rate. This early phase is
sometimes referred to as the distribution phase, but it is important
to keep in mind that elimination also occurs during this phase as
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Figure 12, Hydromarphone plasma concentration-time data after an
intravenous bolus dose to normal human subjects. The enlire data set,
which is plotted here, was presented as truncated data shown in Figure 3.
The entire data set indicates that drug disposition can be described by a
multi-compartment model, rather than by a one-compartment model sug-
gested by the truncated data. Because the terminal data are the same for
both plots, the terminal hali-life is identical whether all of the data are plot-
ted. (Data recovered and replotted from Parab PV, Ritschel WA, Covle DE,
el al, Pharmacokinetics of hydromarphone after intravenous, peroral and
rectal administration to human subjects. Biopharm Drug Dispos
1988;9;187-199, From M. Mayersohn, unpublished, with permission from
Saguara Technical Press, Inc, Tucson, AZ, 2002,)
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well as later imes. Once distribution is complete, when there is a
type of equilibrium in concentrations between the blood and all
other tissues, concentrations in plasma (as well as all other tis-
sues) decline more slowly and these data constitute the terminal
phase. The latter is sometimes referred to as the elimination phase,
but this is not a correct term because the slope of the terminal data
depends as much on distribution as it does on elimination. The
term noted previously, terminal rate constant or terminal t, .,
now has some meaning, as it really does not apply to a one-com-
partment model (because there is only one phase).

There is need to apply a more complex model, to explain the
behavior of the data. Such models require conceiving of the
body to be made up of more than one compartment. These miul-
ticompart mental models require additional compartments consis-
tent with the behavior of the data (e.g., two- or three-
compartments). The ultimate selection of the model depends on
a statistical comparison of possible choices based on nonlinear
regression analysis of the data. Numerous software programs
perform the fitting of the data necessary to choose the best
model (e.g., WinNonlin, SAAM II, MatLab), but such a discus-
sion is beyond this presentation. A good introduction to nonlin-
ear regression is presented by Motulsky and Ransnas (4).

Reliable parameter values to describe disposition of a drug,
and the quality of the resulting model depends on experimental
design issues, especially analytical parameters (sensitivity,
selectivity, reproducibility); frequency; number of samples; and
duration of sampling. There is nothing arbitrary about the sam-
pling scheme; it must be designed in accordance with what is
known about the disposition of the drug to optimize informa-
tion about disposition,

The hydromorphone data in Figure 12 suggest that the dispo-
sition of the drug can be described by multicompartmental
behavior and by, at least, a two-compartment model. A two-
compartment (open) model is depicted in Figure 13. Those
organs and tissues that receive the drug rapidly are lumped
together (A, on the left) to form one region or compartment. In

this instance those organs include, in addition to blood, the
heart, lung, kidney, and liver. In contrast, those regions to which
the drug distributes slowly are also lumped together to form
another region or compartment (A, on the right). The regions
depicted are (arbitrarily) the skin, muscle, and fat. As noted in
the middle figure, compartment 1 or the central compartment is
made up of those tissues that receive the drug rapidly, In con-
trast, the attached compartment 2 or peripheral compartment con-
tains tissues that receive drug at a measurable rate. Drug is
eliminated from compartment 1 (which contains the major
organs of elimination, liver and kidney). Connecting the two
compartments are two first-order siicro-rate constants.

The relationship that is used to describe this profile is in the
form of a multiexponential equation: one exponent for each
compartment, after IV bolus dosing. The two most commonly
used expressions are
C=Ae™'+BeP OR C=A; ¢ ' +A,e™*" [Eq15]
The rate constants (oc and [ or A, and &), which are first-order,
have units of reciprocal time. These rate constants are often
referred to as hybrid rate constants, because they depend on all of
the other micro-rate constants in the model, as noted in Figure 13,
The terminal ¢t , and rate constant, which has a number of sym-
bols (K, B, A, or 4,), is as much affected by distribution as elimi-
nation of the drug. The coefficients (Aand Bor A, and A,), which
represent intercepts on the y-axis, have units of concentration.

Figure 13C presents a semilog plot of concentrations in plasma
and in two other tissues, one in compartment 1 (kidney) and the
other in compartment 2 (muscle), as a function of time after an IV
bolus dose of drug. The curvilinearity noted in the plasma data is
an indication of the need to describe the data according to multi-
compartmental behavior and, in this instance, by a two-compart-
ment model. The tissues, which are in rapid equilibrium with the
blood (and are present in compartment 1), such as the kidney,
have a concentration-time curve identical with that of plasma. In
contrast, concentrations initially increase in those tissues that
receive the drug ata measurable rate (and are present in compart-
ment 2), such as the muscle tissue, and then decline once a type of
equilibrium is achieved with plasma concentration. Once the
post=distributive phase is reached, concentrations in all tissues
decline in parallel according to the terminal t, ,. However, as
noted previously, tissue concentrations do not superimpose due
to differences in drug binding to those tissues.

Other, more complex multicompartment models may be nec-
essary to describe the disposition of certain compounds. The
necessity to use such models is a consequence of the distribution
properties of those compounds. Thus, in addition to its distribu-
tion to two other lumped regions, a third compartment may be
needed if a tissue, such as adipose, slowly accumulates a lipid-
soluble compound. These models are always presented as mam-
millary models, meaning that all compartments feed off or are
connected to the central compartment. Furthermare, it has been
assumed that all elimination of drug occurs from the central
compartment, This may not be the case, for example, if drug is
broken down chemically or enzymatically in a tissue that forms
part of the peripheral compartment. Such complications have
been intentionally avoided here.

Plasma concentration-time data may be analyzed with use of
compartmental models, as previously noted. This parametric
approach requires fitting the data to the best possible model,
from which the parameters of the model equation are obtained.
Further treatment of those parameters permits the calculation of
all disposition characteristics of the drug under study. In con-
trast, a noncompartuiental ov nonparametric approach can also be
applied to the same plasma concentration-time data set. In this
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C

(Log) Concentration

Figure 13. A: An anatomic view of a two-compartment open model. Organs and tissues that rapidly
receive drug are lumped together in one compartment (leff), whereas other regions that receive the drug
more slowly due to a measurable distribution process are lumped together to form anather compartment
(right). B: A conventional scheme used o present a two-compartment open model. Drug enters into the
first or central compartment where there is rapid equilibration with blood. Drug is eliminated from this
compartment by a first-order rate constant (noted as k., or k). The second or peripheral compartment into
which drug distributes from blood at a measurable rate is connected to the first compartment by first-order
micro-rate constants, k., and k,,. C: The (log) concentration-time, which leads to the necessity for using a
multi-compartment model, in this instance, a two-compartment model. Drug has been given as an intra-
venous bolus, Note that the plasma concentration-time is curvilinear, denoting multi-compartmental
behavior, Other tissues associated with the plasma or compartment 1 (e.g., kidney) have lines parallel with
the plasma line at all times. Regions contained in compartment 2 (e.g., muscle) have a rising (due 1o dis-
tribution} and then declining concentration-time profile. All of the terminal lines become parallel, giving
a single terminal rate constant and hali-life, but the concentrations do not superimpose (due to differences
in drug binding). The terminal (hybrid) rate constant has a number of symbols, all having the same mean-
ing: K, 3, &, or &,. (From Mayersohn M. Toxicokinetics: Measurement of disposition half-life, clearance and
residence times. In: Maines M, ed. Current protocols in toxicology. New York: John Wiley and Sons,
2000:5.35, with permission of Saguaro Technical Press, Inc, 2002, Tucson, AZ.)

instance, however, it is not necessary to fit the data according to
a compartmental model, but rather the useful parameters
describing the disposition properties of the drug can be
obtained from analysis of the terminal data in conjunction with
area analyses. Both approaches provide virtually equivalent
parameter values. The disposition parameters of drugs that are
Of greatest interest are terminal t, , and rate constant, apparent
volume of distribution, and clearance. Other parameters, how-
ever, may also be determined such as mean residence time,
steady state volume of distribution, and others. These are noted
where appropriate. The general type of analysis that may be
applied to the curves concerned with here has been given the
acronym SHAM, which stands for slope, height, area, and
moment (5). Consider a plasma concentration-time curve: slope
gives an estimate of rate constant and t, ,,; height is related to
apparent volumes; area gives an estimate of exposure from
which clearance is calculated; moments give rise to residence
times, Although many of these calculations are cited later, Table
| compares the compartmental and noncompartmental

approaches for estimation of t, ,,, apparent volume, and clear-
ance after an IV bolus dose.

Although the previous two methods of analysis are com-
monly used in characterizing drug disposition, and they are
practical methods of data calculation, they are sometimes criti-
cized on the basis of lack of physiologic reality, a charge espe-
cially levied against the compartmental approach. In stark
contrast to these methods of analysis is an approach referred to as
physiologically based pharmacokinetic models. As its name implies,
it is an attempt to ground the analysis in physiologic reality, and,
as all methods of analysis, it has advantages and disadvantages.
The prime advantage to this model is that disposition of a drug
or chemical is based on real measurements (e.g., concentrations
in numerous tissues with time, tissue weights, tissue blood
flows, and so forth), as depicted in Figure 14. Each compartment
is actually a real body organ, tissue, or region that can be
removed, weighed, and drug or chemical content determined by
assay. Connecting each of these real physiologic areas are real,
measurable blood flows (indicated by the arrows), not artificial
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TABLE 1. Comparison of compartmental
and noncompartmental determination
of parameters of disposition

Noncompartmental
Parameter Compartmental analysis analysis
Half-life, t, ,; From curve fitting: From the terminal line:
—Aj ot —hait
C = Al b~ } + A: 3 -
Ay A
o = 0.693 e 0.693
172 l:;' 172 = T_
Apparent vol-  From curve fitting: From terminal line
ume, V and (AUC)":
1V dose
=
Aot § =
2
i=1 1"1
_ _ IV dose RS dose
Ay - (AUC), Ay (AUC)y
Clearance, CL:  From curve fitting: From (AUC),":
CL, = Wﬂdo:‘-e
3 A
i=1 }L'I
o IV dosi CL, = v dosi
(AUC), (AUQ),

intercompartmental transfer rate constants. Furthermore, per-
haps the most intriguing and useful aspect of this model is that,
although it may be experimentally characterized in the mouse
or rat, it has the potential to be scaled up to humans. It is this
quality that has most attracted researchers in the area of toxicol-
ogy and risk-assessment.

The disadvantage to this type of modeling is the large num-
ber of experiments and extensive amount of data that must be
amassed to thoroughly characterize the drug or chemical in the
animal species under study. Scaling up to humans becomes that
much more of a challenge. It is well beyond the purpose of this
chapter to provide an adequate working presentation of physi-
ologically based pharmacokinetic models, and the reader is
referred to several recent publications (6,7).

DISTRIBUTION

Distribution or translocation is the process of a molecule moving
from the blood to other areas of the body. The blood acts as the
primary communicating system of the body, and this movement
of drug or chemical to the receptor(s) at the site of action is
essential for production of a desired response or, at higher doses,
an exaggerated response that may appear as toxicity. All other
processes are irrelevant unless this desired event occurs. The
other side to this story, however, is the movement of drug or
chemical to other areas of the body not associated with a desired
response, but which can give rise to undesired, adverse, or toxic
events. The occurrence of these desired and undesired effects is
the ying and yang of drug therapy, analogous to a two-sided
sword, and only in rare cases is this not the prevailing rule.

pooilg |erapy/

Venous Blood

Eg

/

Elimination

Figure 14. A schematic representation of a simple physiologically based
pharmacokinetic madel (PB/PKL. This model is limited (o the heart, lung, and
three other organs/tissues, one of which is an eliminating organ (e.g., liver, kicl-
ney), The arrows indicate blood flow either entering (arterial) or exiting
(venous) the organs (with the exception of the lung, which receives venous
flowl. The PB/PK model uses real values for blood flows, organ weights, drug
partition from blouad to tissue, and other potentially important parameters
(e.g., binding, vV __, k__, and o forth). The experimental data invalve quanti-
tation of the drug {and, perhaps, melabolites) in all tissues/organs of the model
as a function of time after dosing or exposure. (Fram M. Mayersohn, unpub-
lished, with permission from Saguaro Technical Press, Inc, Tucson, AZ, 2002.)

The distribution process has two components, how fast and
how much? The former, how fast, affects the onset of a response
and the resulting compartmental model, Thus, rapid-acting [V
general anesthetics (e.g., thiopental) distribute quickly from the
blood to the brain and result in a fast onset of anesthesia. That
rapid movement has a parallel, slower component that
describes distribution to other tissues (e.g., adipose tissue)
resulting in multicompartmental behavior.

The rate of distribution is a complex function of the physical-
chemical properties of the drug molecule, the properties of the
tissue and blood flow to that tissue. There are two possible rate-
limiting steps to drug distribution from blood to any given
organ or tissue: blood flow and permeability. Blood flow is the
limiting step for the majority of compounds and for the majority
of body regions. The compound needs to have a moderate
molecular weight (most drugs are small organic molecules) and
a reasonable oil-to-water partition coefficient (K ,,, ), which pro-
vides sufficient ability to traverse cell membranes. It has been
shown (8) that the t, ., for tissue distribution (or redistribution)
is a direct function of the tissue to blood partition coefficient
(K o rmioeg) @nd inversely related to blood perfusion rate (Q )
per tissue volume (V. ), Q. /V

Tissue Tissue'

0.693 - K'ﬁ}‘«sul" Blood
QTlSSL,{.-’J VTissuP

t,,, for tissue equilibration =

[Eq. 16]

CFAD Ex. 1032 (15 of 58)



The tissue to blood partition coefficient (K, p..4) 18 obtained
from the ratio of concentrations of the compound in tissue to
{hat in blood once an equilibrium has been achieved. The greater
this number, the greater the attraction of the compound for that
tissue, which generally means significant binding to tissue pro-
teine. This may seem somewhat counter-intuitive, but having a
greater ca pacity to accumulate a substance translates into taking
a longer time to achieve equilibrium. The latter observation is
exemplified by the many lipid-soluble environmental poisons
(e.., insecticides, herbicides) that take a long time to achieve
equilibrium in adipose tissue, which has a large capacity to
accumulate such material. The converse, loss from adipose tis-
sue, also takes a long time. The role of the denominator is to be
expected; the poorer the perfusion of the tissue by blood, the
longer it takes to achieve equilibrium.

The following comparisons reflect the preceding discussion.
For a given compound having the same value of Ky . pouq fOr
all tissues, those tissues with the greatest blood perfusion per
tissue volume achieve equilibrium the fastest (e.g., brain faster
than skin and skin faster than bone). The approach to equilib-
rium, as judged by increasing t, ., follows the order from the
greatest blood perfusion rate to the slowest. In contrast, for dif-
ferent compounds, the b/ of distribution for a given tissue
increases the greater the value of K n -

Blood perfusion may not always be the rate-limiting step to
distribution. If the molecule is large or polar and must penetrate
a membrane barrier, the rate-limiting step becomes permeability
across that barrier. Thus, lipid-solubility and the fraction of the
compound that is nonionized at blood pH determine the rate of
movement across the blood-brain barrier for a series of, for
example, barbiturates. Similar considerations apply to placental
and mamillary transfer from the blood.

There are two other issues that substantially complicate a dis-
cussion of the distribution process: the apparent volume of dis-
tribution and plasma protein binding. The apparent volume of
distribution (V or V) is a hypothetical space into which a sub-
stance distributes in the body. It is rarely a real, physiologic
space, but it serves several useful functions. First, the value
gives some indication of the extent of movement of the sub-
stance out of the bloodstream; although, it gives no indication
where in the body the substance resides. Thus, the greater the
value of V, more of the drug is found in tissues outside of the
bloadstream. Second, V; may serve as a useful proportionality
constant between the blood concentration and the amount of the
substance in the body at any given time. The latter can find use
in calculation of residual amounts in the body and in designing
dosing regimens, To further complicate this idea is the fact that
there are several different apparent volumes of distribution;,
depending on the compartmental model. [n a one-compartment
model, there is only one apparent volume of distribution. In a
two-compartment model, there is an apparent volume for each
of the two compartments (V, or'V_ q and V, or Vperiphw'ﬂ},
There is also a volume referred to as the steady state volunie of dis-
tribution, and this is noted later,

A useful definition is the apparent volunte of distribution is the
tmaginary volume that a substance would occupy in the body if it were
fresent throughout the body at the same concentration as in the blood or
plasia. For example, if a substance were present in blood at a con-
centration of 1 mg/L and the concentration in liver tissue was 100
mg /1, the liver is behaving as if it were equal to approximately
L0 L of blood for every liter volume of liver tissue. Obviously,
this apparent volume is strictly a hypothetical value. Note that the
reference fluid is blood or plasma; the apparent volume is relative
to the concentrations of the substance in blood or plasma. This is
A reasonable choice of reference fluid because it is readily accessi-
ble for sampling and it is the bloodstream that connects to all
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parts of the body. Another way to look at this volume is to use a
different reference tissue. For example, consider the apparent vol-
ume of distribution of iodine after an [V dose. Based on the small
concentrations that are produced in the blood, iodine appears to
have a large apparent volume of distribution; most of that com-
pound resides in tissues outside of the blood. Now, change the
reference fluid to be the thyroid tissue, where most of the iodine
is located, and one caleulates, relative to the thyroid tissue, a small
apparent volume of distribution; most of the iodine resides in that
reference tissue.

Another way ta illustrate this apparent volume is shown in
Figure 15. There is a need to determine the exact volume of a
tank, which is thought to hold approximately 1000 L of fluid. To
do so, 1000 mg of a dye is added to the tank containing water,
and the fluid is mixed well. A sample is taken. The resulting con-
centration of the dye, in the scenario at the top of the figure, is
determined to be 1 mg/L. The volume of the tank (amount/con-
centration) is calculated to be 1000 L—exactly what was
expected. The experiment is repeated in another tank (bottom of
figure) in an identical fashion, but this time the sample is
assayed to contain 0.01 mg/L with a resulling tank volume of
100,000 L. This is not possible: the tank can only hold 1000 L.
What happened? As noted in the bottom figute, most of the sub-
stance has been adsorbed onto the interior surface of the tank;
the molecules have been taken out of the solution. The apparent

Add 1000 mg dye
s, T —1000 —1000
Sample & Assay Fluid:
C=1maglL
V = Amount/C
V = 1000 mg/1 mg/L
V=1000L
Add 1000 mg dye
e} 1000

C=0.01 mglL
V = Amount/C
V = 1000 mg/0.01 mg/L
V =100,000 L

Figure 15. lllustration of the determination and meaning of the apparent
volume of distribution. Az 1000 mg of a water-soluble dye is added to a tank
that holds approximately 1000 L of water. The dye is thoroughly mixed in
the fluictof the tank and a sample laken. The sample is assayed o have a con-
centration of 1 mg/L, and the apparent volume of the tank is determined to
be 1000 L, consistent with the actual volume. B: The same experiment as
noted previously, but this time the assay of the sample gives a concentration
of dye of 0.01 mg/L. The resulting (impossible) volume of the tank is calcu-
lated ta be 100,000 L. Much of the dye has been distributed to the surface
of the tank (i.e,, adsorbed), giving rise to o hypothetically large apparent vol-
ume, relative ta the reference fluid. (From M. Mayersohn, unpublished, with
permission from Saguaro Technical Press, Inc, Tucson, AZ, 2002.)
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Apparent Volume of Distribution, L/Kg
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Figure 16. The apparent volumes of distri-
bution of selected drugs (L/kg) illustrating
the wide range of values (approximately 0.1
to 40 L/kg). Note that the scale is logarith-
mic. The three vertical lines that are being
used for reference purposes illustrate real
physiologic volumes. Those volumes are,
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space that the dye occupies is relative to the remaining concen-
tration of dye in the tank fluid, a small concentration. The result-
ing volume is huge and not real. This is exactly what happens to
compounds after they gain access to the blood; they distribute
from the blood to other tissues and they bind there. The com-
pound does not stay in the blood as it did not stay in the tank
fluid, the reference fluid.

The wide range of apparent volumes of distribution among
selected drugs is illustrated in Figure 16. Note that the scale is
logarithmic to accommodate the wide range in values (approxi-
mately 0.1 to 40 L /kg). For comparison purposes, vertical lines
illustrate three real physiologic spaces (blood, extracellular
walter, and total body water). The large apparent volumes are
attributable to extensive binding to tissue proteins. Clearly,
these are not real volumes or physiologic spaces.

Perhaps the most important role that apparent volume plays
in drug disposition is as it affects terminal £ ,. An important
relationship in this regard is the following:

0.693-V,
Gl

The previous relationship is mathematically and functionally cor-
rect. Because this equation is mathematically correct, it can be
used to solve for apparent volume or systemic clearance (CL.). It
is important to recognize, however, that the only way to under-
stand the rr.lahon-«hlp among these parameters is to view them as
presented in equation 17; t, ., is dependent on apparent volume of
distribution and systemic clearance and not the other way

[Eg.- 17]

W=

I I
6 810
Apparent Volume of Distribution, L/Kg

from left to right, blood, extracellular water,
and total body water. (From M. Mayersohn,
unpublished, with permission from Saguaro
Technical Press, Inc, Tucson, AZ, 2002.)

- =
20 40 60

arpund. Compounds that have a large apparent volume, in gen-
eral, are expected to have a long t, ., unless systemic clearance is
high. Again, this reemphasizes the fact that the terminal f
depends as much on distribution as it does on elimination (1 e
clearance). Dioxin present in Agent Orange, used as a defoliant
during the Vietnam War, has a t, , in humans of approximately 7
years (9). Compounds with a Imbe apparent volume of distribu-
tion have a long t, , because large quantities reside in areas that
are not immediately accessible to the eliminating organs; they
must move from the tissue to blood and then through the elimi-
nating organ(s) to be eliminated from the body. Slow movement
from such a tissue site to the bloodsiream, a process referred to as
redistribution, essentially rate-limits the elimination process and
leads to a prolonged t, ,,. Recall from a previous discussion, that
the rate of red]str]butmn is the reverse of the accumulation pro-
cess from blood to tissue: The t, , for both processes is governed
by the value, K. _ ... the larger that value, the longer the (, ..
Compounds with large values of K . 5.4 also have large
apparent volumes of distribution.

In an attempt to provide some biologic meaning to the appar-
ent volume of distribution and based on pl1v~.10|oglc valuesina
normal healthy adult man, the following relationship has been
developed (10).

- le
Vy=7+8-f, +vr[f—)
uT
The apparent volume of distribution (in liters) is given by a con-
stant (7 L); the unbound or free fraction of drug in the plasma

[Eq. 18]
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(1, ); a tissue volume (V.), which represents the space into which
the drug distributes minus the extracellular space; and the
ynbound fraction of drug in the tissue (£ ). The unbound frac-
tions (I, and f, ;) are the ratio of unbound drug concentration to
tolal (i.e., bound plus unbound) drug concentration. A drug
with a small apparent volume can be approximated by the first
pwo terms, whereas a drug with a large volume is estimated by
the last term only.

Small volume drug: V  =7+8-f,

Large volume drug: V= VT( [Eq. 19]

i)
fur
Thus, the smallest apparent volume of a substance that is totally
unbound to plasma (Le., [, =1)is approximately 15 L, whereas the
smallest volume for a substance that is totally bound to plasma
proteins (i.e,, f;, =0) is approximately 7 L. Note that in between
these two extremes, a change in plasma protein binding does not
Jead to a directly proportional change in volume (i.e., as f,
Increases, V, increases in a less than proportional manner).

A compound that has a large apparent volume has a large
volume as a result of binding to tissue proteins. That binding is
expressed by the value of f, ; in the third term in the general
equation 18. Extensive binding to tissue protein results in a
small value for f, 1, which, in turn, makes the third term large
and overwhelmingly larger than the first two terms (which are
ignored in the simplification of equation 19). In this instance,
any change in the unbound fraction for either plasma or tissue
binding results in a directly proportional change in apparent
volume. As shown in Figure 16, there are many compounds that
have large apparent volumes of distribution. What are consid-
ered small and large apparent volumes? There are no definitive
rules, but, as an approximation, a volume less than approximate
total body water (approximately 0.6 L/kg) might be considered
small, whereas a volume greater than approximately 1 L/kg
might be considered large. These are arbitrary demarcations,
however. Making these approximations becomes useful when
attempting to predict how a change in binding might affect the
t, ;of a drug, as discussed later under Clearance Concepts.

Plasma protein binding (especially any change in that value)
and the disposition and response to a compound is one of the
most confusing issues in pharmacokinetics. Many of those ideas
are best developed with reference to clearance concepts, which
follow this section. Protein binding is generally thought to be a
simple, reversible process that may be described by principles of
mass action. Binding is determined by an in vitro method that
requires separation of unbound from total drug. The two most
commonly used methods are equilibrium dialysis and ultrafil-
tration, It is important to keep in mind that all assays used to
quantify drug concentrations in blood or plasma (e.g., those
reported during therapeutic monitoring or from toxicologic
screening) measure total concentration and not unbound con-
centration. This is a consequence of how the samples are han-
dled. Plasma proteins (e.g., albumin) are not able to easily
traverse the capillary membrane, and, therefore, it is generally
believed that only unbound drug distributes from blood; moves
across the capillary membrane; and equilibrates with unbound
drug in all tissues, including the receptor at the site of action. As
aconsequence, it is the unbound drug concentration that drives
response and toxicity. It is on this premise that there is great
interest in the unbound drug concentration and any changes
that may occur to it as a result of, for example, drug-drug inter-
actions or disease states. It can be stated here, although discussed
later under Multiple Dosing, that drug displacement interactions
are rarely of any clinical importance. Furthermore, although
feeming to be illogical and counter intuitive, the unbound plasma
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Figure 17. The bottom scheme indicates that three equilibria need to be
considered when examining blood and tissue binding. These binding equi-
libria include: the equilibrium plasma protein binding /e, the equilib-
rium tissue protein binding (right), and the equilibrium of unbound drug
between blood and tissue. The large graph illustrates these individual equi-
librium conditions. The total concentration of drug in the blood (C; leff) is
three units, whereas the unbound concentration (C, ) is 1 unit. T‘wus. the
unbound fraction of drug in blood is 0.33. The unbound drug equilibrates
between blood and tissue so that the unbound concentration In the tissue
(C,, ) is the same as in the blood, 1 unit. In contrast, the total concentration
of drug in tissue (C, ) is 7 units, giving an unbound fraction in tissue (f,, )
of 0.143. Note f,, = [, ;, but C,, = C,, . (From M. Mayersohn, unpublished,
with permission from Saguaro Technical Press, Inc, Tucson, AZ, 2002.)

concentration is not determined or affected by plasma protein binding.
This point is discussed later under Multiple Dosing,

Figure 17 illustrates the equilibrium between blood and some
tissue. The bottom part of the figure illustrates the separation by
a membrane of blood and some tissue and indicates that three
equilibria exist. In the blood, unbound drug (C, ) binds revers-
ibly with protein (P) to form the bound drug complex (C-P). An
identical equilibrium exists in the tissue, but now unbound drug
in tissue (C,, ;) binds reversibly with protein in the tissue (P;) to
form a drug-tissue protein complex (C-P,). There is no reason to
believe that those equilibria are the same (i.e., it is not likely that
the extent of plasma protein binding is the same as tissue protein
binding of drug; f, # f, ;). The most important equilibrium is
that between blood and tissue and the figure indicates that the
unbound concentrations of drug are equal (C,, = C, ;; not the
unbound fractions). The larger graph further illustrates this dis-
cussion. The height of the fluid in the blood and tissue is analo-
gous to concentrations. The total concentration of drug in blood
(left) is 3 units, whereas the unbound concentration is 1 unit (f,
= (.33). The total concentration of drug in the tissue (on the
right) is 7 units—greater than total blood concentration due to
greater tissue protein binding. The unbound concentration, 1
unit, is identical to the unbound concentration in blood. Note,
however, that the unbound fraction in tissue is (.143, reflecting
the greater tissue protein binding compared to plasma protein
binding,.

Figure 18 illustrates the wide range of plasma protein bind-
ing of drugs in humans, expressed as percent unbound, for
selected drugs. Lithium is not bound (f, = 1; 100% unbound),
whereas warfarin is extensively bound to plasma proteins (f, =
0.01; 1% unbound). For the vast majority of compounds, plasma
and tissue protein binding remains constant over a fairly large
concentration range, although there are instances of concentration-
dependent binding, The latter is most likely to occur for com-
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Figure 18. Illustration of the percentage drug unbound to human plasma proteins for a selection of drugs,
{From M. Mayersohn, unpublished, with permission from Saguaro Technical Press, Inc, Tucson, AZ, 2002.)

100

pounds present at high concentrations or those compounds that
bind to proteins present at low concentrations but that have low
binding capacity (e.g., &t;-acid glycoprotein). Plasma protein
binding may also be influenced by disease states or age that
result in a reduction in plasma protein concentration and, there-
fore, binding capacity. Displacement interactions can also give
rise to a change in plasma protein binding of a drug, but
whether these changes in f . change the unbound plasma con-
centration is another matter.

Any change in plasma protein binding or tissue protein bind-
ing expressed as a change in the unbound fractions, f, or f, .,
results in a change in the apparent volume of distribution,
which, in turn, may alter the value for terminal t, ,,. A change in
the apparent v olume and the direction and nmgmtudi. of change
can be judged with reference to the basic volume equation 18 or,
more simply, using the approximations noted in equation 19.
The relationship between apparent volume and t, , is illustrated
in the following section.

CLEARANCE CONCEPTS

One of the most useful physiologically grounded and predic-
tive concepts in pharmacokinetics is that of clearance. Clear-
ance provides a means of understanding the basic, underlying
mechanisms associated with organ elimination of a compound
and how it may be altered. Clearance also serves as a unifying
concept, which permits interrelating other variables and
parameters (such as apparent volume, t, ,, and plasma protein
binding). Finally, clearance is what controls the ultimate
plasma concentrations of a substance achieved after multiple
dosing or long-term exposure (at steady state). Understanding
clearance is essential if one wants to interpret, for example,
drug-drug interactions or the effects that a disease state has on
drug disposition.

Several measures to characterize drug elimination or loss from
the body are available, including rate of elimination, the elimina-
tion rate constant, and t, ,. The problem with each of these mea-
sures is that they cannut stand on their own; they are not
independent estimates of the efficiency of the removal process. Rate
of elimination is a function of concentration, which is usually
changing with time after dosing. The rate constant of elimination
and t, ,are a function of apparent volume and clearance, as noted
in equation 17. Therefore, t, ,,, although a useful parameter and
one easily understood, has li l-t]e use from the perspective of under-
standing the physiologic basis of the elimination process or judg-
ing the mechanisms reqpm'lqible for changes in its value. A good
illustration of this point is the observation that the t, , of certain
lipid-soluble drugs (primarily eliminated by hepatic metabohsm)
increase with age in adult humans. This has been noted for the
benzodiazepine derivative diazepam (11) and the rapidly acting
IV anesthetic thiopental (12). The thiopental example is illustrated
in Figure 19, which portrays the relationship between age and the
terminal t, ,, apparent volume of distribution, and clearance. The
n—.latmm;]np between t, , and age (A), taken by itself, might sug-
gest reduced hepatic elimination efficiency with age. However, as
noted in equation 17, t, , depends on the apparent volume as
much as it depends on elimination (given by clearance). In fact, it
is the change in apparent volume with age that drives the increase
in the terminal t, , (B). This change in t, , occurs in the absence of
any change in (hepatic) clearance, as noted in the inset figure. The
physiologic explanation for this relationship is that adipose tissue
represents an increasing percentage of body weight as an individ-
ual ages. The consequence of this change in body composition is
the expansion of the space that the compound can occupy, which
is expressed as an increase in the apparent volume of distribution.
This illustration stresses the importance of viewing t, , in its func-
tional form, as written in equation 17.

Whereas t, ,, is governed by distribution and elimination pro-
cesses and, therefore, reflects what is happening in the entire
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Figure 19. The influence o) age (n women undergoing surgery) on the disposition parameters of the lipid-
soluble, rapid-acting, intravenous anesthetic agent thiopental. Relationships are shown for terminal half-
life (A), apparent volume of distribution (L/kg) (B) and systemic clearance (B, inset). Graph C is an enlarged
version of the clearance inset in B. The lines represent the linear regression equation of the data. (Based
on data presented in Jung D, Mayersohn M, Perrier D, et al. Thiopental disposition as a function of age in
female patients undergoing surgery. Anesthesiology 1982;56:263-268, From M. Mayersohn, unpublished,
with permission from Saguaro Technical Press, Inc, Tucson, AZ, 2002.)

body, clearance, on the other hand, is a measure of efficiency of
elimination or removal by an organ. The basic definition of
clearance is essentially a restatement of first-order kinetics.

rate of elim-
ination
blood or
plasma con-
centration
Notice that the units of clearance are that of a flow, volume/
time. The definition of clearance that is often cited is clearance is
the volume of blood that must be acted on and from which all substance
is removed per unit of time to account for the rate at which that sub-
stance 15 being eliminated. Previously, in defining first-order
kinetic processes, equation 4 indicated the relationship between
rate and concentration, but the proportionality constant was a
first-order rate constant and not clearance, as rewritten below:

amount/time

clear- _ =
amount/volume

ance

volume
= Eg. 20
time [€5:20)

rate of elim-

ination

blood or
plasma con-
centration
Clearance and K (or t, ,), not surprisingly, are related to each
other through the apparent volume of distribution (i.e,, CL=K -
V). which is a useful expression, but this does not help in
understanding clearance. As for a first-order process, clearance
is independent of dose or concentration or time after dosing.
Every eliminating organ has a corresponding value for clear-
ance; individual organ clearances are additive (as are rate con-
stants} and independent of each other. The sum of all clearances
for all eliminating processes is referred to as total body clearance

or systemic clearance, CLg; the latter is the preferred term here.
_Forany terminal region into which drug is found, such as the
urine, bile, or exhaled air, the basic relationship for clearance,
equation 20, can be applied experimentally. Thus, renal clear-
ance (CLy) is assessed by relating the rate of urinary excretion of
unchanged drug to plasma concentration at the same time. Sim-
ilarly, one can experimentally determine biliary clearance
(CLy, ;) and pulmonary exhalation clearance (CLy . yonany) ©f
unchangc-d drug, Each of these clearances has one thing in com-
mon: a terminal fluid can be collected and assayed for

_ concentration/time _ 1
concentration time

[Eq. 4]

unchanged drug, from which an estimate of rate of drug appear-
ance can be made. How does one go about experimentally deter-
mining hepatic clearance (CL,,;,) or systemic clearance? The
former cannot be done noninvasively, and the latter would
require experimentally measuring all possible clearing mecha-
nisms, Some other method must be applied to calculate values
for those clearance terms.

The direct answer to this question comes from a common and
practical mathematical procedure: convert the rate to an amount
through integration. If the rate expression presented in equation
20 is integrated, the following is obtained:

sys- jrate-dt
temic _ ., _ _rate _p - 1V dose |Eq. 21]
clear- ¥ concen- = (AUC),
ance tration  [C-dt 0
0

Systemic clearance can be calculated by dividing the IV dose by
the corresponding total area under the plasma concentration-
time curve (from time zero to infinity) for the unchanged drug.
The IV dose is used here because, by definition, the entire IV
dose is completely available to the systemic circulation. This is
not necessarily true for any other route of administration. Recall
that the area may be considered to be an index of exposure to the
compound. Systemic clearance can be viewed as affecting the
exposure resulting from administration of a given dose. Thus,
the greater the clearance, the smaller the exposure from a unit
dose of compound, The inverse is also true: a small value of CLg
results in a large exposure to a unit dose of compound. Because
clearance is a constant, any increase in dose results in a propor-
tional increase in area under the curve.

Determination of hepatic (or metabolic) clearance requires
that the numerator in equation 21 be the rate of metabolite for-
mation, the integral of which is the amount of metabolite
formed (not dose). The latter is generally determined after mea-
surement of the fraction of the dose that is converted into metab-
olite. Another feasible calculation is to subtract all known values
for clearance from systemic clearance and assume that the
remainder is hepatic or metabolic clearance (e.g., CL;;, = CLg -
CLy, = CL ). Also, the ratio of any given organ clearance to
systemic clearance gives the fraction of the dose that undergoes
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Figure 20. A hypothetical eliminating organ that receives in-flowing (arte-
rial) blood (Q, or C_ ) and out-flowing (venous) bload (Q, or Q,, ). The
arterial blood has a Concentration of C,, and the venous I)!nud has a con-
centration of C_ . Any difference between € o and G (C < C) repre-
sents elimination or organ extraction of drug Extraction rat:o, ER, is
defined as C, - C_ /C . (From M., Mayersohn, unpublished, with permis-

Ty

sion from Saguaru Technical Press, Inc, Tucson, AZ, 2002.)

that pathway. Thus, the ratio of CL, to CL represents the frac-
tion of the dose that is excreted unchanged via the kidney. This
is the same fraction that is represented by the ratio of the indi-
vidual rate constant for urinary excretion (k) and the overall
elimination rate constant (K).

There are several useful graphical ways to illustrate different
aspects of clearance. Figure 20 illustrates a basic term, extraction
ratio (ER), which provides a measure of efficiency of drug
removal by the hypothetical organ illustrated. The organ
receives arterial blood flow (Q, or Q, ) that contains drug enter-
ing the organ at a concentration of C (or C_). The exiting
venous blood flow (Q_, or Q) contains drug at a concentra-
tion of C_, (or C ). If this were a noneliminating organ or tis-
sue, then the concentration exiting the organ would exactly
equal the concentration entering (C_ =C, ). In contrast, if some
of the drug is eliminated, then the outflowing concentration
must be less than the inflowing concentration (C_ < C, )and the
difference, shown by the arrow, is what has been eliminated or
extracted by that organ. The efficiency of this process can be
expressed by the ER, which is the difference in concentrations
normalized by the inflowing concentration.

Cin _Cout
[

i

extraction ratio = ER = |Eq. 22]

The three possible situations are

LG, = C w =0 noneliminating organ
1. C,.= ER=1 extremely efficient eliminating
organ
M. C,, <C, 0<ER<1 varyingelimination efficiency

For an eliminating organ, most compounds fall into category 111,
and every organ has a unique value of ER for a given substance.
The ER represents the fractional removal of substance by the
organ. Thus, an ER value of 0.2 indicates that 20% of the sub-
stance in the blood is removed by the extracting organ as the
blood perfuses that organ. The ER value is a measure of effi-
ciency of removal and has no bearing on the extent or complete-
ness of removal by that organ. Thus, two compounds may
undergo total hepatic metabolism (i.e., 100% metabolized) yet
have different ER values. The former value indicates the pri-
mary route of elimination and that ultimately all of the drug is
metabolized. The ER value suggests how efficiently the removal
process occurs. It seems reasonable that the compound with the

greatest ER value is likely to have the shortest t, ., keeping in

mind the modulating effect of apparent volume of distribution.
It would not be surprising to find that organ clearance is related
to ER. This can be easily shown by considering the basic rela-
tionship for clearance and with reference to Figure 20. The rate
of drug entry into the organ is the product of blood flow in and
concentration in, and the rate of drug exit is the product of blood
flow out and concentration out:

Ratein=Q, -C, Rateout=Q,_ -C

i out ol [EC[ 23]
The rate of elimination or extraction is the difference between

the rate in and the rate out;

Rate of
elimination

= Q:n ’ Cil\ = Qnui ’ Cnul - Qin i (Cin £ Cuut] [Fq‘ 24]
Because flow in is equal to flow out, Q, has been factored out
and used in the equation. The basic relationship used to define
clearance has rate of elimination in the numerator divided by
the blood concentration. Substituting equation 24 for the numer-

ator gives
rate of elim-

ination Q€ Cot)
= =} <BR’ |Bq. 25
blood con- C. Qin [Eq. 25]
centration

clear- _
ance

Clearance by a given organ is the product of the blood flow to
thamrgan multiplied by the organ ER for that cnmpnund Thus,
if ER is 0.2, the clearance of that mmpmmd is equal to 20% of
blood fow; 20% of that compound is removed from the blood as
it perfuses the organ. Going back to the three scenarios dis-
cussed previously, -

I. C,,=C, ER=0 CL=0 noneliminating
organ
. € ,=0 ER =1 CL=Q extremely effi-
cient eliminat-
ing organ
n, € ,<C, 0<ER<1 CL=ER-Q varying elimina-

tion efficiency

The most interesting aspect of the previous chart is situation [
when ER is the largest possible value, clearance is equal to organ
blood flow. This is the statement of a rate-limiting step; a com-
pound cannot be cleared by an organ any faster than it is delivered (by
blood) to that organ. In fact, there is a clinical application of this
principle. Consider diagnostic agents that are used to measure
organ blood flow, such as indocyanine green (hepatic blood
flow) and para-aminohippurate (PAH) (renal blood flow). These
compounds have one pharmacokinetic characteristic in com-
mon: they all have a specific organ ER of approximately one.
Thus, organ clearance measured i vivo after an 1V dose cannot
exceed organ blood flow. The largest possible value for systemic
clearance is total blood flow or cardiac output. Any value of CL,
greater than cardiac output suggests a mechanism of elimina-
tion that is independent of blood flow. For example, a com-
pound that is chemically or metabolically altered in the blood
per se would not be influenced by blood flow, and the resulting
clearance could take on any value in excess of cardiac output.
The latter appears to be the situation for organic nitrates, such as
nitroglycerin, that are metabolized along the surface of blood
vessels (13). There are several older but thorough reviews of
clearance and blood flow (14,15).

Another way to examine extraction and clearance is illustrated
in Figure 21 for three different compounds. The hypothetical
organ receives 10 ml of blood per minute and, at time zero, each
of the three drugs is present at a concentration of 10 ng/ml. One-
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Figure 21. Schematic diagram of the
extraction and clearance of three different
drugs. The hypothetical organ system

Extraction Ratio Clearance receives 10 ml of blood per minute. The

(ER) compounds have ER, from 1op to bottom, of

0, 0.5, and 1.0. What is shown is one-

minute snapshats of the drug entering and

3 then leaving the organ, At time zero, the

C.~C.,=0 CL=ERxQ com:t!nirdlilfn in thorag delivering blood is 10

(C,~C.)IC,=0 = 0x10 mUmin ng/ml for each compound. A: One minute

<~ ER=0 # CL =0 mL/min alter perfusing the organ, the exiting and

incoming concentrations are equal. Thus,

this is a noneliminating organ for that drug

having an ER and CL ol zero. B: The exiting

& concentration of 5 ng/ml is one-half of the

CiCou=5 CL=ERxQ entering concentration, The ER value is 0.5,

(C,~=C.)IC,=05 z = 0.5 X 10 mL/min resulting in an organ clearance of 5 ml/

&~ ER=0.5 < CL =5 mL/min minute. Note that what {s retained (i, elim-

inated) in the organ is the mass comparable

to what was contained in 5 ml of blood.

C: The exiting concentralion of zero gives an

Cy=Cou= 10 ooy, Bl foe 70, Ay e
= = &S , 10T inute. in, nol

{?M-cm]!ch- 1 - c:_’;11°°ml'|{’"“? what is eliminated by the urg%x‘:'- is the mass

“ ER=1 £ MLIMIN comparable to what was contained in the

volume cleared. (From M. Mayersohn,

minute snapshots for each of the three compounds is shown. For
the compound at the top of the figure, the exiting concentration
equals the incoming concentration, and, therefore, no drug has
been extracted or eliminated. The value for ER and CL for this
drug is zero; this is a noneliminating organ, The compound in the
center has an exiting concentration of 5 ng/ml 1 minute after
blond perfuses the organ. The value for ER is the difference
between the in and out concentrations divided by the incoming
concentration: 10—5/10 = 0.5, The resulting value for clearance is
ER multiplied by organ blood flow, or 5 ml/minute, The figure
illustrates that the organ has retained (or eliminated) the total
drug content in 5 ml of blood, or 50 ng. Clearance is the flow
equivalent to the mass of compound removed by the organ (what
volume of blood contains 50 ng?). The bottom figure indicates

_033xQ _067xQ

=0.33

. Organ .
* Extraction '

Ratio .
(ER)

Figure 22, Rainbows illustrating the range of organ ERs and CLs, The clear.
ance rainbow is connected 1o the extraction ratio by organ blood Tlow (CL
= LR O Each painbow is divided into thirds. A low ER is less than approx-
Imalely 0,33, whereas a large ER is greater than approximately 0.67. Inter-
mediate values fall within that range, Drugs with low CLvalues are less than
approximately one-third of organ blood flow, whereas drugs with large CL
five i vaslue greater than approximately twao-thirds of organ blood flow.
Intermediate CL values fall within that range. Note that low clearance drugs
At also referred to as being restrictively cleared, whereas drugs with high
tearance are referred to as being nonrestrictively cleared. See text for expla-
hon, (From M, Mayersohn, unpublished, with permission from Saguaro
lechnical Press, Inc, Tucson, AZ, 2002 1

unputblished, with permission from Saguar
Technical Press, Inc, Tucson, AZ, 2002.)

that the exiting concentration is zero, which must indicate total
clearance of the compound by the organ (ER = 1 and CL = 10 ml/
minute). Extraction can never be more efficient than this; clear-
ance equals organ blood flow.

Figure 22 illustrates raitbows for organ ERs and corresponding
organ clearances. The ER rambow is in front of the clearance rain-
bow and connected to it by organ blood flow (CL = ER - Q). Values
for ER and CL are divided into three parts: low, intermediate, and
high, Although the demarcations are arbitrary, a small ER is less
than approximately 0.33, whereas a large ER is greater than
approximately 0.67. Intermediate vales are in between those
ranges. The identical separation is shown for CL, except that the
values are multiplied by organ blood flow, Thus, low clearance is
any value less than approximately one-third of blood flow,
whereas a large clearance is any value greater than approximately
twao-thirds of blood flow. Intermediate clearances are in between
those extremes. Also notice that the term restrictive clearance is
used to describe those compounds with low clearance and nonre-
strictive is used to describe those compounds with high clearance.
As noted later, the former indicates that clearance is restricted by
plasma protein binding, whereas for high clearance compounds,
clearance is not restricted by plasma protein binding. Figure 23
illustrates the clearance rainbow with flow values and with drug
examples for each division and using the average values for liver
blood flow (1500 ml/minute) and renal blood flow (1200 ml/
minute) in a normal healthy adult man.

Another way to view clearance is with reference to its basic
definition, as illustrated in Figure 24. The panel of three graphs
project into the page. The first graph is a linear plot of plasma
concentration as a function of time after an IV bolus dose and
assuming a one-compartment model. The resulting exponential
curve is described by the equation noted to the right. The graph
just behind the first is a plot of the rate of elimination versus
time, and it is connected by dotted lines to the graph in the front
at corresponding times. Because rate of elimination is a function
of concentration and a rate constant, K (or clearance, CL), the
middle curve declines in parallel with the concentration-time
curve, as noted in the equations to the right. Clearance is defined
as the relationship between rate of elimination and the driving
force concentration. Dividing the middle curve. which describes
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Figure 23. Rainbows of extraction ratio and clearance (CL) for drugs that
undergo renal CL (CLy) and hepatic CL (CL,,). The average values for renal (1200
mi/minute} and hepatic (1500 ml /minute) blood flows in a normal 70-kg man
have been used and divided into three parts, as noted in Figure 22. Diug exam-
ples are provided for each division. (From Mayersohn M. Toxicokinetics: Mea-
surement of disposition half-life, clearance and residence times. In Maines M,
ed. Current protocols in toxicology. New York: John Wiley and Sons,
2000:5 3.5, with permission of Saguaro Technical Press, Inc, 2002, Tucson, AZ.)

rate of elimination, by the corresponding concentration-time
values in the front curve, results in clearance, which is projected
onto the back-most graph. Clearance is constant with time, but
its magnitude (height) varies from compound to compound.
This difference among compounds can be seen in Figure 25.
There is a series of three panels, each representing a different
drug and each panel is made up of three graphs projecting into

Rate/C =CL
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the page as described. The compound on the left has the smallest
rate of elimination, resulting in a relatively shallow rate versus
time curve. The consequence is that clearance, which is a ratio of
rate /concentration, is a relatively low value, which can be noted
by inspecting the graph in the back of the panel. In contrast, the
compound on the right has a rapidly declining concentration-
time curve, indicating a large value for the elimination rate con-
stant. The graph just behind indicates a rapid decline in the rate
versus time curve. As a consequence, the ratio of rate to concen-
tration or clearance for this compound must be relatively high,
as noted in the rear graph. The compound in the center panel is
intermediate between the other two compounds. What is it
about the compound on the right that results in high clearance?
If it is assumed that these three compounds all underwent met-
abolic clearance by the same enzyme, then there is something
about this compound that makes it a better substrate for that
enzyme. This difference among compounds can be better under-
stood by expressing a term called intrinsic clearance (CL
which, as noted later, is the ratio of V__ to K_ - however, ulti-
mately the explanation lies with how that molecule resides at
the active site of the enzyme.

Before discussing the idea of CL_, it is useful to view clear-
ance in yet another way that provides a basis for a comparison
between clearance, an expression of organ efficiency, and t, ,,,
which reflects loss of drug from the body. Figure 26 illustrates
sequential 1-minute snapshots of the extraction of a compound
and its movement through the body. The hypothetical com-
pound is given as an IV bolus at a dose of 150,000 ng. The result-
ing initial plasma concentration is 10 ng/ml. The organ of
elimination receives blood flow at the rate of 50 ml/minute and
the ER of this compound is 0.3. In the first minute, 50 ml of blood
each containing 10 ng of drug perfuses the clearing organ. As the
blood traverses the organ, 30% of the compound is removed
from the blood during the first minute. This is illustrated by the
organ retaining 15 ml of the total of 50 ml of blood, which has
perfused the organ. Of course, blood flow is conserved; what is
retained by the organ is the fotal mass of compound contained
in 15 ml of blood. Organ clearance is 15 ml/minute (0.3 % 50 ml/
minute), and the amount eliminated by the organ is the total
content in 15 ml of blood, 150 ng (10 ng/ml x 15 ml). On exit,
there are 15 empty ml of blood, which reequilibrates with the

n\!}’

- Rate

=50 (volit) . - : o’
Figure 24, There are three graphs in this
panel, which project into the page. The
first graph is a linear plot of plasma con-
centration versus time after an intravenous
bolus daose (and assuming a one-compari-
ment model) whose equation is noted fo
the right. The graph immediately behind is
that of rate of elimination versus time. The
two graphs are shown connected by dot-
ted lines at the same times. The equations
that describe this rate versus time plot are
shown ta the right. Because the ratio of
rate to concentration s defined as clear-
ance (CL), dividing the middle graph by
the first graph gives CL, which is noted as
the graph in the back. (From M. Mayer-
sohn, unpublished, with permission from
Saguaro Technical Press, Inc, Tucson, AZ,
2002
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Figure 25, This ligure is Identical to that described in Figure 24, except three differeni compounds are
being compared. In each of the three panels that project into the page are graphs of, from front to back,

« plasma concentration versus time, rate of elimination versus lime, and rate of elimination/concentration
versus time (i.e., clearance vs. timel. Each panel represents a different drug with its own rate-concentration
(or clearance) relationship. All drugs have the same initial plasma concentration, The terminal rate constant
increases (or hali-life decreases) when going from A to C. This is easily seen by comparing the concentration-
time curves from A=C. Because rate of elimination is lowest for A, the ratio of that rate (o the corresponding
plasma concentration (which is clearancel is low, giving rise 1o a relatively low clearance, In contrast,
C has the greatest rate of elimination relative to concentration and, therefore, the ratio of rate to concen-
tration results in a large clearance, B: The compound is intermediate between A and C. (From M. Mayer-
sohn. unpublished, with permission from Saguaro Technical Press, Inc, Tucson, AZ, 2002.)

other 35 ml of blood to give a final exiting concentration of 7 ng/
ml. Whereas this is a relatively efficient removal of compound
from the blood by the organ, does this represent a substantial
removal from the body? In 1 minute, only 150 ng out of a total
dose of 150,000 have been lost from the body. This illustrates the
difference between clearance and t, ,,. In fact, if it were assumed
that the ER value was 1.0, the most efficient clearance possible,
only 500 ng out of a total of 150,000 ng would be removed in 1
minute. Removal of the compound from the blood results in a
trivial change in blood concentration. The t, , of this compound
is approximately 11 hours.

Before the blood perfuses the organ during the second
minute, it must mix with the rest of the blood in the body.
Because all of the rest of the blood has a concentration of 10 ng/
ml, the blood exiting the clearing organ at a concentration of
7 ng/ml results in a trivial dilution of the concentration and the
new concentration is 9.99 ng /ml. The process repeats during the
second and all subsequent minutes. The ER value and clearance
are the same at all times, but the amount extracted by the organ
decreases with time as the amount in the body declines. In the
second minute, a little less than 150 ng is removed from the
blood. The exiting blood concentration has a value of approxi-

mately 6.99 ng/ml. When the exiting blood mixes with all of the
rest of the blood (at a concentration of 9.99 ng/ml), the resulting
concentration is 9.98 ng /ml, which is the new concentration that
perfuses the organ during the third minute. This process contin-
ues until all of the compound has been eliminated from the
body. Of course, this process does not happen in short 1-minute
bursts; it is happening all of the time, resulting in a smooth expo-
nential decline in concentration with time.

What is it that drives organ clearance for a specific com-
pound? The ER determines the value for organ clearance, What
drives ER? [n the model that has been used, which is referred to
by several terms (venous equilibrium, blood flow- or perfusion-
limited or well-stirred model), the ER is a function of CL, , as
noted in the following relationship:

CLint
CL,..+Q
Notice that for ER to approach its maximum value of 1.0, CL, |
must be a large value and larger than organ blood flow (i.e.,
when CL,, >> Q; ER = 1.0 and CL= Q). Such compounds have
large values for organ clearance (approximately equal to organ
blood flow) and fall into the right side of the organ clearance

extraction ratio = [Eq. 26]
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Figure 26. Sequential 1-minute snapshots illustrating the extraction of a drug as it traverses the eliminating
organ and moves thraugh the body, An intravenous dose is given (150,000 ngl, which produces an initial
hload concentration of 10 ng/ml. The only organ that eliminates the compound has an extraction ratio (ER) of
0.30, and it receives blood at a rate of 50 ml/minute () = 50 ml/minutel. At time zero, 50 ml of blood (shown
as 50 boxes) at a concentration of 10 nyml enters the eliminating organ for the first time. Because the ER is
0.3, 30% af the compound in the blood is removed as blood traverses the organ. This is crm‘lpamhlt to saying
that the conlent in 30% of the organ bload volume is removed. This is illustrated with there being 15 boxes or
15 ml of blood (0.3 x 50 ml = 15 ml) devoid of compound. Thus, the clearance (CL) of the compound is 15
ml/minute. As the blood exits the organ, the empty boxes now reequilibrate with the rest of the exiting blood
to give a homogenous concentration af 7 ng/ml. The organ has removed 30% of the compound that was pre-
sented to it in the first minute (i.e, 0.3 x 10 ng/ml x 50 ml/minute = 150 ng removed in the first minute). A
physiologic model of this system is shown 1o indicate that as compound exits the organ, the exiting venous
blood concentration is affected by mixing with venous blood perfusing the rest of the body. This mixing results
in an increase in the blood concentration before its next entry into the eliminating organ. The exiting venous
blood (7 ng/ml) meets up with, mixes, and reequilibrates with the concentration in the rest of the blood (10
ng/ml) 10 give a concentration of 9.99 ng/ml. This is the new blood concentration that enters the eliminating
organ in the second minute. Another 1-minute snapshot is shown for the second minute. Fiity milliliters of
blood at a concentration of 9.949 ng/ml enters the eliminal:ng organ. Because the ER is the same, 30% of com-
pound once again is removed from the blood (i.e., 0.3 ¥ 9,99 ng/ml % 50 mi/minute = 149.8 ng removed in
the second minute). The CL is the same (i.e., 0.3 % 50 mli/minute = 15 ml/minute), On exiting the organ, the
concentration of compound reequilibrates 1o give an exiting concentration of 6,99 ng/ml, which mixes with
the rest of the blood (9.99 ng/ml) to give a final venous concentration of 9,98 ng/ml, The latier is now the new
concentration entering the organ beginning in minute 3. (From M. Mayersohn, unpublished, with permission
from Saguaro Technical Press, Inc, Tucson, AZ, 2002.)
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puinbowe (Fig. 22). In contrast, compounds that have small values
for CL.. and that fall into the left side of the organ clearance
painbow, have an organ clearance approximately equal to CL, |
(i.e., whenCL, << Q; ER=CL, /Qand CL=CL, ). The defini-
tion of CL, , is a clearance that is not dependent on organ blood flow.
[hus, the rate-limiting step for CL,  is not delivery of the com-
pound to the site of clearance (e.g., the hepatic enzymes). In the
whole body or for an isolated organ, this cannot apply: blood
flow necessarily rate-limits clearance, with the exception of low
clearance compounds, Thus, if there were no limit to the ability
to pump blood to an organ, at sufficiently large blood flow, CL,
would be measurable,

CL,, is what is measured in a test tube when a compound is
added to some form of enzyme (e.g., pure isozyme, homogenized
liver, hepatocytes), and the rate of metabolite formation is deter-
mined (or disappearance of parent compound). Adding the com-
pound to the enzyme preparation is instantaneous; there is no
measurable delivery rate, as there is in the body via blood flow.
The resulting in vitro measure of clearance is CL,_, because that
value is independent of any flow. Numerically, CL,_, is greater
than or approximately equal to organ clearance determined in the
body, depending on the magnitude of CL, . The best way to visu-
alize this process is to consider the in vitro situation illustrated in
Figure 27. Ten molecules of a drug are added to a test tube con-
taining 10 ml of an enzyme solution and rapidly mixed. At time
zero, the concentration of drug is 1 mol/ml. One minute later, the
enzyme reaction is stopped and the amount of metabolite pro-
duced is determined. Four molecules of metabolite have been
produced. The rate of metabolite production is 4 mol/minute.
The corresponding clearance, which is rate of metabolite forma-
tion (4 mol/minute) divided by the starting drug concentration (1
mol /minute), is 4 ml/minute. In 1 minute, 4 ml of starting solu-
tion have been completely cleared of drug. This value, 4 ml/
minute, is the intrinsic metabolic clearance of that drug, Changing
enzyme activity by induction of inhibition alters intrinsic meta-
bolic clearance accordingly.

The equation noted for ER in equation 26 can be substituted
for ER in equation 25 to give a more descriptive relationship:

_ C Li nt Q
CL;,+Q
Low clearance compounds have small values for CL, | and because

it
CL,, << Q,CL=CL_. An IV bolus dose of such a compound

nt

CL [Eq. 27]

nt”
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allows determination of the CL,  of that compound. In this
instance, blood fow does not rate-limit the organ clearance of the
compound. Any factor affecting CL,  affects clearance. An example
is altered enzyme activity by the presence of another compound.
In contrast, high clearance compounds have large values for
CL., and because CL, , >> Q, CL. = Q. An IV dose of such a com-
pound gives a value of clearance that is actually an estimate of
organ blood flow. The clearance of such a compound can only be
affected by changes in organ blood flow (e.g., altered cardiac
output) and not by changes in CL, .

This analysis has ignored those compounds that fall into an
intermediate clearance category. The clearance of such com-
pounds is affected to different degrees by changes in CL and
organ blood flow. Thus, unlike the previous situations, the equa-
tion noted in 27 cannot be simplified for intermediate clearance
compounds.

There is, finally, one more variable to consider and that is
plasma protein binding. Plasma protein binding may affect the
clearance of those drugs that have low clearances; these have been
referred to as being restrictively cleared. The clearance of such com-
pounds is restricted by binding to plasma proteins, This leads to
the need to define and illustrate another term, unbound intrinsic
clearance, CL, . CL, . is CL_ in the absence of plasma protein
binding or adjusted for that binding. This definition is illustrated
in Figure 28, which is similar to the scenario noted in Figure 27
and which is for the same compound. In this instance, however,
there is binding protein present in the enzyme solution, At time
zero, the total concentration of drug is 1 mol/ml. Of that total,
50% is bound to protein, giving an unbound concentration of 0.5
mol/ml. One minute later, two molecules of metabolite are
formed giving a rate of formation of 2 mol /minute. The clearance
of this compound is 2 mol /minute divided by 1 mol/ml or 2 ml/
minute. This value represents the intrinsic metabolic clearance of
the drug under the conditions specified. Note that this clearance
is one-half the value of CL, , when no binding protein was
present; the binding has reduced the CL_ of the compound
(CL,,, 4 ml/minute; Fig. 27). If this value of CL,_, is corrected for
only those molecules that are not bound to protein by dividing
CL,,, by the unbound fraction of compound (i.e., 0.5), 4 ml/
minute is obtained. The latter value is CL_ | and is identical to
the value determined experimentally in the absence of binding
protein (Fig, 27). CL,. . is the most fundamental measure of clear-
ance, as it is independent of blood flow and plasma protein bind-

& - = =
10 mL— @ i
@ @ M @
Eme 1= 0 @ ® @ Time =1 min
*= 1 molimL @ @ @ @ Rate of metabolism (dX,/dt)
“sipamsom (@) © M M| . z4motrn
anzymdD) (@) © M -
= ~ 1 mol/mL
=4 mL/min

Figure 27. An in vitro experiment designed o measure intrinsic metabolic clearance (CL

). At time zero,

int

10 molecules of drug (1) are added to 10 ml of solution containing enzyme. The initial time zero concen-
tration is 1 mol/ml. One minute later, the reaction is stopped, and the amount of metabolite formed is mea-
sured. Four molecules of metabolite (M) are formed in 1 minute; thus, the rate of metabolite formation is
4 mol/min. Because CL is rate (4 mol/minute) divided by concentration (C; 1 mol/ml), the clearance value
for this drug is 4 mi/minute. In other words, 4 ml of starting solution have been completely cleared of the
drug by having been converted to metabolite, This value of 4 ml/minute is the intrinsic clearance of the
drug. (From M. Mayersahn, unpublished, with permission from Saguaro Technical Press, Inc, Tucson, AZ,

2002,
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Figure 28. The same scenario as in Figure 27 for the measurement of intrinsic metabolic clearance (CL_ ). In
this instance, however, the enzyme reaction solution contains binding protein. At time zero, ten molecules of

drug (D) are added to 10 ml of enzyme solution. One-half of the drug molecules are hound to the protein so
that the unbound fraction (f ) is 0.5. At time zero, the initial fotal drug concentration is | mol/ml, and the
unbound concentration is 0.5 mol/ml. One minute later, the reaction is stopped, and the amount of metabolite
formed is determined. Two molecules of metabolite (M are formed in 1 minute; thus, the rate of metabolite
formation is 2 mol/minute, Because clearance is rate (2 mal/minute) divided by total) concentration (1 mol/ml),
the clearance value for this drug is 2 ml/minute. In other words, 2 ml of starting solution have been compleely
cleared of the drug by having been converted to metabolite, This value of 2 ml/minute is the intrinsic clearance
of the drug. Note that this is one-half of the value for CL_ in the absence of binding protein (4 ml/minute; Fig.
27). The binding protein has protected the drug and reduced its clearance. This leads (o the need o estimale
unbound intrinsic metabolic clearance, CL . The latter is the value of intrinsic clearance corrected for the frac-
tion of drug that is unbound., In this instance, CL, | is 2 mol/ml divided by 0.5 or 4 ml/minute. The latier value
is identical to the one determined in the absence of binding protein in Figure 27. (From M. Mayersohn, unpub-
lishe, with permission from Saguaro Technical Press, Inc, Tucson, AZ, 2002.)

ing. CL, , is the product of the unbound fraction and CL,, , (ie.,
Cly, =, - CLy)-
Based on the previous development, the final and most use-

ful relationship for defining clearance can be written as follows:

L = fU ! CLLI‘.R‘II y Q

fb‘ CLUJN"'Q

This expression incorporates all factors that can possibly affect the

clearance of a compound by an organ, and it is useful in interpret-

ing data and in making predictions. Thus, for a low clearance

compound (restrictively cleared), f - CL, << Q and, therefore,

CL=f, - CL,,; . The only factors that can affect the clearance of

such a compound are those that affect plasma protein binding
and/or CL, . Changes in blood flow should have no effect.

[n contrast, for a compound with a large clearance (nonre-
strictively cleared), f, - CL, ;. >> Q and, therefore, CL=Q. Only
factors that can affect organ blood flow affect the clearance of
this type of drug. Changes in plasma protein binding or in
CL, ,, are not expected to have an effect. As noted previously,
intermediate clearance compounds depend on blood flow,
plasma protein binding, and CL, .

The influence of blood flow and plasma protein binding on
clearance is illustrated in Figure 29. The effect of CL ,,  is dis-
cussed under Multiple Dosing. Figure 29A illustrates the rela-
tionship between clearance of three different compounds in the
isolated perfused rat liver and perfusate flow through the liver
(16). Perfusate flow is a surrogate measure of blood flow in the
body. The clearance or low clearance (or low CL, ) compounds,
such as antipyrine, is not expected to be influenced by blood
flow. As noted previously, the clearance of such a compound
depends only on plasma protein binding and CL, .. This is
what is seen in the figure; antipyrine clearance is independent of
perfusate flow. In contrast, the clearance of a high clearance (or
high CL, ) compound, such as lidocaine, is expected to be
directly related to blood flow, as is the case shown in the figure.
As noted previously, the clearance of such a compound depends
only on organ blood flow. The intermediate clearance com-
pound, ethanol, depends on blood flow at low flow rates but
then becomes independent of flow at higher flow rates. Know-

[Eq. 28]

ing the clearance category for a compound allows one to predicl
the relationship between clearance and organ blood flow.

Figure 29B illustrates the influence of plasma protein binding
on the clearance of warfarin in rats (17). The greater the percent-
age of warfarin unbound in serum, the greater the clearance of
the drug. One would conclude that warfarin is a low clearance
drug because only for such drugs would one expect plasma
binding to affect clearance (i.e., CL=f, - CL, ). Of course, a
direct estimation of the clearance category of the drug is to cal-
culate ER by comparing measured clearance with the value of
blood flow to the organ responsible for clearance, in this case
liver blood flow in the rat. If one knew that warfarin fell into the
low clearance category, one would predict the relationship illus-
trated in Figure 298,

ER drives clearance and CL . drives ER; what determines

CL,,? This has been alluded to in a previous discussion of
Michaelis-Menten enzyme kinetics. The rate of an enzyme reac-
tion at low concentrations was given by equation 12,

Dividing both sides of the equation by the driving force con-
centration, C gives the corresponding relationship for enzyme
or metabolic clearance:

rate (or, v) _ Vinax J

= Clearance = (
C mm

Clearance at low fi1 vitro concentrations is actually the ratio of
the maximal rate of enzymatic metabolism, V_, to the Michae-
lis constant, k. The clearance term noted in the equation is
equal to CL, . The magnitude of the CL, of a compound is
determined by those factors that affect V| and k_ . CL, .
would be the ratioof V| tok ., corrected for binding,

What happens to clearance if the system is dose-dependent
and becomes nonlinear? Writing the Michaelis-Menten equation
expressed as clearance

Vv
rate (or, v) = Clearance = — &%
C k. +C

At low concentrations, as noted previously, C <<k and clear-
ance is a constant given by V_ divided by k. At higher con-

[Eq. 29]

[Eq. 30]

mm

Al i

centrations, the denominator becomes larger and larger (e, C
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Figure 29, A: Clearance as a function of perfusate (blood) flow in the isolated perfused rat liver for three
compounds having low, intermediate, and high clearances. The high (lidocaine, @) and intermediate (eth-
anol, &) clearance compounds illustrate a dependence an blood flow, The low clearance compound (anti-
pyrine, &) has a clearance that does not depend on blood flow. (From Sinha V, Brendel K, Mayersohn M,
A simplified isolated perfused rat liver apparatus: characterization and measurement of extraction ratios of
selected compounds. Life Sci 2000:66:1795-1804, used with permission of Saguaro Technical Press.)
B: Warfarin clearance in rals as a function of the percentage unbound in serum. (Based on data in Levy G,
Clinical implications of interindividual differences in plasma protein binding of drugs and endogenous
substances. In: Benet LZ, ed. The effect of disease states on drug pharmacokinetics. Washington, DC:
American Pharmaceutical Association, 1976:137-151.) This relationship indicates that warfarin must fall

mto a low clearance category because for such compounds, CL =1 - CL

>> k), and clearance becomes smaller and smaller and, in the-
ory, approaches zero. Thus, for a saturable or nonlinear system,
clearance decreases with concentration, and, as a result, t, .
increases with dose or concentration.

Based on the previous discussions, plasma protein binding or
changes in binding affect the apparent volume of distribution
(equation 18) and may or may not affect clearance, depending
on the category of clearance. It is not at all obvious how such a
change in binding affects the t, , of a drug, because t, ., depends
on volume and clearance. In fact, the only rational approach to
predicting how a change in plasma protein binding affects t, ,, is
to consider the fundamental relationship for t, , as noted in
equation 17, and this is illustrated under Nonvascular Input:
Absorption and Bioavailability.

ELIMINATION PROCESSES

There are numerous routes of drug elimination, but the most
significant are renal excretion and hepatic metabolism. The
kidney and liver are anatomically and biochemically well
suited for their role in processing drugs and other foreign com-
pounds for their ultimate elimination from the body. Other
routes of elimination could become relatively more important,
depending on the compound, and these routes include nonhe-
patic metabolism (e.g., blood, kidney, muscle); biliary excre-
tion; exhalation; perspiration; and so forth. Elimination
processes are almost always synonymous with events that
occur after a drug has gained access to the body, (i.e., the
bloodstream). There are, however, elimination processes that
may accur before drug gaining access to the body, and these
are best referred to as presystemic elimination. The latter events
occur at or near the site of drug administration or exposure. An
example is chemical breakdown or enzymatic alteration of a
compound in muscle tissue after intramuscular dosing. Per-
haps the best examined and most significant are the pre-
Systemic elimination processes that occur during oral
administration and that may substantially affect the dose
reaching the systemic circulation. These are discussed in the
Absorption and Bioavailability section and include processes
such as decomposition or metabolism in gastrointestinal (GI)

b m*

fluid, metabolism in the Gl wall and liver before systemic dis-
tribution, and bacterial metabolism in the lower end of the gut.

The elimination process of parent drug from the body is sche-
matically illustrated in Figure 30, which assumes a one-com-
partment body model that contains the major eliminating
organs, the liver and kidney. Each organ is associated with a
first-order rate constant for a specific compound, which is repre-
sented by k_ for hepatic metabolism and k| for urinary excre-
tion. The sum of these constants forms the apparent overall
elimination rate constant, K. The scheme to the right of the
model illustrates the elimination with parallel (or competing)
eliminating processes for the kidney and liver. The parent com-
pound in the body, X, is excreted via the kidney to form
unchanged drug in the urine, X, and it is also metabolized by
the liver to form metabolite, X,,. The subsequent appearance of
metabolite in the urine via the kidney (X)) is downstream of

Liver Kidne

Drug In - ”

Km ko i X,

Drug Out ka
K =kytkm Mm% Ky
]

(K # ky+km+kmu)

Figure 30, Schemalic representation of elimination via hepatic metabolism
and renal excretion in a one-compartment body model. The apparent over-
all first-order elimination rate constant, K, is the sum of the individual rate
constants associated with loss of parent drug from the body. Thus, K is the
sum of the urinary excretion rate constant, k , and the hepatic metabolic rate
constant, k_; K=k, +k . The scheme used to describe elimination is shown
to the right of the model. It is important to note that only those steps respon-
sible for processing the parent drug (indicated as arrows connected to X,
the amount of parent drug in the body) form part of K. Thus, the down-stream
loss of metabolite via urinary excretion by the kidney, k ., is not part of par-
ent drug elimination. (From Mayersohn M, Toxicokinetics: Measurement of
disposition hall-life, clearance and residence times. In: Maines M, ed. Cur
rent pratocals in toxicology. New York: lohn Wiley and Sons, 2000:5.3.5,
with permission of Saguaro Technical Press, [nc, 2002, Tucson, AZ.)
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parent drug elimination and has no bearing on the value of K.
This point is sometimes confused in the literature. Assume that
100% of the compound is metabolized by the liver and that all of
that metabolite ultimately appears in the urine. The statement
that the compound is excreted into the urine is not correct; it is the
metabolite that is excreted into the urine and that process is not
related to elimination of the parent compound, which is strictly
metabolism. In that instance, systemic clearance is equal to
hepatic metabolic clearance (renal clearance is zero).

Renal Excretion

The kidney is ideally suited as an organ of elimination on the
basis of its specialized anatomy and biochemistry and high
blood flow. The functioning unit of the kidney is the nephron, of
which there are approximately 1.3 million in each human kid-
ney. The nephron is schematically illustrated in Figure 31,
Although not thoroughly illustrated, the nephron consists of the
glomerulus, proximal and distal tubules, loop of Henle, and the
collecting duct. Approximately 20% of cardiac output (in a nor-
mal, lean 70-kg adult man), approximately 1200 m! of blood,
perfuses the kidneys each minute. Assuming a hematocrit of
approximately 0.5, renal plasma flow is approximately equal to
600 ml/minute. Because only approximately 20% of plasma is
filtered by the glomerulus, glomerular filtration rate (GFR)
(actually, filtration clearance) is approximately 120 ml/minute.*
This filtration fraction of 0.2 is calculated by the ratio of glomeru-
lar filtration clearance (for a compound that only undergoes that
process; e.g., inulin, approximately 120 ml/minute) to an esti-
mate of renal plasma flow (as measured by tubular secretion
clearance of a compound that exclusively undergoes active
tubular secretion; e.g., PAH). Urine production is approximately
1 ml/minute, which represents the difference between what is
filtered, approximately 120 ml/minute, and what is reabsorbed,
or approximately 119 ml/minute, indicating efficient reabsorp-
tion of water.

Arterial blood flows through the glomerulus, which is
responsible for the passive filtration of compounds from the
blood. The filtered material includes waste products as well as
drugs and other foreign chemicals. This passive process is gov-
erned by a variety of factors, including glomerular integrity,
molecular size of the compound, and binding to plasma pro-
teins. Large molecules, such as proteins, are generally too large
to be filtered. Compounds that are highly plasma protein bound
are protected from filtration; only the unbound form is filtered.
Creatinine and inulin are used as indices of GFR. Although the
latter may more accurately reflect glomerular filtration, it
requires exogenous dosing. In contrast, creatinine is an endoge-
nous biochemical, which provides a sufficiently accurate esti-
mate of glomerular filtration without the need for exogenous
dosing. Because creatinine clearance is seldom determined
experimentally in a patient, there are useful approximating rela-
tionships for its estimation based on patient gender, age, weight,
and serum creatinine concentration.

Because glomerular filtration permits passage of only the
unbound form of the material from plasma into the urine, the rate
of filtration of the substance is a function of the GFR and the
unbound plasma concentration (C,;) of the substance. The latter
represents the driving force for filtration,

Filtration rate = GFR - C, = GFR ;- Cy(yy,  [Eq. 31]

in which C.,,, is the total concentration (i.e., bound plus
unbound) of the substance in plasma. Therefore, filtration clear-

“Itis of historical note that the concept of clearance was developed by renal phys-
iologists.
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Figure 31. Schematic diagram illustrating the nephron, the functioning unit
af the kidney. Arterial blood flow ta the glomerulus results in the passive fil-
tration of compound. Tubular secretion is an active, energy-dependent pro-
cess resulling in mavement of a compound against a concentration Lrndient
into the urine. In the distal tubules, compounds present in the urine can
undergo active, energy-dependent reabsorption back into the blood. A pas-
sive, nonionic diffusion process can also result in reabsorption of certain
compounds from the urine back into the blood, depending on their pK,, oil/
water partition coefficient, and urine pH. Filtered and secreted anpruunrl
is excreled into the formed urine. (From M. Mayersohn, unpublished, with
permission from Saguaro Technical Press, Inc, Tucson, AZ, 2002.)

ance of a substance is simply the filtration rate divided by the
total drug concentration,

filtration

rate GFR:Crorap,
Clprg = 2 C-m"r-\:

g 5 .
Y = GFR-f,; [Eq. 32
C‘TC!TA L

As a consequence, renal clearance, CLR, of a substance by glo-
merular filtration only, should be equal to the GFR of that sub-
ject multiplied by the unbound fraction of the substance in
plasma. If renal clearance of the compound exceeds the value for
CLjy 1 the drug undergoes some tubular secretion. In contrast,
if CLy is less than the value for CL; i, the compound under-
goes reabsorption. Of course, it is always possible that all of
these processes are taking place at the same time. Notice, from
equation 32, that CL,, . is not dependent on plasma concentra-
tion of the substance, as long as GFR and plasma protein bind-
ing do not change.

In contrast to glomerular filtration, which is a passive pro-
cess, tubular secretion and tubular reabsorption are active and sat-
urable, nonlinear processes, much like Michaelis-Menten
enzyme kinetics. In fact, the identical relationship can be used to
describe those processes, although T, for transport maxi-
mum, sometimes replaces V. Tubular secretion and tubular
teabsorption may be described by the same equation, the only
difference is the sign placed in front of the equation, to indicate
movement out of or into the body, respectively.

Rate of Vit e Rate of reabs -

£ 1 = max B ;7 : - _n"a_\'_-— !
secretion = —_—— reabsorption = . [Eq. 33]
o mm
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The corresponding relationships for clearance by secretion and
reabsorption are

» V SCT
CL _ rate of secretion _ max
SECR = C = T
kl'l'lﬂl * C
[Eq. 34]
: . N reabs

Elpags™ rate of reabsorption _ man

=re
c ot 0

As plasma concentrations increase as a result of larger doses,
secretion clearance and reabsorption clearance decrease; they
become less efficient processes, just as one sees with saturable
enzyme kinetics, Compounds such as PAH and penicillin
undergo active tubular secretion, whereas many endogenous
biochemicals (e.g., glucose, amino acids, vitamins, and so forth)
undergo tubular reabsorption.

Net urinary excretion rate and renal clearance are a function
of all renal mechanisms. Thus, the net urinary excretion rate
equals: filtration rate + secretion rate — reabsorption rate — non-
ionic reabsorption rate. Dividing each of those rates by plasma
concentration gives the corresponding values for clearance.

CLR = CI‘I‘-II.IR + CI“SECR v CLI?.IEAI}S x CLN.],REABS [Eq. 35]

Renal clearance of a compound is determined experimentally by
obtaining plasma and urine excretion data and plotting, accord-
ing to the basic relationship for clearance, rate of urinary excre-
tion versus plasma concentration at the same time or amount
excreted versus AUC for corresponding times.

Figure 32A illustrates the rate processes that PAH undergoes
as a function of unbound plasma concentration (18). Filtration
rate increases directly with concentration, as expected of a pas-
sive process, Secretion, in contrast, becomes saturated, and the
rate of secretion becomes constant (approachesa V,_, or a trans-

PAH Clearance, mL/min

port maximum, T__ ). This is exactly what was noted previously
200 | A e
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for the rate of enzyme metabolism described by Michaelis-
Menten kinetics. Because net urinary excretion is the sum of
secretion and filtration, that value increases as concentration
increases, filtration becoming numerically more important as
concentration increases,

The corresponding clearance-concentration relationships are
illustrated in Figure 32B. These graphs are obtained by dividing
the rates (shown in Figure 32A) by plasma concentrations of
PAH. Filtration clearance remains constant, independent of
plasma concentration, as expected of a passive, first-order pro-
cess. Clearance due to secretion decreases as concentrations rise;
the process becomes less efficient. Renal clearance, which is the
sum of filtration and secretion clearances, decreases as concen-
trations increase and, ultimately, approaches the value for filtra-
tion clearance. The expression for PAH renal clearance is

secT

max
kLl't'll!‘l » C
As PAH plasma concentrations, C, increase, the term on the

right approaches zero and CL is approximately equal to

CLg = CLpy p+Clggep = Clpy g+ [Eq. 36]

I

[Il'lt:: comparable graphical relationships for a compound, such
as glucose, that undergo tubular reabsorption are illustrated in
Figure 33 (19). Rates of the different renal mechanisms as a func-
tion of glucose plasma concentration are illustrated in Figure 33A.,
Filtration increases directly with glucose concentration. Up to a
glucose plasma concentration of approximately 2 mg/ml, all of
the glucose that has been filtered is reabsorbed back into the body;
no glucose appears in the urine. The reabsorption mechanism
becomes saturated, as noted for PAH secretion, and rate of secre-
tion becomes constant (a V__ or T__ is achieved). As a conse-
quence, the net excretion rate is zero until a glucose plasma
concentration of approximately 2 mg/ml, beyond which filtration
takes over and glucose excretion increases with concentration.

800 - B
A
600 1. §
| ':_:'\_
a0 :\
3 \“ excretion (CLp)
l. \-
200 -secretion’._ et =
{cl.mf) e T
U ﬁ"rathn {CLFILm’ '..-lﬁl-‘-l&! LA L LT T T, ALY EEE T
0.0 0.4 0.8 1.2 1.6 2.0 24

Unbound Plasma PAH Conc., mg/mL

Figure 32. A: Rate of para-aminohippurate (PAH) processing by different renal mechanisms as a function
of unbound plasma PAH concentrations. Excretion rate is the sum of filtration rate, which remains con-
stant, and secretion rate, which becomes saturated (approximately 80 mg per minute) above a plasma con-
centration of approximately 0.1 mg/ml. At low plasma concentrations, excretion rate is equal to secretion
rate, whereas above saturation concentrations, filtration rate becomes more important. B: The rate pro-
cesses in A have been divided by unbound plasma PAH concentrations to give corresponding clearance
values plotted as a function of unbound PAH plasma concentrations, Filtration clearance {(iLFlimh remains

constant, whereas secretion clearance (Clg ) decreases with PAH concentration, As a resu

1, net renal

clearance (CL,) of PAH decreases, approaching the value of CL,, ... (Based on data recovered from Piits
RF. Physialogy of the kidney and body fuids, 3rd ed. Chicago: Year Book 1974:141-142. From M. Mayer-
sohn, unpublished, with permission from Saguaro Technical Press, Inc, Tucson, AZ, 2002.)
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Figure 33. A:Rale of glucose processing by different renal mechanisms as a function of glucose plasma con-
centrations. Excretion rate is the sum of filtration rate, which remains constant, and reabsorption rate, which
hecomes saturated (approximately 400 mg/minute) above a plasma concentration of approximately 2 mg/
ml. Al low plasma concentrations, excretion rate is approximately zero, because whal is filtered is reab-
sorbed. At higher plasma concentrations, filtration exceeds reabsorption, and glucose is excreted into the
urine. B The rate processes in A have been divided by glucose plasma concentrations fo give corresponding

clearance values plotted as a function of glucose plasma concentrations. Filtration clearance (CL

constant, whereas feabsorplion clearance (CLy 0o

il TETIAINS

i decreases with glucose caoncentration. As a result, net

renal clearance (CLy) of glucose increases, approaching the value of CLy, .. (Based on data recovered from
Pitts RFE. Physiology Uf.‘he!udney and body fluids, 3rd ed. Chicago: Year Book 1974:73-74. From M. Mayer-
sohn, unpubhshm' with permission from ‘-cl;_.,uarchr'(hnlLal Press, Inc, Tucson, AZ, 2002}

The corresponding clearance relationships for glucose are
illustrated in Figure 33B. Filtration clearance does not change
with glucose plasma concentrations. Reabsorption clearance,
however, becomes less efficient and decreases with glucose con-
centration, approaching a value of zero. The net renal clearance
increases from zero until it approaches filtration clearance as
described by

reabs
C["R = CLFIL'I[\'_CLR!-ABH 2 CLFILYR k_'m"ii(_‘:
As glucose plasma concentrations, C, increase, the term on the
right approaches zero and CL, is approximately equal to

[Eg. 37]

LF] LTR*

The other reabsorption process, which has been referred to as
nonioric reabsorplion or nonionic diffusion, is passive, non-energy-
requiring transport. To undergo this process, a compound must
have sufficient lipophilicity (as measured by oil /water partition
coefficient) and an ionization constant (pK.) such that a reason-
able fraction of the compound is unionized at urine pH. The latter
are two important factors that affect the movement of any com-
pound across an epithelial membrane. For some compounds,
urine flow may also be important, Because the unionized form of
a compound has the greatest lipophilicity, and it is that form that
most readily penetrates biologic membranes, the urine pH that
minimizes ionization is expected to promote reabsorption. Of
course, just the opposite is true with regard to renal excretion; the
urine pH that increases ionization is expected to decrease reab-
sorption and promote excretion. The latter observation is the basis
for treatment of overdose of certain acidic or basic compounds
whose clearance is partially renal. The efficiency of such urine pH
manipulation, however, must be viewed cautiously and with con-
sideration of the basic pharmacokinetic properties of the com-
pound. An illustration of the effect of urine pH on the urinary
excretion of a basic compound, methamphetamine, is presented

in Figure 34 (20). Acidification of urine is expected to ionize the
compound in urine and thereby minimize reabsorption and
increase renal clearance. In contrast, alkalinization of urine is
expected to create the opposite condition; decreased ionization,
increased reabsorption, and reduced renal clearance. That is
exactly what is seen in Figure 34 for rate of urinary excretion ver-
sus time and for the total amount recovered in 16 hours after oral
dosing in humans (bar graphs to the right). The rate of urinary
excretion is given by excretion rate = CL, - C. Excretion rate
increases as a consequence of an increase in renal clearance in the
presence of acidified urine. Just the opposite occurs during alka-
linization of urine. Under the proper circumstances, alteration of
urine pH might prove effective for treatment of overdose for cer-
tain weakly acidic or basic compounds.

A good example to illustrate the previous point is urine acidi-
fication in an attempt to enhance excretion of the basic drug,
phencyclidine (PCP; pK_ = 8.5), Table 2 summarizes the analysis
(21). Under uncontrolled urine pH conditions, renal clearance
accounts for less than approximately 10% of the elimination of the
compound (i.e., CLy /CLg=0.1), whereas the nonrenal component
(CLy): hepatic metabol ism, which represents the major route of
elimination, accounts for the remainder, approximately 92%.
When the urine is made acidic, the value of nonrenal clearance is
not expected to change; it remains approximately 350 ml/minute.
It is important to keep in mind that organ clearances are indepen-
dent of each other, except as a result of some indirect mechanism.
In contrast, the renal clearance of PCP increases dramatically from
30 ml/minute to a value approximately four to five times greater,
135 ml/minute. The latter value now represents approximately
28% of systemic clearance (i.e., CL,,/CL = 135/485 = 28%). What
is the return for this large increase in renal clearance? Systemic
clearance, which determines t, ., only increases by 28%, resulting
in a decrease in t, , of a similar magnitude. Thus, a dramatic
increase in organ clearance, as noted here for PCP renal clearance,

CFAD Ex. 1032 (31 of 58)



‘2 u.s| |8 §
: 4
= 3
s 06| 'S'g,
5 H
5 g
£ ] |, &
c o 04 4 i
=E

£E

g o
£ o0z 2 §
e i
% 0o | ‘:':"‘"—_—: - P — 'l‘.l;%
= 0 5 10 15 Alkaline  Acidic

Time (midpoint), hr Urine pH

Figure 34. Urinary excretion rate of methamphetamine versus time after the
oral administration of 11 mg of the drug to human subjects. The two lines rep-
resent difierent urine pH conditions: acidic pH (m), alkaline pH (@). The total
area under the rate curves, which represents the cumulative amount of
unchanged methamphetamine excreted into the urine up to 16 hours after dos-
ing, is presented to the right in the form of bar graphs. {Based on data presented
in Beckett AH, Rowland M. Urinary excretion kinetics of methylamphetamine
in man. Nature 1965;206:1260-1261, From M. Mayersohn, unpublished, with
permission from Saguaro Technical Press, Inc, Tucson, AZ, 2002.)

does not necessarily translate into a similar, dramatic change in
systemic clearance or t, .. In fact, renal clearance would need to
increase by approximately tenfold, for t, ., to decrease by 50%.
The success of overdose treatment by manipulating urine pH, in
terms of enhancing elimination of a poison and clinical outcome,
depends on the contribution of the renal pathway to overall clear-
ance; the greater that fraction, the greater the impact of altered
urine pH.

Urine flow is another variable that may affect renal clearance
of compounds that undergo reabsorption (22). As noted in Fig-
ure 35A, there is a direct relationship between renal clearance of
three barbiturates in humans and urine flow. The magnitude of
this effect varies among the specific compounds. Figure 35B is a
nice illustration of how urine pH alone or with urine flow can
affect the renal clearance of a compound, in this case phenobar-

A

-

£ 50
g’
E 40
]
£ 30
o
o
2 20
o
e 10 -
12

0 T — . ; )

0 5 10 15 20 25

Urine Flow, mL/min

Phenobarbital Renal

79 PRINCIPLES AND APPLICATIONS OF PHARMACOKINETICS 311

TABLE 2. Influence of urine acidification
on phencyclidine elimination in humans®
Urine pH
Uncontrolled Acidic (<5)

Parameter

Clearance (ml/min)

Systemic (CL,) 360 485
Nonrenal (CL, ) 150 350
Renal (CL,) 0 135
CL, as "% Cl, 8 28
Percent increase in Cl_ - 350
Percent increase in Cl, — 28
Elimination t,,(h) 13 10
Percent decrease int,, - 23
CL,, systemic clearance; CLy,, nonrenal clearance; Cly, renal clearance; 1, hali-life.

“Based on data in Mayersohn M. Rational approaches to treatment of drug toxicity:
recent considerations and application of pharmacokinetic principles. In: Barnett G,
Chiang CN, eds. Pharmacokinetics and pharmacodynamics of psychoactive drugs.
Foster City, CA: Biomedical Publications, 1985:120-142.

bital. The renal clearance of the weak acid phenobarbital is
increased by urine alkalinization, which promotes ionization,
reduces reabsorption, and increases excretion, Increasing urine
flow, in conjunction with urine alkalinization, further promotes
renal clearance. This observation has led to the idea of forced
alkaline diuresis for overdose treatment of susceptible organic
acids. Compounds that display a pH dependence in renal clear-
ance are also urine flow dependent to an extent that depends on
the degree of tubular reabsorption,

Hepatic (Metabolic) Elimination and
Metabolite Kinetics

As noted for the kidney, the liver is ideally suited for its role as
an eliminating organ by being able to metabolically alter, via
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Figure 35. A: Renal clearance of several barbituric acid derivatives in humans as a function of urine flow.
Each line represents the linear regression analysis of the data. Amobarbital, &; butabarbital, ®; cyclobar-
bital, ®. B: Renal clearance of phenobarbital in humans as a function of urine flow and urine pH. Each
line represents the linear regression analysis of the data. One paint (in parentheses) has not been used in
the regression analysis. Alkalinized urine, pH > 7.6, A; uncontrolled urine pH, ®. (Based on the data in
Linton AL, Luke RG, Briggs |D. Methods of forced diuresis and its application in barbiturate poisoning. Lan-
cet 1967;2:377-380. From M. Mayersohn, unpublished, with permission from Saguaro Technical Press,

Inc, Tucson, AZ, 2002,)
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enzyme action, and endogenous and exogenous compounds.
Whereas other tissues (e.g., lung, kidney, muscle) have meta-
bolic enzyme capability, the liver is a virtual storehouse of
enzyme activity. The liver, as noted for the kidney, receives a
substantial blood flow (approximately 1500 ml per minute). In
addition, the liver occupies a unique anatomical position by
receiving all absorbed material from the GI tract (for processing)
via the portal circulation before systemic distribution. The latter
results in the hepatic first-pass effect, which is discussed in the
Absorption and Bioavailability section. The liver is also capable
of extracting compounds from blood and excreting them into
bile. The bile then flows to the GI tract where the compound
might undergo absorption (entero-hepatic circulation), further
metabolism (with or without subsequent absorption), or loss via
the feces. A discussion of the complex anatomical and biochem-
ical features of the liver is beyond the scope of this chapter.

The process of urinary excretion of a compound (or metabo-
lite) is relatively similar among normal, healthy people, because
there are relatively few variables that affect the efficiency of uri-
nary excretion (e.g., urine pH, urine flow). The efficiency of renal
function can be gauged rather well with reference to creatinine
clearance. The latter measure gives a good handle on the func-
tional activity of the kidney, and it serves to relate to and predict
the kinetics of drug excretion from the body. There is no compa-
rable measure of liver function that one can use to relate to enzy-
matic metabolic efficiency; there is not a handle on hepatic
efficacy as there is with renal function. Furthermore, there are a
host of variables that may affect metabolic function, including
age, gender, genetics, environmental exposure, nutrition, other
drugs, disease states, and so forth. As a consequence, it is not at
all surprising to find that the metabolic activity for a given com-
pound varies enormously among even a young, healthy popu-
lation. This is especially true of t, , values, which result from the
individual variations in both apparent volume of distribution
and metabolic clearance.

The metabolite(s) produced by biotransformation reactions
are often, but not always, more water-soluble than the parent
drug, allowing the metabolite to be excreted into the urine. In
general, the metabolite is formed irreversibly, but there are some
exceptions in which the metabolite may undergo reversible
metabolism to the parent compound. The pharmacologic and
toxicologic activity of the parent/metabolite pair allows several
possibilities: The metabolite may have less, about the same, or
greater activity /toxicity than the parent compound. Under-
standing which situation applies is obviously of great impor-
tance in toxicology and in treatment of overdose. For example,
an overdose of methanol or ethylene glycol leads to toxic metab-
olites. The only appropriate strategy to take in that instance, in
addition to maintaining life signs, is to try and reduce the intake,
if possible (e.g., reduce absorption), and remove the parent com-
pound from the body while slowing conversion to metabolites.
In fact, effective treatment of toxicity created by ingestion of
those compounds includes the application of extracorporeal
devices (e.g., hemodialysis) to remove the parent compound
and administration of ethanol or 4-methylpyrazole to inhibit the
metabolism to the toxic metabolites, This specific example is dis-
cussed in the next section.

An older but still useful depiction of metabolism of exogenous
compounds divides all such events into phase I and phase Il pro-
cesses. This is noted in the following Scheme 1. Phase I processes
are those associated with chemical modifications that involve oxi-
dation, hydrolysis, or reduction. The predominant enzymes here
are those in the cytochrome P-450 superfamily. Phase 11 reactions,
in contrast, involve addition of chemical groups and are referred to
as conjugation reactions. Examples include glucuronidation, glyci-
nation, sulfation, acetylation, or methylation, These derivatives are

——PHASE 1 | ——PHASE II——,

activation (1,2) inactivation (1,2)

A 7~ inactivation (4)

inaclivatM
/

B|
Scheme 1. General scheme depicting drug metabalism reactions falling
into phase | and phase Il processes,

virtually always more water-soluble than the parent compound
and are found excreted into urine or bile. Although conjugates are
most often inactive, they can possess pharmacologic activity (e.g.,
morphine-6-glucuronide) or exert toxicity (e.g., some acyl glucu-
ronides). In the previous scheme, activation and inactivation may
refer to pharmacologic or toxicologic properties. In possibility 1,
compound A is inactive and is converted into active compound B,
which is then inactivated by conjugation to compound C. Possibil-
ity 2assumes that compound A is active and is converted into com-
pound B, which has similar or different activity from A. In
possibility 3, compound A is active and is converted into inactive
compound B', which is further metabolized by conjugation into
compound C. Finally, compound A is actiye or inactive and is
directly converted into compound C of lesser, equal, or greater
activity. The metabolic schemes for a large number of compounds
are readily available in the extensive metabolism literature.

As noted in First-Order (Linear) Kinetic Processes, the vast
majority of compounds undergoes first-order elimination kinet-
ics. The notable exceptions are those compounds ingested in
large doses (perhaps during an overdose) and those relatively
rare compounds that have Michaelis constants below the
plasma concentrations resulting from ingestion or exposure.
The consequences of non-first-order or nonlinear elimination
have been discussed in Non=First-Order (Nonlinear) Kinetic
Processes. Therefore, the assumption that metabolite formation
and subsequent climination occur by first-order processes can
be made here. The relatively simple Scheme 2 considers parallel
or competitive elimination of the parent compound and sequen-
tial formation and subsequent elimination of the metabolite.

The portion of the scheme that is of interest for this discus-
sion is parent compound to metabolite in body to metabolite in
urine (or to another metabolite). This sequential kinetic scheme
is sometimes referred to as an A to B fo C system, and it occurs
with some frequency in pharmacokinetics (e.g., it is often used
in describing parent drug in the blood after absorption). The
plasma concentration of metabolite (C, ) formed as a function of
time after [V bolus administration of parent compound is given
by the following relationship:

km-X” ( 2 e T f} ARt e—‘-..... l] (Eq. 38]
= — -2 — - -
. Vm(kmu_K] 3

in which V is the apparent volume of distribution of metabo-
lite, X" is the IV bolus dose, K is the apparent overall first-order
elimination rate constant (K = k. + k), and A is a constant
equal to the value of the terms shown in the coefficient. An
equation containing the difference between two exponential
terms rises and declines with time. At time zero, C_ is zero
(because e’ is 1 and 1 minus 1 is zero) and at time infinity C
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A
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Scheme 2. Simple scheme illustrating parallel (or competitive) elimination of parent compound and con-
secutive metabolite formation and elimination. The amount of each form (parent or metabolite) is repre-
sented by X. and the subscript indicates the form and location.

is zero (because e is (). Because one of the two rate constants
in the exponential terms must be larger than the other one (i.e.,
K>k, ork > K), the product of that rate constant and time
must be greater than the other rate constant and time. The
larger product raised as a negative to any base value
approaches zero before the other, numerically smaller, expo-
nential term. Thus, at some time, only one exponential term
predominates, leading to a log-linear relationship whose slope
reflects the smaller of the two rate constants. This is similar to
the discussion of multi-compartment models; the terminal
slope (e.g., given by B or ) is always the numerically smallest
of all of the rate constants that appear in exponential form (i.e.,
p<aorh, <A ) The rule that applies here is that in any
sequence of kinetic steps, the slowest step (i.e., smallest rate
constant) rate-controls or rate-limits the entire process, and
that step (or rate constant) determines the terminal slope of, in
this case, plasma metabolite concentration versus time. This
idea of a rate-limiting step is useful and frequently encountered
in pharmacokinetics whenever sequential processes are seen
(e.g., as with absorption into the body).

Plasma metabolite concentrations rise after administration of
the parent compound as the metabolite is formed, reach a peak,
and then decline. When those data are plotted on semilog axes,
ultimately there is a log-linear terminal line, indicating that one
exponential dominates, and the slope of that line is a function of
either K or k_ . If parent compound plasma concentrations are
also determined with time, that slope by definition is given by
K; then, by comparison, one can ascribe meaning to the slope of
the metabolite profile. The slope is the same as the parent com-
pound (i.e., K), in which case, k.. > K, or the slope is smaller
than that for K, in which case, the slope must be k_, (ie, K >
k. ). Consider the two possible cases.

CASE|

If the metabolite is formed slowly but eliminated rapidly, then
If‘m, > I This is referred to as netabolite formation rate-limited elin-
ination. Because the rate-limiting step is K, the terminal slope is
a function of K. At some time, once the fast exponential term
approaches zero, the remaining slower exponential term is
given by

€, =A e [Eq. 39]

This case is quite common. An example is shown in Figure 36
for morphine given as an IV bolus to humans and two formed
morphine glucuronide metabolites (23). One of the latter
metabolites (morphine-6-glucuronide) has been of consider-
able interest because of its known analgesic activity; however,
a recent study suggests that it contributes relatively little to the
overall analgesic activity derived from morphine dosing (24).

Notice that the terminal lines for morphine and each metabo-
lite are parallel, indicating the same value for the terminal
slope, which, by definition, must correspond to the terminal t, ,
for the parent drug, morphine. This parallelism in lines indi-
cates that the metabolites are formed slowly and then rapidly
eliminated.

CASE It

In contrast to the previous situation, the metabolite is formed
rapidly but then undergoes slow elimination, slower than the
parent compound: k_, < K. This is referred to as excretion rate-
limited elimination. Because the slower and rate-limiting step is
k.. the terminal slope of the metabolite concentration-time
data must be governed by that rate constant. In contrast, the ter-
minal slope for the parenl compound, by definition, must be
given by K. At some time, the exponent containing K
approaches zero leaving the other, single (terminal) exponent,

Ko/t

Ch=A+(e ) [Eq. 40]

A number of parent-metabolite pairs fall into this category. One
such example is procainamide and its metabolite, N-acetyl-
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Figure 36. Plasma concentrations of morphine (@ and its formed metab-
olites, morphine-3-glucuronide (M) and morphine-6-glucuronide (), after
a 5-mg intravenous bolus dose of morphine 1o ten human subjects. Note
that the terminal lines for all compounds are parallel, (Based on the data
in Osborne R, loel S, Trew D, et al. Morphine and metabolite behavior after
different routes of morphine administration: demonstration of the impor-
tance of the active metabolite morphine-6-glucuronide. Clin Pharmacol
Ther 1990;47:12-19.)
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Figure 37, Plasma concentrations of procainamide (@; y-axis on right) and
the concentrations of its formed metabolite, N-acetylprocainamide, NAPA (0;
y-axis on left), after a 436-mg intravenous dose of procainamidle in one human
subject. Also shown are the concentrations of N-acetylprocainamide after a
268-mg intravenous dose of N-acetylprocainamide in the same subject (; y-
axis on left). The procainamide plasma concentrations have been plotted on
the right-side y-axis using an elevated scale for the iwo intravenous curves nol
to coincide. Note that the terminal lines for N-acetylprocainamide are parallel
to each, but they are nol the same as thal of procainamide. This is an example
of metabolite excretion being slower than its formation, (Based on the data in
Dutcher S, Strong IM, Lucas SV, et al. Procainamide and N-acetylprocaina-
mide kinelics investigated simultaneously with stable isotope methodology.
Clin Pharmacol Ther 1977;22:447-457. From M. Mayersohn, unpublished,
with permission from Saguara Technical Press, Inc, Tucson, AZ, 2002.)

procainamide. Figure 37 illustrates the plasma concentrations of
procainamide and the formed N-acetylprocainamide metabolite
after IV dosing of procainamide in a human subject (25), The ter-
minal slopes of those two compounds are not the same; the
metabolite concentration-time data results in a shallower slope
compared to the parent compound, suggesting rapid metabolite
formation and slow subsequent elimination. That conclusion is
further supported by the value of the terminal slope of the metab-
olite data after its IV administration, the slope of which must be
given by k. The latter line is parallel to the formed N-acetyl-
procainamide line, and neither is equal to the procainamide slope.

Alterations in metabolism may result from increased (induc-
tion) or decreased (inhibition) enzymatic activity. The latter are
often the result of drug-drug and nutrient-drug interactions. Most
of those interactions involve the cytochrome P-450 enzyme family,
which is the predominant system responsible for drug metabolism.
Among the numerous hepatic isozymes present in the body, only a
handful is responsible for the majority of the interactions. One
isozyme, CYP 3A4 alone, accounts for approximately 50% of the
known interactions (leading to its being referred to as a promiscuous
enzyme). Approximately 90% of the reported interactions can be
accounted for with CYP 3A4 and the following CYPisozymes: 1A2,
2C9/10,2C19, 2D6, and 2E1, A recent text has provided a thorough
review of this area (26).

A simple method to predict the possibility of an interaction
resulting from inhibition by a compound can be obtained if cer-
tain assumptions are made. Assuming that the inhibition is com-
petitive and that the linear rate versus substrate concentration
curve exists, percentage inhibition is approximated by the fol-
lowing relationship:

100 - (1)

% inhibition = . +{-“ |Eq. 41)
i

Where (1) is the concentration of inhibitor and k, is an inhibitor
constant. The inhibitor constant is the concentration of inhibitor

necessary to produce a 50% inhibition in the enzymatic reaction
(similar in concept to the Michaelis-Menten constant, k).
When the inhibitor concentration is low, (1) < k, inhibition is a
function of both (T) and k..

100 (1)
k.

1
If, for example, (I) is 10 nM and k is 100 nM, an inhibition of
approximately 10% is expected. The more serious situation
occurs when the inhibitor concentration exceeds the inhibition
constant [(I) > k. In that case, the relationship approximates
100% inhibition,

There are many recent examples of clinically significant inter-
actions resulting in serious toxicity as a result of inhibition inter-
actions. These include interactions initiated by grapefruit juice
and the antifungal agent ketoconazole, both of which inhibit
CYP 3A4 metabolism of a variety of drugs. One example
involves the first nonsedating antihistamine, terfenadine, which
was withdrawn from the marketplace as a result of the inhibi-
tion of its metabolism leading to life-threatening cardiotoxicity
referred to as torsade de pointes (prolongation of the QT inter-
val). In this instance, it was the parent compound that was
responsible for toxicity. The relative importance of these meta-
bolic interactions after oral dosing depends on the value of the
hepatic ER of the compound whose metabolism is being inhib-
ited. The greater the hepatic ER, the more dramatic the effect of
inhibition on the plasma concentrations and AUCs of the parent
compound. Boxenbaum (27) has shown that the ketoconazole-
terfenadine interaction results in a greater than 35-fold increase
in terfenadine concentration or AUC. Terfenadine has a hepatic
ER of approximately 0.95. In contrast, ketoconazole results in an
approximate fourfold increase in the AUC of alprazolam whose
hepatic ER is 0.065. It is the first-pass effect, discussed in the
Absorption and Bioavailability section, that accounts for this
dramatic dependence on hepatic ER.

In contrast to the previous examples, and one that illustrates
the useful side of an interaction, is enzyme inhibition that results
in reduced toxicity by minimizing the formation of a toxic
metabolite(s). The classic examples are methanol (methyl alco-
hol; wood alcohol) and ethylene glycol (antifreeze). Methanol
metabolism via alcohol dehydrogenase leads to the formation of
the toxic metabolites formaldehyde and formic acid. Ethylene
glycol metabolism via alcohol dehydrogenase results in a series
of toxic compounds (glycoaldehyde, glycolic acid, glyoxylic
acid, and oxalic acid). In addition to the use of hemodialysis to
remove the parent compounds from the body (discussed
below), an effective means to reduce the formation of the toxic
metabolites is to administer ethanol. Ethanol competitively
inhibits the metabolism of methanol and ethylene glycol
because it has a greater affinity for the enzyme. Slowing the
metabolism of the parent compound prolongs the formation of
the toxic metabolites and prevents the metabolites from reach-
ing toxic concentrations. Another compotund, 4-methylpyrazole
(fomepizole), is also an effective inhibitor or alcohol dehydro-
genase, and it offers an alternative to the use of ethanol (28,29).

Y% inhibition =

[Eq. 42]

Extracorporeal Elimination

Increasing the rate of elimination of a compound from the body
by enhancing metabolism may present a problem if active/
toxic metabolites are produced, as noted for methanol and ethy-
lene glycol. In contrast, efforts at enhancing removal of the par-
ent compound from the body via urinary excretion or other
routes/modes of elimination do not offer such a problem. As
discussed previously, however, increasing urinary excretion
proves efficient only if a substantial portion of the dose can be
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cleared by renal mechanisms. The latter is not an option for a
cumpmmd that undergoes primarily hepatic metabolism. One
mode that offers an additional route of elimination falls under

the category of extracorporeal elimination, Such processes offer a
new route of elimination from the body that the compound can
use. Examples include peritoneal dialysis, hemodialysis, and
hemoperfusion.

All dialysis (from the Greek, to separale) techmiques are based
on the same principles. A common laboratory technique
referred to as equilibrivm dialysis uses a semipermeable mem-
brane Lo separate a protein-bound compound (present on one
side of the membrane, for example, in a plasma sample) from
unbound material capable of diffusing across the membrane
into a solution on the other side of the membrane (generally a
buffer). This technique is used to measure plasma protein bind-
ing. The unbound form of the compound equilibrates on both
sides of the membrane in this, generally, static closed system
pmcudlm-‘- By knowing the unbound concentration on one side
of the membrane and the total concentration at the beginning of
the experiment, the unbound fraction can be calculated. The
same idea is applied to the removal of waste materials from the
blood of patients with renal failure and, of interest here, for the
removal of toxic compounds from the body. In peritoneal dialysis,
the peritoneal membrane serves as the dialyzing membrane
after the peritoneum is filled with dialyzing solution. The exact
procedure applied varies and the modes used include intermit-
tent, continuous, continuous ambulatory, and continuous cyclic
peritoneal dialysis. Peritoneal dialysis finds its greatest use in
the treatment of severe renal impairment. This is generally not
an efficient procedure for the rapid removal of a toxic com-
pound from the body after an overdose.

The dialysis method of choice for maintaining renally dis-
eased patients and for treatment of overdose is hemodialysis,
which has been referred to as the artificial kidney. This method is
many times more efficient than peritoneal dialysis in removing
substances from the blood; however, it is more complex and
requires an expensive device. Figure 38 is a diagrammatic sketch
of the important aspect of this process: the movement of mole-
cules of the compound present in blood across a semipermeable
membrane and into dialyzing fluid. The arterial blood is
removed from the body via a pump and placed into a dialyzing
machine, which has an extensive network of coils of semiperme-
able membrane, which are, in turn, filled with dialyzing fluid,
The tnbound form of the compound present in the blood moves
down a concentration gradient and diffuses across the mem-
brane into the dialysis Auid. As long as there is a concentration
gradient, the compound continues to diffuse acrass the mem-
brane and is removed from the blood. This is a dynamic process,
preventing equilibrium from being achieved, unless the same
fluid continues to be recycled through the machine. It is impor-
tant to note that it is only the imbound form that diffuses across
the membrane; the protein-bound form does not diffuse. There-
tore, it should seem reasonable that highly plasma protein
bound compounds are not good candidates for efficient removal
by hem wdialysis,

_ As for any other organ of elimination, the efficiency of dialy-
sis removal of a compound from the blood can be judged by a
dialysis ER and dialysis clearance, CLy, (often referred to in the
renal literature as dialysance). All of the principles previously
developed and discussed for organ clearance apply to hemodi-
alysis clearance. Thus, clearance is from the blood, the fluid con-
taining the compound, and from which extraction occurs. The
maximum value for CL, equals blood flow to the dialysis
mackine, which is generally approximately 200 ml/minute.
Only the unbound form of the com pound is dialyzed from the
blood. Regardless of the efficiency of dialysis clearance, even
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Figure 38. A diagrammatic sketch to (llustrate the diffusion of a compound
from blood during hemodialysis. Arterial blood is pumped into a hemodia-
lyzer where it is separated from dialyzing fluid by a semipermeable mem-
brane. The unbound form ol the compound in the blood 1small solid circles)
moves down a concentration gradient as it diffuses across the membrane
into the dialysis fluid, where it is carried away 10 waste (or is recycled). Note
that the protein bound form (small solid circle within the larger open circle)
is not removed from the blood. This dynamic process continues until the end
ol the dialysis period. (From M. Mayersohn, unpublished, with permission
from Saguaro Technical Press, Inc, Tucson, AZ, 2002.)

complete removal of the compound from the bloodstream dur-
ing a single dialysis period (approximately 4 to 6 hours) does not
mean efficient removal from the body (i.e., little change in t, ).
This is the identical issue that was discussed previously: effi-
cient removal from the bloodstream versus effective removal
from the entire body. Recall that t, , is a function of clearance
and apparent volume of distribution. The larger the apparent
volume of distribution, less of the compound is removed from
the body during dialysis (i.e., little effect on t, ).

Whether hemodialysis is an effective means for treating an
overdose depends on two primary factors: plasma protein bind-
ing and the apparent volume of distribution. This has been
nicely established by examination of the amount of drug
removed from the body during dialysis as a function of those
two pharmacokinetic parameters (30). That analysis provides a
guideline for predicting the use of hemodialysis in treatment of
drug overdose. A somewhat more unified approach is to incor-
porate both of those parameters into a single parameter, the
unbound apparent volime of distribution, V,,. The unbound appar-
ent volume of distribution is the apparent volume that the drug
would occupy in the body if it were completely unbound to
plasma proteins, and it is calculated as the apparent volume
divided by the unbound fraction in the plasma (31):

v
The greater the value of V, the less efficient is dialysis clearance
in removing the compound from the body. This is illustrated in
the relationship presented in Figure 39. The y-axis on the leftis the
reciprocal of the fraction removed from the body; the greater the
unbound volume of distribution, the greater that inverse fraction
and the smaller the amount removed from the body. The relation-
ship may be seen more directly by referring to the y-axis on the
right, which plots the percentage of compound removed from
the body and whose values decrease moving up the scale. Thus,
the greater the unbound volume of distribution, the smaller the
percentage of the compound removed from the body. Efficient
hemaodialysis removal only occurs for compounds on the left side
of the graph, which have small, unbound volumes. Thus, com-
pounds such as digoxin (V| = 33 L/kg), methaqualone (V, = 30
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Figure 39. The reciprocal of the fraction of drug removed from the body
cluring a 6-hour hemaclialysis period as a function of the unbound apparent
volume of distribution (i.e.,, the apparent volume of distribution divided by
the unbound fraction of drug in plasma, VA, ). The y-axis on the right is the
corresponding percentage of the drug removed (nole the inverse scale). The
equation of the regression line isY = 1.33 + X + 2.01 ir' = 0.930). (Based on
the data reported in Gwilt PR, Perrier D, Plasma protein binding and distri-
bution characteristics of drugs as indices of their hemodialyzability. Clin
Pharmacol Therapeutics 1978;24:154-161; and from Mayersohn M, Ratio-
nal approaches lo treatment of drug toxicity: recent considerations and
application of pharmacokinetic principles. In: Barnett G, Chiang CN, eds.
Fharmacokinetics and pharmacodynamics of psychoactive drugs. Foster
City, CA: Biomedical Publications, 1985:131, with permission.)

L/kg), and flurazepam (V, = 133) are poor candidates for hemo-
dialysis removal after an overdose. The basic principle noted here
is often overlooked in attempts to apply hemodialysis for the
treatment of overdose.

Another issue that is often misinterpreted involves the use of i
vitra dialysis clearance values as an estimation of the efficiency of
hemndia!ysis for removing a compound from the body. In vitro dial-

extract the compound under the experimental conditions, which
rarely if ever involves binding of the compound to the blood fluid
being tested. The latter is most often a simple aqueous solution. The
resulting i vitro clearance may bear no reasonable relationship to
what is observed in the body and, therefore, must be considered an
inadequate predictor of in vivo dialysis clearance and a poor predic-
tor of the efficiency of removal from the body. This, in fact, has been
shown to be the case (30). A group of compounds that might be the
exception to this rule are small, polar compounds that do not bind
to blood proteins such as methanol, ethanol, ethylene glycol, and so
forth. The latter compounds tend to distribute into total body water
(approximately 0.6 L/kg), and, therefore, they have a small,
unbound volume of distribution: numerically, approximately equal
to the apparent volume (because f, = 1). In fact, for the compounds
just noted, hemodialysis is often used in treatment of overdose,
because it is an efficient means of removing those agents from the
body. As noted previously, methanol and ethylene glycol overdose
treatment often involves both ethanol dosing to reduce the rate of
toxic metabolite formation and hemodialysis to remove the parent
compound as well as the toxic metabolites that are produced. Fig-
ure 40A illustrates the direct dependence of methanol dialysis clear-
ance on blood flow to the dialyzer (32). This relationship suggests a
high dialysis ER and that blood flow appears to rate-limit methanol
dialysis clearance. The translation of that information into the effect
of hemodialysis on methanol (Fig. 40B) and ethylene glycol (Fig.
40C) elimination from the body is also illustrated (33,34). During
each dialysis period, methanol and ethylene glycol concentrations
decline far more rapidly (decreased t, ,) compared to the interdial-
ysis period (longer t, ). Furthermore, several of the toxic metabo-
lites, being small polar molecules, are also effechu.lv removed from
the body by dialysis.

It is also important to note that there is no rebound effect at the
end of a dialysis period. The latter is often seen when blood concen-
trations drop to low values (i.e, most of the compound is dialyzed
from the blood) but then rise again when dialysis stops. This phe-
nomenon (i.e., postdialysis rebound) occurs as a result of the tissues
reequilibrating with blood, because there is now a concentration
gradient from tissue to blood. Compounds that have a large appar-
ent volume of distribution or that reequilibrate slowly with blood
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Figure 40. A: Hemodialysis clearance of methanol as a function of blood flow 1o the dialyzer. This relationship
indicates the efficient extraction of methanol from blood by hemodialysis. (Based on the data in Gonda A, Gault
H, Churchill D, et al. Hemodialysis for methanol intaxication. Am | Med 1978;64:749-758.) B: Serum metha-
nol concentrations as a function of time in a 23-year-old male subject who ingested windshield washer Huid.
Multiple intravenous doses of ethanol were administered during the time period illustrated. Methanol concen-
trations dropped dramatically during hemaodialysis (HD). (Based on the data in Palatoick W, Redman LW, Sitar
DS, et al. Methanol hali-life during ethanol administration: implications for management of methanol poison-
ing. Ann Emerg Med 1995;26:202-207 ) C: Serum ethylene glycal concentrations as a function of time in a 58-
year-old male subject wha ingested antifreeze, The subject received intravenous ethanol during the time period
illustrated. Note the dramatic decline in serum concentrations during each of the two hemodialysis (HD) peri-
ods in comparison with the interdialysis periods. (Based on the data in Eder AF, McGrath CM, Dowdy YG, et
al. Ethylene glycol poisoning: toxicokinetic and analytical factors affecting laboratory diagnosis. Clin Chem
1998:44:168-177. From M, Mayersohn, unpublished, with permission from Saguaro Technical Press, Inc, Tue-

son, AZ, 2002,
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Figure 41. Serum and spinal fluid concentrations of lithium as a function of
time during and after a 6.5-hour hemaocdlialysis period. The 48-year-old man
subject continued lithium therapy after developing renal failure resulting in
toxic lithium concentrations, Note the rapid decline in serum concentrations
during hemaodialysis, which rebounds when dialysis was discontinued as a
consequence of tissue redistribution to blood. (Based on the data in Amdisen
A, Skjoldborg H, Haemodialysis for lithium poisoning. Lance 1969,2:213.)

display such a profile (e.g., digoxin). An excellent example of this
phenomenon is presented in Figure 41 (35). A patient continued
lithium therapy after developing renal failure. Because renal excre-
tion is the major route of lithium elimination, lithium accumulated
and resulted in toxic concentrations. Serum lithium concentrations
declined dramatically during hemodialysis but then rose again
when dialysis was discontinued. Spinal fluid concentrations begin
ta decline only toward the end of and after completion of dialysis
as a consequence of the redistribution from tissues to blood.

Another extracorporeal mechanism that holds great promise
for treatment of overdose is hemoperfusion. Unlike dialysis meth-
ods, there is no membrane separating the blood from a dialyzing
solution. In hemoperfusion, the blood is pumped out of the body
and passed through a solid bed of adsorbing or binding material
such as charcoal or ion-exchange resin. Thus, all formed elements
of the blood and compounds dissolved in blood mix intimately
with the solid phase. This method has the potential to be the most
efficient means for removing drug and metabolites from the body.
The extraction could be made even more efficient if the solid sup-
port contained in a cartridge used material with great affinity for
specific drugs or category of drugs. For example, antibodies with
a high specificity for the agent to be removed could produce an
ER as high as one. Under that circumstance, blood flow through
the hemoperfusion material would rate-limit clearance.

In general, the efficiency of dialysis clearance and the amount
of compound extracted per unit of time, follows the order
hemoperfusion greater than hemodialysis, and hemodialysis
greater than peritoneal dialysis. Several publications have
reviewed use of extracorporeal methods for treatment of drug
overdose (36-38).

NONVASCULAR INPUT: ABSORPTION
AND BIOAVAILABILITY

The development of pharmacokinetic principles generally
begins with the simplifying assumption of intravenous bolus
dosing, as done in the preceding sections. Although the simplic-
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ity is useful, it does not reflect the practical, real-world situation.
IV bolus drug dosing is relatively uncomman (with the excep-
tion of illicit drug use), and when used it is done in a hospital or
clinic setting. Drug dosing or exposure in general typically relies
on other routes to gain access to the systemic circulation. The
primary routes of entry into the body for drugs as well as envi-
ronmental compounds include oral, buccal (sublingual), der-
mal, inhalation, subcutaneous, intramuscular, rectal, and
vaginal. There are two basic differences between these nonvas-
cular routes and vascular dosing. First, all nonvascular routes
require that the substance placed at the site of administration
penetrate one or more biologic membrane barriers to gain access
to the systemic blood circulation. Second, all nonvascular doses
must be formulated into a dosage forni to permit administration,
The dosage form is defined by its physical form (e.g., tablet, lig-
uid, and so forth); by the characteristics of the drug in that form
(e.g., crystal form, particle size, salt form, and so forth); and by
other formulation factors (e.g., compression forces applied, coat-
ings used, and so forth). The /i pive performance of a drug
administered as a dosage form may be, and often is, quite differ-
ent from what is seen from the pure drug or from IV administra-
tion. The principles of and some of the factors affecting the
concentration-time profile after oral administration are dis-
cussed here, but for a more thorough exposition, the readers are
referred elsewhere (39),

Gastrointestinal Absorption

The GI tract, which is a major barrier between the body and the
environment, has as its primary functions the secretion of spe-
cialized fluids, the storage and digestion of ingested food and
other materials, and absorption of those processed materials
into the bloodstream. The GI tract is lined with epithelial cells
specialized for those functions. As with all other membranes of
the body, these epithelial cells are best described by the fluid
mosaic model. The membrane is composed of a lipid bilaver or
sandwich that has polar groups reaching into and out of the
membrane, separated by two layers of long lipid chains. The lat-
ter provide the lipid-like nature of the membrane. Throughout
the membrane are transmembrane proteins, and attached to the
surface of the membrane are peripheral proteins and carbohy-
drates. It is this structure that determines the membrane perme-
ability of any drug or chemical. Generally, small polar molecules
(e.g., methanol, ethanol, and so forth) are able to traverse such
membranes rapidly, whereas larger molecules need to have suf-
ficient ability to partition between an aqueous and a lipid phase.
The latter is often measured by the oil to water partition coeffi-
cient ( KCI,‘W)‘

The vast majority of substances undergo an absorption pro-
cess that is governed by physical chemical principles, and, there-
fore, absorption may be described by passive, first-order, or
linear kinetics. The most important physical chemical properties
of the molecule are its K, ., pK,, water solubility, and molecular
size. The rate of movement across a membrane is given by Fick's
first law of diffusion, which may be expressed as

Rate of membrane diffusion =

[Cet=C 1
e 1gat— % blood
DM AM PM /AQ u SXM oo

[Eq. 44]
In which Dy, Ay, Py, s and AX,y, are the diffusion coefficient
through the membrane, the area of the absorbing membrane, the
partition coefficient between the membrane, and the aqueous
gut solution and the thickness of the membrane, respectively,
The driving force for diffusion is the concentration gradient
between the substance in the gut fluid (C_ ) and that in the
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compound at absorption site———— compound in body——— compound eliminated

k K

Xaps —p Xg ————p Xk

blood (C,, ) This relationship can be simplified by incorporat-
ing all of the constant terms into a permieability coefficient, I

Rate of

membrane diffusion=P - l('gm [Eq. 45]

Because the concentration on the blood side of the membrane is
generally small compared to the concentration in the gut fluids
(because blood flow carries the absorbed material rapidly away
from the site of absorption), the relationship simplifies to a rate
equation, which expresses a first-order process. As a conse-
quence, in general, absorption processes for most substances fol-
low first-order kinetic principles (e.g., absorption rate depends
on GI fluid concentration or dose; the amount absorbed
increases linearly with dose; the fraction of the dose absorbed is
constant, independent of dose; and so forth).

As noted in the discussion of metabolite kinetics, the kinetics
of absorption may be described by a sequence of steps often
referred to as an A fo B to C system. In which A is the substance
in the gut (or any site of absorption), B is that compound in the
body (or bloodstream), and C is the substance eliminated from
the body (in urine, as metabolite, and so forth). Scheme 3
describes this sequence.

The amount of substance at the absorption site declines expo-
nentially according to the first-order rate constant for absorp-
tion, k . The amount of drug in the body or plasma
concentration is described by a biexponential equation, of a
form identical to that used to describe metabolite concentration
as a function of time after IV bolus desing of parent compound
(see equation 38). The relationship that describes the plasma
concentration of parent compound is given by

~Chiood =P Cyyyy

k. -Fodose _g.¢ <kt A .
W'(e —g )= A-(e -e ) [Eq. 46]

The only new term here that has not been defined is F, the frac-
tion of the dose absorbed intact sometimes referred to as systemic
bivavailability. The value for F can range from zero to one and it
is used, as noted later, to characterize the absorption efficiency
of commercial products, and it forms the basis for estimation of
bioequivalence (i.e., comparability among the same drug products
made by different manufacturers). Because all of the terms in the
coefficient may be considered to be a constant after a given dose,
they may be replaced by a composite constant, A (having units
of concentration). A plot of plasma concentration versus time
results in a curve that rises and then declines (again, in analogy
to the metabolite plasma concentration-time curve after an IV
bolus dose of parent compound). As for the metabolite situation
or for any sequential process, one of the steps in the sequence
must be the slowest and rate-limit the overall process. The ter-
minal slope represents the slowest step. In the absorption sce-
nario, either absorption or elimination is the rate-limiting step.
Thus, if absorption is fast, k_ >> K, at some time the exponential
containing k approaches zero before the other exponent, result-
ing in the terminal slope being given by the overall elimination
rate constant, K. This terminal line parallels that seen after IV
bolus dosing,

=

Scheme 3. Schematic representation of a sim-
ple, sequential absorption process, Where X,
Xy and X, represent the amount of substance al
the absorption site, in the body, and eliminated
from the body, respectively. The first-order rate
constants describe absorplion, k., and elimina-
tion, K.

k,-F-dose _g. Kot
W-te )= A (e )

In contrast, if absorption is slow, k, << K, the terminal slope is
given by the slowest step, the absorption rate constant:

_k,-F-dose &k
*ViK-k,) ¢

The terminal line in this situation does not parallel the line
describing plasma concentrations after 1V bolus dosing, but
rather it has a smaller slope. The latter situation occurs for drug
products designed to release drug slowly (controlled or sus-
tained release dosage forms) to sustain plasma concentrations,
for poorly water-soluble compounds in which rate of dissolu-
tion rate-limits absorption, or for compounds that have poor
membrane permeability.

A comparison of several of these factors is shown in Figure
42. Graph A illustrates the effect of the absorption rate constant
on the shape of the curve for the same compound (and same
value of K). The smaller the absorption rate constant, the smaller
the value of the maximum plasma concentration, C_, and the
longer it takes to achieve that concentration, T . Because the
slowest rate constant in all cases is the elimination rate constant,
the terminal slope is given by, -K/2.3. Because the same fraction
of the dose is absorbed in each case, the total area under the
curve must be the same. Graph B illustrates the effect of the frac-
tion of the dose absorbed on the shape of the plasma concentra-
tion-time curve. The smaller the value of F, the smaller the value
for C ., but there is no change in T_ . The most dramatic dif-
ference, however, is the total area under the curve: the smaller
the value for F, the smaller the AUC. Because the slowest rate
constant is the elimination rate constant, the terminal slope is
given by, -K/2.3. Graph C illustrates the effect of a change in the
rate-limiting step on the plasma concentration-time curve. In
one case, the slowest rate constant is the elimination rate con-
stant and the terminal slope is given by -K/2.3. In contrast, for
the other case, the slowest rate constant is the absorption rate
constant, which now becomes the rate-limiting step. As a conse-
quence, the terminal slope is given by, -k /2.3. This is some-
times referred to as a flip-flop model. For this reason, the t, ,,
obtained from the log-linear line after nonvascular dosing is
always correctly referred to as the terminal t, .. The terminal
slope may not reflect the disposition t, ,. The value for C_
decreases and T increases when the absorption rate constant
gets small (as noted in Fig. 42A); however, the total areas under
the curves are the same.

The elimination t,,,, although variable among people,
remains relatively constant for one individual. Therefore, the
major variable affecting the plasma concentration-time curve is
the inpul process: factors relating to the performance of the dos-
age form and Gl absorption. There are four possible factors that
may rate-limit the absorption process. The two most significant
are dissolution rate and membrane permeability. The other two
possible, but generally less important, factors are gastric empty-
ing rate and GI tract blood flow. Two important observations,
which have become principles with regard to GI tract absorp-

C= [Eq. 47]

C e A-(e ™Y [Eq. 48]
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Figure 42, A: Hypothetical plasma concentration-time profiles of the same compound administered orally in
three different dosage forms. The elimination rate constant is the same for each situation (0.173 hour; {,, =4
hours); only the absorption rate constants vary. The absorption rate constants are 2.0 hour', 1.0 hour, and 0.5

hour ', Note that the smaller the absorption rate constant, the smaller the maximum concentration (C

|ln.1.J and

the greater the ume of its occurrence 1T, ). B: Hypothetical oral plasma concentration-time profiles tor the
same compound as shawn in A, with an elimination rate constant of 0.173 hour ' {t, , = 4 hour) and absorption
rate constant of 1.0 hour . The only difference among these curves is the fraction of the dose absorbed (F; bio-
availability). The values for F are 1.0, 0.5, and 0.25. C: Hypothetical oral plasma concentration-time curves for
the same compound as in A, with an elimination rate constant of 0.173 hour' {t, , = 4 hour). The absorption
rate constant is larger than K (k, = 1.0 hour™'; +) In one case but smaller than K in the other case (k, = 0,04
hour '; —). The terminal slope is given by the smallest rate constant. The situation illustrated for k, << K is some-
times referred to as a flip-tlop model. (From M. Mayersohn, unpublished, with permission from Saguaro Tech-

nical Press, Inc, Tucson, AZ, 2002.)

tion, are the following. For a compound to be absorbed, it must
first be in solution in the fluids of the Gl tract. The idea of partic-
ulate absorption (so-called persorption), although it appears to
exist, contributes insignificantly to the overall absorption pro-
cess. This is the reason dissolution rate is so important for poorly
water-soluble compounds; the faster and the more completely
the compound dissolves, the greater the rate and complete-
ness of absorption. Thus, the absorption of poorly water-soluble
compounds is frequently dissolution rate-limited. Second, all
compounds, whether weak acids or bases, are best absorbed
from the small intestine. The idea referred to as the pH-partition
hypothesis, which suggests that compounds are better absorbed
in the environment that favors nonionization, has been misinter-
preted. If all other factors along the GI tract were the same, an
acidic compound would be best absorbed from the more acidic
environment of the stomach, because the nonionized form has a
greater oil/water partition coefficient, which would increase the
permeability coefficient (see Equation 44) and, thereby, promote
absorption. Similarly, basic compounds would be better
absorbed from the relatively more alkaline pH of the small
intestine. However, the small intestine is uniquely capable of
providing the most efficient site for absorption compared to all
other regions of the Gl tract by virtue of its enormous absorbing
surface area (one estimate suggests that the area is similar to
that of a tennis court). Thus, all compounds, whether acids or
bases, are best absorbed in the small intestine. Another argu-
ment against the stomach as being a good site for absorption
applies to weak acids that are poorly water-soluble, though
such compounds are cited (incorrectly) as undergoing gastric
absorption. The rate-limiting step for the absorption of any
poorly water-soluble compound, including weak acids, is dis-
solution rate. In fact, such weak acids dissolve most readily in
the relatively more alkaline pH of the small intestine, because
ionization favors dissolution.

Restating these two governing principles, a compound must
be in solution to be absorbed and all compounds are best
absorbed in the small intestine. Therefore, another possible rate-
limiting step in absorption is gastric emptying rate. Any delay in
the compound moving from the stomach to the small intestine,

the primary site of absorption, delays the absorphon process.
Generally, however, assuming that the compound is stable in the
Gl tract and is absorbed by passive diffusion, gastric emptying
rate is not expected to affect the completeness of absorption.
Another possible, but rarely seen, rate-limiting step to absorp-
tion is blood flow to the GI tract. Usually that flow is quite high,
consistent with one of the primary functions of the GI tract, effi-
cient absorption. If blood flow is slowed sufficiently, then the
concentration gradient of the compound between the gut and
the blood, the driving force for diffusion, becomes small (see
equation 45). This diminution in concentration gradient occurs
as a consequence of the compound no longer being carried away
rapidly from the site of absorption and the compound accumu-
lating on the blood side of the GI tract membrane. In situations
of reduced or relatively static GI tract blood flow, such as might
be seen during episodes of fainting or reduced blood volume
(e.g-, due to blood loss), one may see diminished absorption.

Although the vast majority of compounds move across the
absorbing GI tract membrane by passive diffusion, there are
many water-soluble nutrients (e.g., monosaccharides, amino
acids, vitamins, and so forth) and some drugs (e.g., 1 -dopa, some
aminopenicillins, some aminocephalosporins) whose absorption
involves active participation of cell membrane transporters. Such
processes are described by specialized (sometimes, active) trans-
port. The absorption kinetics of such compounds are analogous to
what has been noted in discussions of renal transport mecha-
nisms (e.g,, tubular secretion and reabsorption). Thus, the amount
absorbed increases to a maximum value as dose increases and
thereafter remains constant (the fraction absorbed decreases with
dose). Such specialized processes may be inhibited by other com-
pounds with similar structure,

There is also a family of efflux transporters, referred to as P-
glycoproteins, which are found in epithelial cells of the Gl tract
(as well as in the liver, kidney, and blood-brain barrier), that are
responsible for the movement of substrate out of the absorbing
cell back into the gut lumen. These transporters obviously per-
form a protective role in preventing the systemic absorption of
materials that might cause the body harm. These transporters
may undergo inhibition or induction in response to certain
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drugs, which is the basis for a class of drug-drug interactions.
Examples of drug substrates that use this transporter include
digoxin, quinine, verapamil, and cyclosporin A.

The movement of ingested materials down the GI tract
involves esophageal, gastric, intestinal, and colonic transit. Gen-
erally, the movement of ingested materials down the esophagus
is rapid, especially if a liquid is swallowed alone or with a solid
substance. There are instances, however, of solid oral drug dos-
age forms attaching to the esophageal surface and causing ero-
sion of the local tissue. Gastric emptying is a complex process
that is influenced by a variety of physiologic factors including

the presence and v nlnmﬂ nf fnnd lng:.u.had the tvne of fond

resence and volume of food ingested, y food
present, and certain drugs. As noted previously, antg’s delay in
emptying into the small intestine delays the onset of absorption.
Fatty meals are the strongest inhibitor of emptying, and drugs
that exert anticholinergic activity, such as narcotic analgesics,
slow emptying. Slower gastric emptying rate generally reduces
the rate of absorption and results in a lower C__and longer
T ... The extent of absorption may be reduced if the compound
is unstable in the GI tract fluids or increased if a greater resi-
dence time in the GI tract permits more complete dissolution
and absorption. Compounds absorbed by a specialized process
high in the small intestine (e.g., vitamin C) may evidence more
complete absorption in the presence of slow gastric emptying as
a result of avoiding saturation of transporters,

Under fasting conditions, the activity of the Gl tract is gov-
erned by the so-called migrating motility complex, or the interdiges-
tive myoelectric complex. This complex cveles approximately
every 2 hours, This only occurs, however, during fasting and
begins in the proximal stomach and terminates at the ileocecal
valve. There are four phases involved in the entire cycle. Phase
1 (45 to 60 minutes) and phase 2 (30 to 45 minutes) are of rela-
tively low activity. It is phase 3, called the housekeeper wave, that
has intense activity lasting for approximately 5 to 15 minutes,
which is responsible for clearing any remaining material from
the stomach. This is the only time that relatively large single
units (e.g., intact tablets) can be swept into the small intestine.
Oral dosing on an empty stomach, relative to the start of the
housekeeper wave, determines about how long ingested prod-
ucts remain in the stomach.

Intestinal transit tends to be somewhat more uniform than
gastric emptying patterns, and, in general, the average amount of
time that it takes a dosage form to transit from the pylorus to the
end of the small intestine is approximately 4 hours. This tends to
be true regardless of the nature of the substance (solid or liquid)
and in the absence or presence of food, Because the small intestine
is the major site of absorption, this time window for absorption of
approximately 4 hours would appear to limit the absorption pro-
cess. Drug absorption can continue beyond 4 hours after dosing
as evidenced by controlled release products and the slow absorp-
tion of poorly water-soluble compounds. Compounds can remain
in the colon for 24 hours and longer and, therefore, although this
is not a particularly efficient site for absorption (due to the small
surface area and low fluid volume), the long residence time there
may compensate for the lower efficiency.

Efficient oral drug therapy necessitates adequate and, ideally,
complete and consistent Gl absorption. In contrast, of course, effec-
tive treatment of an oral overdose attempts to minimize systemic
absorption. This is often the first approach used in treatment along
with maintaining life signs but before attempts to removing mate-
rials already systemically absorbed (e.g., extracorporeal devices for
enhancing elimination). Evacuating and somehow inmmobilizing the
orally ingested overdose are the two approaches that may be used.
Evacuation may be achieved by inducing vomiting or pumping the
stomach or by slow, constant flushing of the gut contents for excre-
tion with fecal material. Inimobilization is used here to indicate that

the overdosed compound is made into a form not available for sys-
temic absorption. The latter may involve the use of specific agents
that chemically bind lo the toxic compound to prevent further
absorption (e.g., chelating agents that form water-insoluble heavy
metal chelates to reduce heavy metal poisoning; ion-exchange res-
ins that bind to charged compounds). Alternatively, nonselective
materials may be used that are effective for a wide range of toxic
compounds, such as activated charcoal and perhaps single or
binary phase fluids for lipid-soluble compounds (e.g., nonabsorb-
able lipids or vil-in-water emulsions). The cardinal rule for the effec-
tiveness of these approaches is the sooner they are applied, the

hottar fF{\r ]"Il‘\l'h Appr.r\:h‘hpc\ and tho mare need tho hottar (Far

RRLLA anrE Lrast AT Ty DA R UL SRR RATR M, R LT EMAL A

mmmr’m‘:‘m‘mn}. A good example of this idea of soon and large amount
can be illustrated with charcoal administration. The relative per-
centage of an acetaminophen dose absorbed after oral administra-
tion of a solution of the drug with 5 or 10 g of activated charcoal
(given immediately after the acetaminophen solution) was 53% and
39%, respectively. The same 10- -g dose of charcoal given 30 minutes
after the oral acetaminophen solution resulted in 69% of the dose
being absorbed, considerably less efficient compared to immediate
administration of charcoal (39%). When administering charcoal in
the same ratio to the acetaminophen dose (10:1), less of the drug is
absorbed the greater the absolute amount of charcoal (percentage
absorbed, g charcoal /g acetaminophen): 42.5%,, 5 g /0.5 g; 34.9%, 10
g/1 g 22.6%, 20 g/2 g; 14.8%, 30 g/3 g (40). An identical nbsen a-
tion has been made for the effect of activated charcoal on aspirin
absorption (41). In general, the antidotal efficacy of activated char-
coal increases with the amount of charcoal administered (42).

Charcoal administration has also been shown to have a dra-
matic effect on the elimination kinetics of some compounds that
are excreted into the bile and that undergo enterohepatic recir-
culation. An excellent example is phenobarbital whose terminal
t,,» was reduced from an average of 110 hours to 45 hours as a
result of an increase in CL, from 4.4 to 12.0 ml/kg per hour (43).
Charcoal adsorbs the phenobarbltal excreted into the small
intestine, interrupting the cycle and, therefore, reduces the t, , of
the compound. In such a circumstance, it is useful to administer
charcoal in a multiple dosing fashion to continue to disrupt the
cycle (44). Doing so reduced the terminal t, ,, of phenobarbital
from 110 hours to approximately 20 hours. Other compounds
that undergo a similar process include theophylline and car-
bamazepine, This mode of treatment has been reviewed (45).

A particularly important consideration, especially for Gl
absorption, is those processes that affect the chemical form of the
compound before the parent compound reaching the systemic cir-
culation. In genera], these processes are referred to as presystemic
elimination. The ingested parent compound may be altered, chem-
ically or metabolically, at numerous sites along the Gl tract, as
illustrated in Figure 43. Perhaps the most significant of the individ-
ual sites and processes noted are those that occur in the intestinal
wall and liver. The gut wall and liver are virtual storehouses for
enzymes. Because the entire absorbed dose must first go through
these organs before being systemically distributed, metabolism
may represent a significant portion of the dose being altered before
systemic absorption. This process has been referred to as the first-
pass effect, the most important being intestinal wall and hepatic
first-pass effects, The importance of any of these first-pass effects
depends on the ER or clearance of those individual processes. In
addition, it should be appreciated that theseé effects are sequential,
meaning that the net numerical result is multiplicative. Thus, for a
compound that undergoes hepatic metabolism, the value of
hepatic clearance determines the ER and that, in turn, determines
what fraction of the dose survives the first movement through the
liver and reaches the systemic circulation. If it is assumed that the
orally administered compound is completely absorbed intact
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through the intestinal wall and gets into the portal circulation, the
fraction of that dose that survives the liver and gets into the sys-
temic circulation intact is given by
= _ClygpaTic
QueraTic
If all of the possible steps noted in Figure 43 are considered, F is
equal to the product of the fractions (f) that survive each sequen-
tial step. For example, consider the following sequence of steps:

stomach fluid degradation, intestinal wall metabolism, and liver
metabolism:

F=1-ERygpamic [Eq. 49]

F=fgeeasen foastric reom finrestinat ware: fuver [Eq. 50]

The first term represents the fraction of the dose that is released
from the form ingested (maximum value is one). All of the other
terms represent the fractions that survive each of the individual
metabolic steps (1.e., 1-ER). Therefore, if 10% of the dose is chem-
ically altered in gastric fluid (90% survives), and 40% of the dose
is extracted by the intestinal wall (60% survives) and 50% of
what survives that process is extracted by the liver, the fraction
that reaches the systemic circulation is less than approximately
30% of the dose (0.9 x 0.6 x 0.5). Clearly, this can be an important
consideration for those compounds that have high ERs for sev-
eral of the presystemic elimination steps.

The significance of presystemic elimination needs to be con-
sidered with respect to the form of the compound that is phar-
macologically and toxicologically active. Assuming, as often
hgppens, that the parent compound is active and toxic, then any
of the first-pass effects reduce the magnitude of those responses.
Inhibiting such metabolic (or chemical) processes results in
enhanced activity. This is especially true for compounds that
have a high first-pass effect (i.e., ER >0.9). An interesting exam-
PI? of the latter (discussed previously for terfenadine) is the
effect of grapefruit juice and certain drugs (e.g., ketoconazole)
on the inhibition of cytochrome P-450 3A4 in the gut wall and
liver, Induction of that pathway would have reduced the plasma
concentrations of the parent drug, increased the concentration of
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Figure 43. Schematic representation of the numerous
sites along the gastrointestinal tract where the orally
ingested parent compound may be chemically or met-
abolically altered. Taken together, these are referred to
as presystemic elfmination processes, and they include
intestinal wall and hepatic first-pass effects. (From M.
Mayersohn, unpublished, with permission from Saguaro
Technical Press, Inc, Tucson, AZ, 2002.)

metabolite (which is active, but not toxic), and minimized the
chance of toxicity.

Just the opposite considerations apply for a compound
whose metabolite is active or toxic. A classic example is that of
the insecticide parathion (46). Parathion is inactive until it is
metabolized to paraoxon, which exhibits cholinesterase activity.
The infusion of parathion into the portal vein results in greater
activity compared to dosing into the vena cava, as a conse-
quence of metabolic activation via the hepatic first-pass effect. In
contrast, the active form, paraoxon, is far more active on vena
cava administration compared to dosing via the portal vein. In
the latter instance, the hepatic route reduces the activity of
paraoxon by further metabolism,

It is especially instructive to examine the interactions that are
expected to occur for high and low hepatic ER drugs after IV bolus
and oral dosing. This comparison is illustrated in Figure 44 assum-
ing inhibition in metabolism. Two compounds that undergo com-
plete hepatic metabolism but with different values for intrinsic
hepatic clearance and ER are considered after [V and oral dosing
before and after enzyme inhibition, Compound A has a low CL_,
and ER (150 ml/minute and 0.091) compared to compound B,
which has a high CL_, and ER (15,000 ml/minute and (.909). The
solid lines in the top panel illustrate the concentration-time profiles
after IV dosing (A, , B, ). In each instance, the values for CL, are
cut in half to reflect the inhibition of hepatic clearance. Thus, for A, ,
CL, , goes from 150 to 75 ml/minute and ER decreases by approxi-
mately one-half (0.091 to 0.048) with a similar change in systemic
clearance, CL, (137 to 72 ml/minute). The dotted line indicates the
new concentration-time profile after inhibition (top left). t, ,
increases by almost twofold (4.0 to 7.6 hours), as does the area
under the curve (577 to 1100 ng - hour/ml). All of these changes are
not surprising, because, for a low clearance compound, 4CL, =
ICL,, = f, - 4CL,, . Inhibition decreases the value of CL,,  and,
in the absence of any change in plasma protein binding, is directly
equivalent to the change in CL, . t, , increases, because in the
absence of any change in apparent volume of distribution, t, , is
inversely related to systemic clearance, whose value has decreased:
Tty 2= (0,693 - V) /4CL,
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Figure 44. Hypothetical plasma concentration-time relationships for two drugs (A and B) given by intra-
venous bolus (A',, B',) or as oral doses ( A'm,, B‘m,l under control conditions (solid line) or after mel-
abolic inhibition (dashed line). The control and metabolic inhibition conditions are specified above the
graphs. Both compounds are totally metabolized by the liver, whose blood flow is assumed 1o be 1500
ml/minute. Compound A has a low intrinsic hepatic clearance (150 mi/minute) and extraction ratio
(0.091). Compound B has a high intrinsic hepatic clearance (15,000 ml/minute) and extraction ratio
(0.909). For both compounds, the intrinsic hepatic clearance is halved under conditions of inhibition.
See text for discussion. (From M. Mayersohn, unpublished, with permission from Saguara Technical
Press, Inc, Tucson, AZ, 2002.)
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The story is different for a high clearance compound given
intravenously, as can be seen in B, (top right). Although the
vatue for CL, is halved, there is a less than a 10% decrease in ER
and ClLg. As a consequence, there s little change in t, , and AUC,
as noted by the solid and dotted lines. Given normal experimen-
tal variability, the data forming these two lines essentially over-
lap. Again, this is not surprising because, for a high clearance
compound, clearance is approximately equal fo organ blood
oW (Qepyic = 1500 ml/minute): Clg = Q, .- Because there is
no change in hepaticblood flow, there is little change in systemic
clearance, which leads to little change in area under the curve
(289 to 315 ng - hour/ml) and t, , (2.0 to 2.2 hours). If one were
attempting to examine a drug-drug interaction using this proto-
col, the conclusion of there being no interaction is incorrect.
There is, in fact, a substantial change in intrinsic hepatic clear-
ance, but one is unable to view the change experimentally
because the IV data do not reflect that change for this compound
but, rather, organ blood flow. This would be a failed experiment
(actually, the experimenter failed).

The bottom panels of Figure 44 illustrate the identical
experiment for the same two compounds but after oral dosing
and assuming complete absorption (i.e., 100% of the dose
reaches the liver). For the low clearance compound (A’ ), the
changes are essentially the same as those seen after IV dosing
(A,,) with regard to areas and t,,,, because it is intrinsic
hepatic clearance that is being measured after oral and 1V dos-
ing. Perhaps the most interesting comparison is shown for
B’ .. inthe lower right-hand graph, The areas under the curve
now, unlike the IV data, reflect the 50% decrease in intrinsic
hepatic clearance; the interaction can be seen using this oral
dosing protocol. The area under the oral dosing curve divided
into the oral dose is referred to as apparent oral clearance (CL,
or CL ) and, in this instance, it is equal to intrinsic hepatic
clearance, assuming complete absorption. This value is essen-
tially the same measure that is obtained from a test tube exper-
iment in which the compound is incubated with enzyme and
which permits determination of CL, . Notice, however, that
the terminal line and t, ,, have not changed from the control
experiment. This is because t, , still depends on systemic
clearance, and, for this compound, that value is approxi-
mately equal to hepatic blood flow, which has not changed.
Thus, an interaction in metabolism for low or high hepatic
clearance compounds can be seen after oral dosing. The only
caveat is that there be no interaction in absorption between the
test compound and the interactant,

Systemic bioavailability is used to assess the efficiency of
absorption by quantitation of the rate and completeness or
extent of absorption. Extent of absorption is based on measuring
the total area under the plasma concentration-time curve and
comparing to some standard. Rate is generally characterized by
the values for C and T, . There are two definitions of bio-

availability: absolute and relative. Absolute bioavailability, F,_,
compares the total area under the plasma concentration-time
curve (AUC, *) obtained after an oral (or any other route) dose to
that obtained after an IV dose. Because, by definition, the 1V
dose is completely absorbed (i.e., F = 1), one determines the
absolute amount of the dose absorbed by the nonvascular route.
The two appropriate equations and their ratio are

(AUCE) = 000t (AUCodora CLs
= CLS doseoral
e (1)-dose;, (AUC,),, - CLg
UAOED., =L SO sy
LT CLS dog;eiv [ q 51)
F ; _}_?_'IAUC;)WI-CL:;. dose;,
aAbsplute — = =
bsolute (AUCu)h_-CLQ dose,,)
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The study is generally designed so that a crossover protocol is
used, and, in that way, it is reasonable to make the assumption
that CL, remains the same in each subject from occasion to occa-
sion. That being true, the basic relationship that is used to calcu-
late bivavailability can be simplified to

E (AUCB’) al . dOse
Pnbsuluh: =T = TR e [Eq 52]

(AUCH),, 995€ora

The experimental design should attempt to maximize the correct-
ness of the above assumption by, for example, avoiding any
changes from one experiment lo the other (e.g., avoid other drugs,
alcohol, and so forth). The assumption of constant clearance may
not be correct, and it appears to be least correct for those com-
pounds referred to as having highly variable clearance, and, typ-
ically, they are compounds with large clearance values,

The other, more practical definition of bioavailability and the
one most often used by the U.S. Food and Drug Administration
in making decisions about generic drug entry into the market-
place is referred to as relative bioavailability, F_, . This defini-
tion is different from absolute bioavailability in that comparison
is not made with reference to an IV dose but rather to some com-
parable standard product that is already on the market (the
innovators product). As a consequence, one only determines
how much is absorbed relative to that standard, and the abso-
lute amount absorbed is not determined. Study design and cal-
culations are essentially the same as outlined previously and
assuming constant clearance. Test refers to the product whose
relative bioavailability is being assessed, and reference is the
innovator’s product or some other standard.

Frelative = Pt = (A0 e - A0 uterence [Eq. 53]
f F 294 dose
referunce (AUCU }rell'runcv st
AF, e value of 1.0 gives no information about how completely

the dose was absorbed. That value of 1.0 or 100% simply says that
the test product is absorbed to the same extent as the reference,
which might have an absolute bioavailability of 1% or 100%.

As noted previously, the assumption of constant clearance
may not be reasonable for those compounds that have variable
clearance, and, if that is the case, one needs to design a study
with a large number of subjects to have sufficient statistical
power to detect differences between the products. Alternatively,
one may use stable or radioactive i1sotopic forms of the com-
pound. The use of that approach has been reported (47), and it
results in a considerable reduction in the number of subjects
needed with a gain in statistical power. An example illustrating
the effect of changes in the fraction of the dose absorbed on the
plasma concentration-time profile was presented in Figure 42B.
A good source for information about bioavailability and
bioequivalence is the U.S. Food and Drug Administration Web
site (hitp:/ /www.fda.gov).

Intramuscular (IM) and subcutaneous dosing are often
thought to result in rapid and complete absorption, comparable
to IV dosing and certainly better than oral administration. This
may not be the case, however, for several reasons. There are two
possible rate-limiting steps to drug absorption after IM dosing.
The capillary wall at the site of IM or subcutaneous injection is
less of a barrier to absorption than is the GI tract membrane,
because the former is more loosely knit. In general, large, polar,
and charged molecules have a greater chance of being absorbed
by this route than after oral absorption. Thus, this route is com-
monly used for drugs such as insulin, proteins (e.g., interferons),
peptides, and aminoglycosides. This route is also less chemi-
cally damaging to those molecules that may be unstable at the
low pH of gut fluids. Thus, one possible rate-limiting step in
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absorption is blood flow to the site of administration, which, in
turn, may depend on the specific site used. A good example is
that of the water-soluble compound lidocaine, whose absorp-
tion is more rapid from the deltoid muscle versus the vastus lat-
eralis. The plasma concentrations rise more rapidly and achieve
greater concentrations after deltoid dosing compared to the vas-
tus lateralis, and this results in a greater response from deltoid
dosing. The reason for these differences is that there is more
rapid blood flow and, therefore, a greater rate of absorption
from the deltoid muscle. The buttocks are expected to provide
for even a slower rate of absorption and response. There is also,
in the latter case. the chance of delivering the drug to deep fat
tissue, which further prolongs absorption.

Another possible rate-limiting step that applies to poorly
water-soluble drugs after IM dosing is precipitation in the muscle
tissue that requires redissolution to be absorbed. The rate-limiting
step here, as it is for poorly water-soluble oral drugs, is rate of dis-
solution. A good example is phenytoin, This drug is poorly water-
soluble, It is given in a solution buffered to a pH of approximately
10 or 11, to keep it in solution. On IM administration, the drug
meels an aqueous environment of pH 7.4 and it precipitates. The
drug then redissolves slowly, and concentrations remain quite
constant over a period of several days, essentially performing as
a controlled release form. The oral dose is absorbed more rapidly
and has a shorter terminal t, , compared to the IM dose.

Diffusion from the interstitial spaces across the blood capil-
lary wall, as noted previously, allows movement of large, polar,
and charged compounds, The upper limit for size, however, is
approximately 5000. Compounds of greater molecular weight
are not able to diffuse across the capillary wall and these com-
pounds enter the blood primarily via the lymph. Because lymph
flow is slow, such compounds are absorbed slowly over a pro-
longed period of time. Such a process has the appearance of a
flip-flop model, the terminal phase being quite long and being
controlled by lymph flow.

STEADY STATE: INFUSION AND
MULTIPLE DOSING

Infusion

It is often desirable, in a clinical setting, to achieve a target
plasma concentration associated with a needed response and to
then maintain concentrations at or near the target value. In other
words, sustain or control the plasma concentrations over a nar-
row range of values, especially if the drug has a narrow concen-
tration range associated with therapeutic effect. This is the aim
of all controlled release products, which may be dosed by sev-
eral routes (e.g., oral, transdermal, IM, and so forth). Whereas
this is most often achieved by multiple dosing, as discussed
later, it is instructive to establish the principles using the 1V
route with continuous dosing,

To maintain precise control over plasma concentrations and
desired response, constanl rate intravenous infusion is used,
Mechanically, this may be achieved with use of an infusion
pump or with an [V drip. The rate of infusion or input into the
body is given by a constant, k_, with units of amount/time (e.g.,
mg/minute). The rate of loss of compound from the body is
given by the product of clearance and plasma concentration (or
the prod uct of the first-order rate constant of elimination, appar-
ent volume of distribution, and plasma concentration): CL,-C
(or, K-V - C). The rate of change of the amount of compound in
the body is the difference between the rate in and the rate out;
rate of change = k- CL - C. When infusion is begun, plasma
concentrations rme from a value of zero until the rate of imput

eventually becomes equal to the rate of loss. When that happens,
the rate of change of the concentration of the compound in the
body is zero, and the rate in equals the rate out. The latter is said
to be a steady state condition and it continues for as long as the
compound is administered at the same rate. A steady state
plasma concentration, C,., is achieved:

k, = Ol Cc [Eq. 54]

As a consequence, the steady state plasma concentration, some-
times referred to as the average concentration, depends on the
ratio of rate in to rate out:

s8¢

rate in = rate out

_ ratein _ Ky
WEREE  rateout Clg

This is an extrerely important and useful relationship, which may
be expressed in a variety of ways, as illustrated under multiple dos-
ing. There are basically two questions that need to be answered
about this relationship: What determines the value of C, and how
long does it take to get there? For a given value of CL, the magni-
tude of Cy; depends directly only on the rate of infusion: the greater
the rate of infusion, the greatLr the plasma concentration (double
the k , double C..). This is, as discussed in First-Order (Linear)
Kinetic Processes, the simple principle of first-order kinetics or of a
linear system: double the input, double the output. Any change in
CL, for a given rate of infusion results in a different C... This is
-11th1 in Figure 45A for three hypothetical infusion rates, Infusu)n
rates of 10, 20, and 40 mg per hour result in C. values of 1, 2, and
4mg/L, respectively. The ratio of any two infusion rates is identical
to the ratio of the resulting steady state plasma concentrations.

How long does it take to reach a steady state? Take any of the
exponentially increasing plasma concentration-time curves
shown in Figure 45A and turn it upside down and a typical expo-
nential decreasing curve just as that seen after an IV bolus dose is
seen. The parameter that determines the decline (i.e,, slope) of the
exponential decreasing curve is the same parameter that deter-
mines the rise of an infusion curve, t; ,. The time necessary to
achieve any fraction of steady state is simply a function of t, .,
regardless of rate of infusion. This can be visualized by taking the
three curves in Figure 45A, dividing each by infusion rate, and a
single superimposed curve is obtained. This is the same idea,
superposition, discussed previously for single IV bolus doses,
and it is a characteristic of first-order kinetics. Because these infu-
sion rate-normalized curves superimpose, it takes the same
amount of time for any of those infusion curves to achieve the
same fraction of steady state. It takes one t, , for an exponential
declining curve to reach 50% of the starting concentration; it takes
one t, . for an exponential increasing infusion curve to achieve
50% of its final steady state concentration. After two t, s, an
exponential declining curve has declined by 75% of its starting
value; after two t, .5, an infusion curve achieves 75% of its final
steady state concentration. After threet, s, an exponential declin-
ing curve has declined to 88% of its starting value; after three t, s,
an infusion curve achieves 887 of its final steady state concentra-
tion. This continues for each subsequent t, . The rise in the infu-
sion curve after a certain number of t, ,s (as percentage of the final
steady state concentration) is exactly equal to the decline (as per-
centage of the starting concentration) in an IV bolus plasma con-
centration-time curve at the same number of t, ,5. As a practical
general rule, it takes approximately four t, s to achieve a steady
state (actually, 94% of C..).

The exact equation that describes the concentration-time
curve after constant rate IV infusion to steady state, assuming a
one-compartment model, is

k . :
Gl o Yoo ot )

o (Eq. 56]
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Figure 45. A: Plasma concentration-time profiles for a hypothetical com-
pound given by constant rate intravenous infusion at rates of 10, 20, and
40 mg/hour. The rt-hul!ing steadly state plasma concentrations are dl'rerlly
proportional to the infusion rates: 1, 2, and 4 ng/ml. B: The percentage of
steady state as a function of the number of half-lives of infusion. The values
on the line indicate the percentage steady state achieved at each hali-life.
(From M. Mayersohn, unpublished. with permission from Saguaro Techni-
cal Press, Inc, Tucson, AZ, 2002.)

At time zero, the concentration is zero, and, at time infinity, the
steady state concentration is reached, and it is equa] tok /CL..
This equation describes the curves illustrated in F1gure 45A.
Once the infusion is stopped, whether a steady state is achieved
or not, the concentrations decline in an exponential fashion just
as it does after an IV bolus dose. The slope of the line describing
the decline is equal to -K/2.3.

The percentage of the steady state plasma concentration that
is ultimately achieved after any infusion rate is illustrated in Fig-
ure 458 as a function of the number of t, s of infusion. The val-
ues for percentage of steady state aclueved are noted on the line
foreach t, ..

The 1dea of a steady state plasma concentration applies as
much to endogenous biochemicals as it does to exogenously

administered compounds. The only difference is that the numer-

ator, rather than being an infusion rate, is a formation or synthe-
Sis rate;

Coce = formation rate
=ty

For example, creatinine is formed from muscle metabolism, and
the reaultmg steady state serum creatinine concentrations are a

[Eq. 57]
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function of its formation rate from muscle and creatinine renal
clearance. This idea applies to any biochemical for which there
is a source of production, such as serum albumin.

Multiple Dosing

Constant rate 1V infusion 1s useful for establishing the two basic
ideas of steady state: What determines the value of the steady
state concentration and how long does it take to achieve a steady
state. Furthermore, infusion has a place in therapy although its
use is limited by the need for a clinical facility and experienced
personnel. In some instances, a portable infusion pump can be
attached to a patient and thereby permit ambulatory activities to
continue. Far and away, however, the most frequent approach to
continual therapy and to achieving a steady state is with use of
a multiple dosing regimen. Although such therapy might involve
multiple IV infusions or multiple 1V bolus doses (again, in a
clinic or hospital setting), other routes, especially oral or subcu-
taneous administration, are the rule. A multiple dosing regimen
requires a maintenance dose (D,,) and, perhaps, a loading dose
(D,), a dosing interval (t; tau), a route of administration, and a
specific drug product. The dosing interval determines the fre-
quency of dosing. Issues of exposure to environmental com-
pounds have identical considerations when it comes to
accumulation in the body.

Consider a route of administration that requires absorption
into the body, as this results in the most general relationships.
The basic relationship, with one alteration, is the same as that
developed for constant rate IV infusion. The only difference is
that rather than a constant rate infusion, a dose rate is dealt with
here. A dose rate is the amount of substance that reaches the sys-
temic circulation (F - D,,) per dosing interval, T; dose rate equals
(F - D,,)/1. Therefore, the steady state concentration is given by

C _doserate _ F- Dy
ayerage ~ =

B CLg Clg T

As with the previous relationship, this is an especially useful

equation and it can be written in a number of equivalent forms.

Cog = [Eq. 58]

Can =1 _doserate _ F'Dy  FDy
55 = “average — : = -

CL:-, CL(_‘ T A'I'I V-t l'Eq 59]
E- B DM : t]__-‘g'(1,44}

V-1

A change in any one variable at a time should lead to a change
in C., that makes sense. Thus, if t,,» were to increase, holding all
other variables constant, one would expect the steady state con-
centration to increase, as the equation predicts. The reason that
the term C“mﬁL is used is because, unlike constant rate IV infu-
sion, multiple dosing actually produces a fluctuating and not a
constant steady state, as is illustrated.

Another idea that is different for multiple dosing is that of
accumulation. As long as one administers a dose of the com-
pound before the prior dose is completely eliminated from the
body, the amount of compound in the body continues to accu-
mulate with additional doses until a steady state is reached.
What determines the value for C? Dose rate and clearance.
How long does it take to achieve a steady state? The answer is
approximately four t, s, and it does not matter how often the
compound is admmlbtered To illustrate these ideas, consider
Figures 46 and 47. A typical multiple dosing plasma concentra-
tion-time profile involving absorption is shown in Figure 46A.
The compound has a t, , of 4 hours and it is being dosed every
4 hours. If only the first dose was given, the plasma concentra-
tions continue to decline after reaching a maximum (C_ ). Also
shown is the area under the first dose curve. However, if a sec-
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Figure 46. A: Plasma concentration-time profile after the multiple dosing of
a compound that undergoes absorption to gain access to the body. The com-
pound has a terminal half-life of 4 hours and is being dosed at a dosing inter-
val (T} of 4 hours. The concentrations increase with dosing as a result of
accumulation, and a steady state concentration is achieved within approxi-
mately four half-lives, The first dose is characterized by a maximum plasma
concentration (C__ ), and the total area under the curve for the first dose is
indicated. At steady state there is a maximum and minimum steady state
plasma concentration | . and C, ek and an area under the curve dur-
ing the closing interval at steacly state is indicated. An average steady state
concentration (C, . or “O) between the maximum and minimum value
may also be calculated. B: The accumulation ratio as a function of the ratio
of dosing interval to half-life, t/t, ,. The more frequent the dosing (left side of
graph), the smaller the value for T, , and the greater the compound accu-
mulates. The less frequent the dosing (right side of graph), the greater the
value for T/t , and the smaller the accumulation. Note that when wt, , = 1,
the accumulation ratio is 2.0, (From M. Mavyersohn, unpublished, with per-
mission from Saguaro Technical Press, Inc, Tucson, AZ, 2002.)

ond and subsequent doses are given every 4 hours, the plasma
concentrations rise as a consequence of accumulation. This rise
continues until a steady stale is achieved and this is seen after
approximately four t, s. All subsequent curves during a dosing
interval simply repeat the identical concentration-time pattern
(in fact, they are superimposable). Any concentration-time
curve during a dosing interval at steady state is characterized by
amaximum (C_ ), a minimum (C i) and an average {C’m‘mﬁv
or C; read as C-bar) steady state plasma concentration. There are
exact equations that may be used to calculate those values. The

t=4hr
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Figure 47. A: Plasma concentration-time profiles for a drug administered in
a multiple dosing fashion by a route that requires absorption into the body. The
same maintenance dose of the same drug (1, , = 4 hours), is administered at
different dosing intervals (v =4, 12, and 24 hours), giving rise to different dose
rates and different steady state plasma concentrations, Note that accumulation
is greatest for the smallest ratio of T, , (i.e,, T =4 hours). B: Plasma concen-
tration-time profiles for different drugs administered in a multiple dosing fash-
ion by a route that requires absorption into the body. Each drug is given at the
same dosing interval, T = 1 day. The hali-lives of the drug are 2 days (top), 1
day (middle), and 8 hours (bottom). Note that accumulation is greatest for the
smallest ratio of T, , (i.e,, t,, = 2 days). (From M, Mayersohn, unpublished,
with permission from Saguaro Technical Press, Inc, Tucson, AZ, 2002.)

C,verage 18 not the mean of the maximum and minimum concen-
trations, but rather it is defined as the area under the steady state
plasma concentration during a dosing inlerval divided by the
dosing interval, Cm,mge = (AUC ). /7. The degree of accumula-
tion is judged by examining the concentration obtained from the
first dose and comparing it to the concentration obtained on
multiple dosing. For example, the ratioof C__ to C_  wives
an estimate of accumulation. In the example illustrated, the
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value is approximately 2.0; the drug accumulates to the extent of
approximately twofold. The degree of accumulation as judged
by the accumulation ratio is illustrated in Figure 46B. Accumu-
ation is a function of the ratio of dosing interval o t, ., T/t, ..
Thus, the smaller this ratio, the more frequently the dose is given
(eg. t=4hours; t, , =24 hours), the greater the accumulation.
[n contrast, less frequent dosing (e.g., T=24 hours; t, ,, =4 hours)
sives a large value on the x-axis and little accumulation. A use-
{ul index value is an accumulation ratio of 2.0, associated with a
1/, ratio of 1. That is, dose the drug at a time equal to its t, ,
and accumulation is twofold.

The latter ideas are also expressed in Figure 47. Figure 47A
illustrates the multiple dosing plasma concentration-time data
for a drug that undergoes absorption and that is administered at
three different dosing intervals. With a t, , of 4 hours, this hypo-
thetical drug undergoes greater accumulation when it is given
most frequently (i.e., T=4 hours) and least accumulation when
given infrequently (i.e., T = 24 hours). Figure 47B illustrates a
similar idea except that the dosing interval is held constant (t=
24 hours) for three different hypothetical drugs with different
half-lives (from top to bottom, 2 days, 1 day, and 8 hours). The
greater the t, ., the greater the accumulation.

Dosing regimens that use the same dose rate provide identical
average steacly state plasma concentrations. Thus, the following
equivalent dose rates result in identical values for Cm-m,-,é 1000
mg/24 hours = 500 mg/12 hours = 250 mg/6 hours. However,
the range of maximum to minimum concentrations is different.
The least frequent dosing (1000 mg/24 hours) results in a much
larger range of concentrations at steady state compared to more
frequent dosing (i.e., 250 mg/6 hours). These ranges of concen-
trations during a dosing interval at steady state for different dos-
ing intervals are illustrated in Figure 48.

One of the most useful applications of clearance concepts is
their incorporation into the multiple dosing relationships. Based
on the category of clearance of the compound (low or high), one
can predict what should happen at steady state as a result of alter-
ations due to, for example, drug-drug interactions or as a result of
disease states. In the same way, one can evaluate the results of
studies to determine the correct mechanism(s) responsible for the
observed changes. This is especially true when trying to under-
stand changes in total and unbound plasma concentrations and
t, . as a result of alterations in plasma protein binding,

Plasma Concentration, mg/L

Time, hr

Figure 48. Steady state plasma concenrations of a drug administered in a
Multiple dasing fashion by a raute that requires absarption into the body. The
same drug (hali-life, 4 haurs was given at different dosing intervals but using
tual dose rates. The three dose rates are 1000 mg/24 hours; 500 mg/12
hours; 250 mg/b hours. Note that the same average steady state plasma con-
tentralion is achieved; however, there is a wide range of concentrations when
the: dosing interval is long, (Fram M. Mayersohn, unpublished, with permis-
slon from Saguare Technical Press, Inc, Tucson, AZ, 2002.)
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What effect will a change in plasma protein binding have on
total and unbound plasma concentrations? The change in
plasma protein binding may be the result of an alteration in
plasma protein (e.g., albumin) concentrations or as a conse-
quence of being displaced by another highly bound compound.
Total steady state plasma concentration, C ., is a function of
dose rate and clearance, whereas the unbound concentration is
that value multiplied by the unbound fraction:

C _ dose rate
TOTAL = — /7
Clg
f, - dose rate s
Cunsounp = fu- CTO’I AL = = —
s

The exact relationship depends on the category of clearance: low
or high. For a low clearance compound, CL, = f, - CL, ., and,
theretore,

C _ dose rate
TD'TM_=f T T
U Lind
[Eq. 61]
C = _frdoserate  dose rate
UNBOUND = U “~TOTAL= =
H J e Cly CLy int

Jnt
Total plasma concentration is affected by changes in plasma pro-
tein binding (e.g,, an increase in the unbound fraction results in
a decrease in total concentration). In sharp contrast, a change in
plasma protein binding has no effect on unbound plasma con-
centrations. This important conclusion is sometimes thought to
be counter-intuitive, especially when it is stated that plasma pro-
tein binding has no effect on the unbound plasma concentration. The
unbound plasma concentration is influenced only by the CL,,
whereas the total concentration is affected by total clearance.
The only way to change the unbound plasma concentration is to
alter the CL, . For example, if the drug is metabolized, any
drug-drug interaction causing an increase (induction) or
decrease (inhibition) in CL,,  results in a change in the
unbound plasma concentration. Because it is the unbound
plasma concentration that is in equilibrium with tissues (the
likely sites of action), that type of interaction is expected to affect
response and /or toxicity. In fact, it is generally correct to state
that drug displacement interactions have little if any clinical sig-
nificance (48).

For a high clearance compound, clearance is approximately
equal to organ blood flow, CL, = Q, and, therefore,

C _dose rate
TOTAL= _Q_—

£, - dose rate 6l

Cunsounp = fu' Crorar= 8)

In this instance, total plasma concentrations remain unchanged,
but the unbound concentration increases if the unbound fraction
increases. This is one of the few categories of drug in which a
drug displacement interaction might have clinical relevance
(e.g., lidocaine).

An excellent example of the use of these concepts in evaluat-
ing literature claims and in examining possible mechanism(s) of
interactions is the classical interaction between warfarin and
phenylbutazone. It was known that the coadministration of
those two compounds resulted in incidents of bleeding. It was
also known that both compounds bound extensively to plasma
proteins, and displacement from binding sites could be seen in
in pitro studies. The conclusion reached, which was held for a
long time, was that phenylbutazone was displacing warlarin
from its plasma protein binding sites, All that is needed to know
Lo assess the correctness of this conclusion is the clearance cate-
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gory of warfarin. Because that compound 15 totally metabolized
by the liver, and its clearance is approximately 100 ml/minute,
it is in a low clearance category (ER = 0.067). Equation 61 offers
an approximation of total and unbound plasma concentrations
for a low clearance compound and it suggests that total concen-
tration should decrease. In fact, total warfarin concentrations
were found to decrease in the presence of phenylbutazone in a
clinical study. Therefore, that finding is consistent with the sug-
gested mechanism of the interaction being a displacement
interaction. However, why would a decrease in the concentra-
tion of the drug cause an fncreased response (i.e,, more bleed-
ing)? Equation 61 aiso predicts that there shouid be no change
in the unbound plasma concentrations. In fact, in the clinical
study, the unbound plasma concentrations were found to
increase in the presence of phenylbutazone. That increase is con-
sistent with an enhanced response, but how does one explain
that change? The only way to explain the findings is to conclude
that the CL  has decreased, and this is the cause of the
increase in the unbound plasma concentrations,

do:-,e rate

m

In other words, there are actual]y two interactions occurring, but
the clinically important one is a result of phenylbutazone inhib-
iting the metabolism of warfarin, causing a decrease in the
CLL‘,ml ("1'9)-

These concepls can also be applied in an attempt to predict or
interpret the effect of altered plasma protein binding on the ter-
minal t, 5. This becomes somewhat more complex because t, ,
clePenda on both apparent volume of distribution and clearance,
and both may be affected by plasma protein binding, depending
on the clearance category. To conduct this analysis in a practical
way, one needs to simplify the volume and the clearance terms:
small or large volume, small or large clearance. For example,
what effect would an increase in the unbound fraction in plasma
have on the terminal t, , of a small volume and small clearance
compound (e.g., warfarin)?

0693V, 0693-(7+48-6)
s CLg —  Fy-Clyjm

This analysis would conclude that, because the numerator and
denominator contain a term for f, any change in that value has
little if any effect on t, .. Perhaps being a bit more precise (even
though this is an approximation only), the numerator goes up in
a nonproportional way with an increase in the unbound frac-
tion, whereas the denominator goes up directly, leading to an
overall decrease in t, ,. This type of simplified analysis is useful
and goes a long way in explaining unexpected results and in
making reasonable experimental predictions.

[Eq. 64]
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GLOSSARY
A

Absorption: The process of a substance moving from an
extravascular (i.e., nonintravenous) site of dosing across one or
more biologic membranes (usually down a concentration gradi-
ent) and appearing in the systemic (i.e., blood) circulation after
administration.

Absorption rate constant: The apparent first-order absorption
rate constant describes the relationship between the rate of
absorption and the concentration or amount of substance being
absarbed from the absorption site; rate of absorption = k,
amount, Usual symbol is k, (units, 1/time).

Absaolute binavailability: See Bioavailabilily.

Accumalation: The process of drug amount (and plasma con-
tentration) increasing in the body after multiple dosing. Accu-
mulation occurs when the next dose is given before all drug
from the previous dose has been eliminated from the body. Mea-
sured by the accumulation ratio.

Accumulation ratio: The extent to which a drug accumulates in
the body after a multiple dosing regimen. This value is deter-
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mined by the ratio of the dosing interval (1) to elimination half-life
(t, 5); the smaller that ratio is, the greater the extent of accumula-
tion. Symbol often used is R.. (unitless). For a simple model,

1

B e i

(= I_ - E_K o

Active tubular reabsorption: The active process requiring
metabolic energy that is responsible for the movement of a
substance from the urine back into the blood. As with all
active processes, a specific transport system is required. Such
systems are important for homeostasis of required nutrients
such as monosaccharides, amino acids, and vitamins. The
renal clearance of such substances is approximately zero until
the process becomes saturated and at a maximum approaches
glomerular filtration. This process is characterized by a V.
orT__ (transport maximum) and k , concentration to achieve

max
one-half T .

T

Cliteabs = mmé_\_ CL
Active tubular secretion (or transport): When used in the context
of the kidney, this refers to the passage of drug directly from the
bloodstream (efferent arteriole) into the renal tubule, without going
through the glomerulus. The process is active, because it requires
the input of energy to push the drug from a low concentration in
the bloodstream to a high concentration in the renal tubule. Such
active processes also have characteristics of site specificity, struc-
tural specificity, and may be competitively inhibited. Penicillin is a
drug example (inhibited by probenecid; a classic drug-drug inter-
action). Renal clearance associated with active tubular secretion
(approximately 1200 blood /minute or 600 ml plasma/minute)
exceeds that of glomerular or passive filtration (approximately 100
to 120 ml plasma/minute). Mathematically, this process can be
described by the same relationship as for Michaelis-Menten
enzyme kinetics. This process is characterized by a V_ orT
(transport maximum) and k_, concentration to achieve one-half
T .- The renal clearance of such substances used to measure renal
blood flow (e.g., p-aminohippuric acid) approaches renal blood
flow at low plasma concentrations. Clearance approaches zero at
high plasma concentrations. At high plasma concentrations, renal
clearance approaches glomerular filtration.

- = Tl‘l‘l ax CL
secreton -km + Cplasmn
ADME: The mnemonic used for absorption, distribution, nietab-
olism, and excretion.
p-Aminohippurate (PAH): See Para-aminohippurate.

Apparent oral clearance: Determined after an oral dose from
CL, = dose/(AUC),™. Sometimes referred to as intrinsic clear-
ance (see infrinsic clearance). Apparent oral clearance equals sys-
temic clearance if the fraction of the dose absorbed (F) is equal
to 1. Under all other circumstances, oral clearance is greater than
systemic clearance (units, volume/time).

Apparent volume of distribution: See Volume of distribution.
Symbol is V, usually with a subscript to indicate which volume
it represents (units, volume).

Area under the curve (AUC): A shorthand term for the area
under the plasma concentration-time curve. Unless otherwise
specified, AUC,” is the area from time 0 to infinity. This impor-
tant measure is directly related to dose (assuming first-order
kinetics) and is used to calculate several other important values
such as clearance, apparent volume of distribution, and bio-
availability. The mathematical equivalent of this graphical area
is the integral of the equation that describes the curve (from time
0 to infinity); AUC,, = [y C - dt. The area may be determined by
fitting the data (e.g., nonlinear regression analysis), or it may be
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approximated with any of several techniques (e.g., trapezoidal
rule, spline function, and so forth). This area is sometimes
referred to as the zerotli moment. Conceptually, the AUCT may be
considered (as it is by pharmacologists and toxicologists) as an
index of exposure to the drug. Thus, the greater the area is, the
greater the exposure to the drug (units, concentration x time).

B

Bile: A liquid produced by the liver and secreted into the duode-
num; it contains water, bile salts, bile pigments, cholesterol, lec-
ithin, and ions. Bile salts make bile a micellar solution. The
primary function of bile is to emulsify fats, through micellar sol-
ubilization, and it appears to increase the water-solubility and
dissolution rate of poorly water-soluble drugs.

Biliary recycling (enterohepatic recirculation): The process
whereby a drug or endogenous substance is taken up by the
liver, incorporated into bile, secreted into the gut, and reab-
sorbed back into the systemic circulation. So effective is reab-
sorption and recycling of bile salts, that greater than 95% of
these molecules are reabsorbed from the gut, Biliary recycling of
a drug is often observed as a secondary peak in the plasma
concentration-time curve, often in association with ingestion of
a meal. Disruption of this process increases systemic clearance.
The long half-life of phenobarbital (approximately 4 days)
appears to be due to enterohepatic recycling. The half-life is
reduced dramatically after oral charcoal administration, which
disrupts the recycling process.

Bioavailability: A term used to define and quantitate the rate
and efficiency of the extravascular absorption process, As a
parameter, there are two types of bioavailability: (A) absolute bio-
availability refers to the fraction of a dose reaching the systemic
circulation intact (in reference to an intravenous dose); and (B)
relative bioavailability is the fraction of a dose of drug reaching the
systemic circulation relative to a reference product (innovator’s
product). As an adjective, bioavailability refers to the rate and
extent of drug absorption (as in a bivavailability study). The
symbol F is often used for bioavailability (fraction of the dose
absorbed), and the maximum plasma concentration (C_ ) and
the time of occurrence of the maximum concentration (T __ ) are
often used to reflect rate of absorption,

Bioequivalence: The property of two or more dosage forms,
which contain the same amount of drug, producing equivalent
biologic responses. Regulatory agencies (e.g., U. 5. Food and
Drug Administration) customarily assume dosage forms are
bioequivalent when, from a statistical point of view, they are
equally bioavailable. Hence, the term bivequivalence is frequently
interchanged with bioavailability equivalence. The basis for this
determination is often AUCS or the amounts of drug excreted
into the urine. Numerous statistical approaches are used for this
judgment. The Food and Drug Administration has guidances
available to define and test bioequivalence.

Biologic half-life: Often used interchangeably with elimination
half-life. This term should not be used as it is often confused
with a response half-life. Symbol t, , (units, time).
Biopharmaceutics: The study of the influence of physical chem-
ical and formulation factors on the in vitro (e.g., dissolution rate)
and in vivo performance (e.g., absorption) of a drug dosage
form. Frequently, however, biopharmaceutics is also used to
characterize formulation factors affecting only dissolution.
Biophase: The presumed site of action in which the receptor is
located. Drug is thought to bathe this site and be in equilibrium
with unbound drug concentration in the blood (see Effect site).
Biotransformation: See Mctabolism.

Bolus: Refers to instantaneous drug input, as an intravenous
bolus injection. In veterinary medicine, a bolus refers to a large

tablet administered to animals. Symbol often used for an intra-
venous bolus dose is X! (units, mass).

Blood: The fluid that forms the major communication system
within the body. Blood is comprised of a fluid (plasma) that is
suspended proteins and formed elements (e.g., various cells).
Blood is the fluid that delivers and removes drug from tissues
that it bathes.

Brush border: See Microvilll,

C

Central lor initial) compartment: The compartment or region of
a multicompartment model that receives drug and often is the site
of elimination of drug. This compartment is central to all other
compartments in a mammillary model (all others feed-off of this
compartment) and contains the blood and all other highly blood-
perfused tissues. The exact tissues located in this compartment
also depend on the drug. Often called the initial compartment.
Clearance: A primary pharmacokinetic parameter characterizing
the rate at which drug is removed from plasma. In general, clear-
ances are additive, as, for example, (total) clearance equals meta-
bolic clearance plus renal clearance plus biliary clearance, and so
forth. Clearance has units of volume/time. If clearance equals 20
ml/minute, this denotes that total elimination of drug is such that
every minute an equivalent amount of drug is irreversibly
removed (eliminated) as is contained in 20 ml of plasma (or
blood), Clearance may also be viewed as the proportionality con-
stant between plasma concentration and rate of elimination (i.e.,
plasma concentration x clearance = rate of elimination). When the
term clearance is used, it refers to total clearance (total body clear-
ance, TBC, or systemic clearance, CL,), unless specifically
denoted otherwise. Clearance is one of if not the most important
pharmacokinetic parameters, as it characterizes the functional
ability of an eliminating organ and it determines steady-state
plasma concentrations resulting from multiple dosing. The fun-
damental mathematical relationship for clearance is CL = rate of
elimination/C,; 4o, (units, volume/time).

Compartment: A part of a system, which may be a substance or a
space. If a drug and metabolite occupy the same body, there are
two compartments, one for the drug and the other for the metab-
olite. If a drug occurs in two distinct sites in the body, there are
two compartments for that drug. The latter, differentiating space
or location, is the most frequently used definition. Compartmen-
tal models arise from the need to describe measurable rates of
drug distribution in the body. Compartmental models are usually
arranged in a mammillary format, such that there is a central com-
partment from which all other com partments feed.
Concentration gradient: The difference in concentration of a
substance at two different locations. For example, a concentra-
tion gradient across a membrane is the driving force for move-
ment across that membrane. When the gradient is zero (i.e., no
difference in concentrations on two sides of the membrane),
transport ceases. In first-order processes, compounds move
down a gradient. Only in active or specialized transport pro-
cesses is a compound able to go up or against a gradient (e.g.,
active tubular secretion).

Concentration maximum: See Maximuni plasma concentration.
Constant of elimination or disposition: See Disposition rale
constant.

Creatinine (clearance): Creatinine is an endogenous waste
product of muscle metabolism. Creatinine is almost completely
eliminated by the kidney by glomerular filtration without tubu-
lar secretion or reabsorption. Hence, creatinine clearance is a
good approximation of glomerular filtration rate. Creatinine
clearance is extensively used, because it does not require exoge-
nous drug administration. The value of creatinine clearance may
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pe estimated from a measure of serum creatinine concentration

with the aid of one of several equations that incorporate age,

body weight, and gender (Cockcroft-Gault equation or Siers-

pack-Nielsen equation).

_ (ideal weight, kg)(144 —age, yr)
72 -Ser (mg'o)

0.86(ideal weight, kg)(144 - age, vr)

C1LCr. ml/min (males)

CLCr, ml/min (females) =

72 Ser (mg)

in which CLCr is creatinine clearance and Scr is serum creatinine
concentration (units, volume/time).

Cytochrome P-450: A large family of enzymes that is responsi-
ble for the metabolism of many drugs. Such metabolic processes
are described as phase 1 metabolism. There are numerous
isozymes or isoforms, some of which are under genetic control.
Also referred to as CYP450,

D

Disinlegration: The breaking apart of a dosage form, observed as
when an aspirin tablet is placed in water. The tablet initially
breaks up into clumps of granules, followed by granules, and
then primary particles. This is not the same as dissolution, which
is a prerequisite step for absorption. Consider a tablet made of
anules of cement; the tablet disintegrates but never dissolves,
Distal: Further away from some reference point. For example,
the reference point of the gastrointestinal tract is the juncture of
the esophagus and stomach. Therefore, the large intestine is
more distal than the small intestine.
Disposition: The simultaneous processes of drug distribution
and elimination.
Disposition half-life: A term used to describe the terminal log-
linear phase of a plot of plasma concentration versus time (or
any other plot from which half-life or the rate constant may be
determined). This is the preferred term (compared with biologic
or elimination half-life) because it implies properly that this
half-life is a function of all dispositional processes (i.e., a func-
tion of distribution and elimination), The most appropriate rela-
tionship for half-life, which shows the dependent and
independent variables, is t, , = (0.693 . V)/CL (units, time)
Disposition rate constant: A constant that acts as a proportion-
ality constant between a rate and the amount or concentration of
drug. This rate constant refers to the log-linear terminal phase of
asemilog plot of blood concentration versus time. This constant,
which has units of reciprocal time, may be viewed as the frac-
tional (or percentage) rate of loss from the body, which involves
both processes of distribution and elimination. Symbols often
used are K, 3, hyoor A - The disposition half-life is obtained
from the value t,,, = 0.693/K (units, 1/time).
Dissolution: The process of dissolving (i.e., changing state from
asolid to a liquid). Dissolution rate is often the rate-limiting step
in the extravascular absorption process, especially for poorly
water-soluble drugs. Dissolution and disintegration are nof the
same processes (see Disintegration).
Distribution: Translocation from the plasma to lissues, and vice
versa,
Distribution equilibrium: This occurs when the ratio of drug
foncentration in plasma to concentration in tissue remains con-
Stant as a function of time. If distribution is instantaneous
(which results in a one-com partment model), the plasma/tissue
foncentration ratios are constant at all times after dosing, If dis-
tribution occurs at a measurable rate (leading to a multicom-
Partment model) the plasma/tissue ratios continue to change
u‘}lll an equilibrium is achieved.
Dlsfributiun phase: The initial rapid portion of a drug concen-
tration-time profile after an IV bolus dose, which primarily
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reflects the distribution of drug or movement into other tissues.
When this distributive phase occurs, the drug may be described
by a multicompartment model. This is often called the o-phase.
Dosage form: The physical form in which the drug is dispersed
and used for delivery to humans (e.g., tablet, capsule, solution,
and so forth).

Dosage regimen: The dosage torm, amount, frequency, and
route of administration of a multiple dosing scheme (e.g., one
300 mg oral tablet taken every 6 hours),

Dose-dependency: This condition exists whenever drug con-
centration-time profiles, divided by dose, are not superimpos-
able. A dose-dependent or nonlinear system is one in which
there is not a linear relationship between input and output. This
process denotes one or more types of nonlinearity. Other terms
used are: nonlinearity, capacity-limited, zero-order (but incor-
rectly), saturable. An example is Michaelis-Menton enzyme
kinetics. Dose-dependent generally refers to the relationship
between a parameter (e.g., half-life, clearance, volume) and
dose. Other forms of nonlinearity are time-dependent.
Dose-response curve: Any linear or (semi)logarithmic plot of
drug response (either therapeutic or toxic) as a function of dose.
More commonly in pharmacokinetics, concentration-response
curves are used.

Dosing interval: Time interval between consecutive doses.
Often symbolized by 1 (tau) (units, time),

Drug: A substance given for the treatment, cure, or amelioration
of disease or physiologic disorders. It may be synthetic, semi-
synthetic, or derived from natural sources.

Drug metabolism: See Metabolism.

E

Effect site: The actual, presumed, or hypothetical site within the
body in which receptors generating the pharmacologic effect are
located. This site is often called a biophase (see Biophase).
Elimination: The sum of (bio)chemical and physical removal of
drug from the body.

Elimination half-life (or rate constant): A term used to describe
the terminal log-linear phase of a plot of plasma concentration
versus time (or any other plot from which half-life or the rate
constant may be determined). Although this is a commonly
used term, it is nof the preferred term, which is disposition or
terminal half-life. See Disposition half-life.

Enterohepatic recycling or recirculation: See Biliary recycling.
Enzyme: An organic catalyst, frequently a protein.

Enzyme induction: The process whereby exposure to an agent
increases the concentration of a drug-metabolizing enzyme,
which results in an increase in metabolic clearance. Smoking
induces certain forms of cytochrome P-450, which increases the
metabolic clearance of certain drugs (e.g., theophylline).
Enzyme inhibition: The reverse of enzyme induction; the pro-
cess whereby enzyme activity is reduced, This process results in
a reduction in metabolic clearance (e.g., cimetidine is a common
enzyme inhibitor).

Epithelial cells: These are cells covering internal or external sur-
faces of the body. Epithelial cells line the villi of the gastrointes-
tinal tract (one layer thick); they are joined and held together by
small amounts of a cement-like substance. The junction between
any two cells is termed the tight junction. Leakage through the
tight junction is the major route of drug absorption of dissoci-
ated (ionized) molecules. A layer of epithelial cells is termed an
epithelinn.

Ex vivo: Away or removed from life, oftentimes a combination of
in vive and in vitro. For example, one could study enzyme induc-
tion by administering the inducer to rats in vive, then preparing
liver homogenates and studying enzymic activity fn vitro.
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Exogenous: Not naturally present in the body. Most drugs are
exogenous agents; exceptions are agents like thyroxine, sodium
bicarbonate, progesterone, estradiol, and so forth.
Exponential: In pharmacokinetics, referring to any mathematical
expression with the number ¢ (the base of natural numbers; 2.71528

.. Jor 10 raised to a power. In general, an exponent is the power to
which a base is raised (e.g., 10% 2 is the exponent of the base 10).
Exponential terms most frequently arise in pharmacokinetics as a
result of a first-order kinetic process. First-order disposition could
be characterized as exponential disposition. Exponential processes
occur frequentlv in nature (e.g., gmwth of cells). In pharmacokine-
tics, aLr-aGi'puOﬁ from an extravascular site is often described b\ an
exponential input of drug into the body; elimination of drug from
the body is often described by exponential loss.
Extraction ratio (ER): The frachion of molecules entering an
organ or tissue that is irreversibly eliminated from blood as it
passes through that organ. For example, a hepatic ER of 0.2 indi-
cates that 20% of all molecules entering the liver are irreversibly
eliminated through metabolism, biliary excretion, and so forth.
This fraction remains constant with each passage through the
eliminating organ assuming first-order kinetics. ER is deter-
mined from the following measurement:
Cin = CUul

Cin

in which C, is the arterial drug concentration entering the elim-
inating mgan and C_ | is the venous concentration exiting the
organ. ER may also be determined from a knowledge of the
organ clearance (CL) and with an estimate of organ blood flow
(Q): ER=CL/Q.
Extravascular: External to the bloodstream. Any route of admin-
istration that does not provide direct entry into the bloodstream.
Thus, oral, rectal, pulmonary, transdermal, and so forth are
pathways or routes of administration that require passage
across one or more biologic membranes before gaining access to
the bloodstream.

ER =

E

Filtration: See Glomerular filtration,

Filtration fraction: The fraction of plasma flow that is filtered
through the glomerulus (approximately 20%).

First-order: Denoting direct proportionality between rate and
concentration or amount of substance (rate == concentration).
For example, elimination could be first-order (i.e., directly pro-
portional to plasma drug concentration). The proportionality is
represented by a rate constant (rate = K x concentration). This is
an important kinetic process that is used to describe the behav-
ior of most drugs. This process is often referred to as linear or
dose-independent kinetics. Such pharmacokinetic parameters
as half-life, clearance, and volume are dose-independent. See
also Order,

First-pass effect (presystemic elimination): Drug degradation
and/or metabolism after extravascular administration and
which occurs before systemic absorption. Oral first-pass effects
include lumen degradation/metabolism, gut wall metabolism,
and hepatic metabolism before systemic appearance of drug,.
Oral hepatic first-pass metabolism occurs subsequent to passage
into the hepatoportal vein in the first pass of drug molecules
through the liver, before reaching the heart. The magnitude of
the latter is governed by the value of hepatic clearance (or
hepatic extraction ratio). This first pass after oral dosing is more
significant than after IV dosing because in the latter case the
drug is distributed and diluted before its first appearance in the
liver (therefore a small mass is cleared). This effect may be
avoided by buccal or sublingual administration (e.g., organic

nitrates, methyltestosterone). There may also be a pulmonary
first-pass effect after IV dosing, dermal first-pass, and so forth,
The fraction of the absorbed dose that escapes any of these
sequential metabolic processes is given by (1-ER,). See Hepatic

first-pass effect.

Flip-flop (model): This occurs when rate of drug absorption is
slower than disposition, and hence the shape of the plasma con-
centration-time curve reflects absorption rather than disposi-
tion. Penicillin has a disposition half-life of approximately 1
hour; when administered as a depot intramuscular injection, the
plasma concentration- time curve decays with a much longer
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tained release products are formulated such that elimination is
governed by slow absorption. The slowest step in a sequence of
steps (e.g., absorption to blood to elimination) governs the ter-
minal slope of the plasma concentration versus time plot (this is
the idea of a rate-limiting step).

Fraction unbound: The unbound (or free) fraction of drug in
plasma (f,). See Unbound fraction.

Free fraction: Same as fraction unbound. See Unbound fraction.

G

Gastric emptying: The process that describes movement out of
the stomach and into the small intestine (see Gastric emptying rate).
Gastric emptying rate (GER): The rate at which materials (espe-
cially food) leave the stomach and enter the small intestine. This
rate is different for liquids and solids and is affected by such fac-
tors as fat and carbohydrate content, osmotic pressure, position,
and so forth. Often measured as a gastric emptying half-time
because the process may not be exponential (see Half-time). GER
may be a limiting factor in controlling rate of absorption because
drugs are best absorbed from the small intestine.

Generic: Refers to a product marketed under the pharmaceuti-
cal name, as opposed to a proprietary (trade) name.

Genetic polymorphism: A type of genetic variation in which
individuals with sharply distinct qualities coexist as normal
members of a population. The study of genetic variations in
response to drugs falls under the broad heading of pharmacogenet-
ics. For example, rapid and slow acetylation of the drug isoniazid
represents a pharmacogenetic polymorphism. In such instances a
frequency-distribution diagram of clearance or half-life illustrates
at least a bimodal shape rather than the usual normal distribution.
One CYP-450 isoform that is under genetic control is 2D6,

GI tract: Gastrointestinal tract (or gut).

Glomerular filtration: The passive process whereby blood is fil-
tered through the glomerulus of the nephron. All formed ele-
ments (e.g., cells) and proteins are not able to penetrate this
membrane (this may not be true under disease conditions such
as nephritis or nephrosis). As a result, drugs bound to proteins
and cellular components are not filtered, and the resulting clear-
ance is less than that for filtration (which is approximately equal
to creatinine clearance, approximately 100 to 120 ml/minute).
The glomerular filtration clearance of a compound bound to
plasma proteins is given by CLy rrmion = fu - CLCr, in which f
is the unbound fraction of drug in plasma and CLCr is creatinine
clearance (units, volume/time).

Glomerulus: That part of the kidney nephron associated with
the passive filtration of unbound substances in plasma (see
Glomerular filtration).

Gut: Nickname for the gastrointestinal tract.

H

Half-life: An important pharmacokinetic parameter most often
used to describe the rate at which a drug is lost from the body.
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Although all kinetic processes may be described by a half-life
(e.8- absorption half-life, distribution half-life, and so forth), it
invariably refers to a first-order process. Half-life describes the
time it takes for one-half of the material to be lost from the body
(or the site of dosing; absorption half-life) or the time it takes for
concentration to decline by one-half. The term strictly applies
when there is only one process occurring. Thus, for a drug
whose disposition is described by a multicompartment model,
after an 1V bolus dose half-life refers to the time associated with
loss in the terminal or final phase; see Disposition half-life and Ter-
minal half-life (units, time).
Half-time: Most often used to describe rate of loss by a non—
first-order process. Thus, for a saturable elimination process
(e.g ethanol), itis the time it takes for the initial amount or con-
centration to decline by one-half. Sometimes used to describe
gastric emptying rate (gastric emptying half-time) (units, time).
Hematocrit: The volume fraction of blood that is red blood cells,
The usual hematocrit (HCT) in humans is approximately 0.45.
Hepatic: Referring to the liver.
Hepalic artery: The major artery supplying blood to the liver.
Hepatic clearance: Clearance of drug by hepatic pathways (also
metabolic clearance).
Hepatic first-pass effect: The presystemic elimination or first-
pass effect due to hepatic metabolism. After an oral dose the
drug moves through the liver via the portal circulation where it
undergoes metabolism. The extent of this first-pass effect is
directly dependent on the value of hepatic extraction ratio or
hepatic clearance, thus, the fraction of the dose escaping this
first-pass effect (assuming complete gastrointestinal absorption)
is given by

f= B _Clygranic
QuepaTic
See First-pass effect.
Hepatopartal: Referring to the blood circulation via the portal
vein that enters the liver. Drug absorbed from the gastrointesti-
nal tract first goes to the liver via the portal vein. This movement
is what gives rise to the hepatic first-pass effect.
Housekeeper wave: See Migrating motility complex.
Hybrid rate constant: A rate constant, usually first-order, that is
dependent on other (often micro-) rate constants. For example,
the rate constants associated with a two-compartment model (¢
and 3, or A, and 4,) are hybrid rate constants as they are a func-
tion of the micro-rate constants associated with distribution and
elimination (units, 1/time).

Indocyanine green (ICG): A diagnostic dye used to estimate

liver blood flow. Any diagnostic agent used for measurement of

organ blood flow must have a high organ extraction ratio or

clearance,

In silico: Theoretical experiments or simulations conducted

with use of a computer program and computer.

Intramuscular (IM): Route of drug administration whereby the

d_rug Is injected into a muscle. The formulation may be a solu-

tion, suspension, oil, and so forth.

Inulin: A polysaccharide used to assess glomerular filtration.

In vitro: Literally, i glass. It is applied to altered biologic sam-

Ples studied outside the organism. For example, hepatic

921)')1118-‘% could be purified and studied in a test tube (i.e., in

titro),

In \:'ivo: Literall)'. m life or within the living body. Clinical stud-

les in humans are i vivo studies,

Intravascular administration: Administration directly into the
loodstream [e.g., intravenous (IV), intra-arterial (IA)].
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Intrinsic clearance: The intrinsic or inherent clearance (CL, ) of
a substance in the absence of any flow (i.e., blood flow delivery
to the organ) restrictions. For low clearance drugs, intrinsic
clearance is equal to that seen after IV bolus dosing (i.e., sys-
temic clearance). For all drugs that undergo hepatic first-pass
metabolism, apparent oral clearance (CL,) 18 equal to intrinsic
clearance, May be determined experimentally in a test-tube con-
taining enzyme (units, volume/time).

Intrinsic clearance of unbound drug: The maximum hepatic
drug metabolism clearance, indicative of access to enzymes and
enzvmatic activity; theoretically, this occurs when there is no
protein binding and hepatic blood flow is nonlimiting (i.e., infi-
nite). Also called unbound intrinsic clearance (CLy, ). This clear-
ance is not limited to hepatic enzyme activity, as every clearing
process has associated with it an intrinsic unbound clearance
(e.g., renal excretion, pulmonary excretion, and so forth). This
parameter is simply related to intrinsic clearance and the
unbound fraction of drug in plasma: CL, =, xCL_ . orCL
=CL,,/f, (units, volume/time).

Isozyme: One of several forms of an enzyme, especially cyto-
chrome P-450. Has the same meaning as isoform. See Cylochrone
P-450),

int

J

Jejunum: The major portion of the small intestine (following the
duodenum) from which most gastrointestinal absorption
OCCUrs.

K

Ki: The enzyme inhibition constant that is used to characterize the
inhibition of a substrate-enzyme interaction. This value is approx-
imately the concentration needed to reduce the rate of metabo-
lism by 50% (similar in concept to the Michaelis constant) (units,
concentration). As an approximation only and assuming compet-
itive inhibition, the percentage inhibition is given by:

100 - (1)
(I +k;

in which (I) is the inhibitor concentration. Thus, 50% inhibition
is seen when the inhibitor is present at a concentration equal to
its k..

K.LS.S. principle: Keep it simple, stupid. See Parsimony, rule of
and Ockhant’s razor.

Km (or Kmm): The Michaelis constant that is used to characterize
the substrate-enzyme interaction. This value is the concentration
needed to obtain one-half of the maximal rate of metabolism
(V__)-See Michaelis-Menten enzyme kinetics (units, concentration).

% inhibition =

max

L

Lag time: The time delay between the time of administration and
the first appearance of drug in the bloodstream (T, ). This value
is associated with disintegration and dissolution processes after
anoral dose or the time needed for a compound to reach the small
intestine and /or be absorbed into the blood (units, time).
Linearity: In pharmacokinetics, this occurs when drug concen-
trations, divided by dose, are superimposable. This is another
statement of or a characteristic of first-order kinetics. Nonlinear-
ity occurs when the curves are not superimposable. In a linear
system, there is a direct relationship between input and output.
(See Dose-dependency and First-order kinetics.)

Loading dose: An initial dose (D) given a patient to rapidly
achieve a concentration near that to be achieved at steady-state
after multiple dosing (units, mass).
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M

Maintenance dose; The dose (D) that is given repetitively at
the dosing interval. This dose (in conjunction with the fraction
absorbed and clearance) determines the steady-state plasma
concentration (units, mass).

Maximum plasma concentration: The maximum value of the
plasma concentration-time curve (C,,, ). After an extravascu-
lar dose, this value is a function of dose, fraction absorbed, the
rate constants of absorption and elimination, and the apparent
volume of distribution. The time at which this occurs is
referred to as the time of maximum concentration. T,, .. (units,
concentration).

Metabolic clearance (or metabolite formation clearance):
Clearance (CL,,) of drug by enzymatic pathways in the liver
(also hepatic clearance). This process represents the formation
clearance of the metabolite (units, volume/time),

Metabolism (biotransformation): The biochemical alteration of
a drug. Generally metabolism is divided into phase I and phase
Il processes. Phase I involves some chemical alteration, usually
the addition of a group that increases the water-solubility of the
parent compound (e.g., hydroxylation, N-methylation, and so
forth). The resulting compound may be less, equal, or have more
activity than the parent compound. Phase Il processes are
referred to as conjugation reactions because the compound is
conjugated with any of several species (e.g., glucuronidation,
sulfation). These derivatives are always more water-soluble
than the parent compound, and they are usually but not always
less active than the parent compound (e.g., morphine glucu-
ronide is more active than morphine).

Metabolite elimination clearance: The clearance of the metabo-
lite (CL,,,) by any of several possible pathways (further metab-
olism, urinary excretion, and so forth). Most directly determined
after an IV bolus dose of metabolite. It is more difficult to deter-
mine this clearance value after metabolite formation from the
parent drug (units, volume/time),

Metabolite induction of metabolism: This occurs rarely when
the formed metabolite from the parent drug is able to induce the
further metabolism of the parent drug. An example is carbam-
azepine metabolism in humans,

Metabolite inhibition of metabolism: This occurs rarely when
the formed metabolite from the parent drug is able to inhibit fur-
ther metabolism of the parent drug, An example appears to be
phenytoin metabolism in the dog.

Michaelis-Menten elimination (enzyme) kinetics: A kinetic
process whose rate may become independent of concentration
beyond a certain concentration, unlike first-order kinetics. Such
a kinetic process is described by the following relationship
(Michaelis-Menten equation):

max C

Rate of elimination = —/——
Ky +C

inwhich Vs the maximum rate (velocity) of the reaction and
Kk is the Michaelis constant (concentration at one-half of V
note that this is nof a rate constant bul a concentration). The rela-
tionship is approximately first-order when C<<k_, and it
approaches a constant, V_, when C>>k | The latter situation is
referred to as zero-order kinetics (rate does not depend on con-
centration). Michaelis-Menten Kinetics is also referred to as
dose-dependent, saturable, capacity-limited, nonlinear, and
zero-order kinetics (the latter is not correct at all concentrations).
Note the similarity in form to the equation used to define a phar-
macodynamic model.

Microconstant: The first-order rate constant in a multicompart-
ment model used to describe an irreversible movement of drug
from one location to another (e.g., K, K, , K, ) (units, 1/time).

Microvilli: Hair-like projections on the outer surface of intesti-
nal epithelial cells. Collectively, microvilli look like the bristles
of a brush; consequently, the total microvilli on an epithelial cell
are termed the brush border,

Migrating motility complex (MMC): A band of regular contrac-
tions, migrating slowly (6 to 8 cm per minute) from the proximal
stomach to the ileocecal valve. This complex only occurs in the fast-
ing state. Each cycle lasts approximately 100 to 120 minutes and
has four phases. Phase IIlis the most intense and is nicknamed the
housckeeper wave, sweeping undissolved particles greater than 4 to
10 mm in diameter from the stomach into the duodenum. When an
enteric-coated tablet is ingested in a fasting state, it must await the
phase 11T housekeeper to pass into the duodenum. When an
enteric-coated tablet is ingested in a fed state, it must await gastric
emptying and initiation of phase Ill of the MMC complex before
being passed into the duodenum. An enteric-coated tablet admin-
istered after a fatty meal usually takes in excess of 12 hours fo pass
into the duodenum. The MMC is also called the interdigestive
myoelectric complex and the migrating motor complex,

Model: One thing that stands for another. A more formal defini-
tion is as tollows: If the study of system A leads to an under-
standing of system B, then system A is a model for system B.
Hence, for example, a model could be a pictorial representation
of the liver, an equation for clearance or volume of distribution,
a hydrodynamic analogy, and so forth. In modeling, one delib-
erately distorts one aspect of reality to enhance another. For
example, one could distort the biophysics of the body (dividing
it into two homogeneous compartments, blood and tissues),
thereby permitting the easy calculation of the plasma concentra-
tion-time on multiple dosing. A model must have two proper-
ties: it must be sufficiently simple to explain'a system, but, at the
same time, it must adequately reflect the behavior of the system
(i.e., explain the data). This is a balancing act (simplicity vs. real-
ity). The rule of parsimony suggests that one should always
select the simplest model, unless there is sufficient information
to the contrary (the KISS principle; keep it simple, stupid). All
models are wrong; some models are useful.

Mucosa: The inner surface of the gastrointestinal tract that con-
sists of three layers. From the inside out, they are (a) a single
layer of epithelial cells termed the epithelium, (b) the lamina pro-
pria, and (¢) the muscularis mucosae. The epithelial cells are the
primary diffusional barrier to drug absorption. The lamina pro-
pria consists primarily of connective tissue embedded with
blood vessels and lymph nodes. The muscularis mucosae are
responsible for gastrointestinal motility.

Multiple dosing: The process whereby a drug is given to a
patient as a constant (maintenance) dose every dosing interval.

N

Nephron: The functional unit of the kidney. It consists of a glom-
erulus (filtering apparatus) and tubule.

Nonlinear kinetics (nonlinearity): See Dose-dependency,
Nonrestrictive clearance: Clearance that is not affected by plasma
protein binding. Such compounds have a high organ extraction
ratio (approximately ER > (.67) and high organ clearance. Exam-
ples include diagnostic agents used to assess organ blood flow
(e.g., indocyanine green for liver blood flow and p-aminohippu-
rate for renal blood flow). The latter agents have organ ER values
of 1.0. For such compounds, CL = Q (units, volume/time),

(@)

Ockham's razor: After William of Ockham (b. 1280 England).
Entia non sunt multiplicanda practer necessitale; entities should not
be multiplied unnecessarily. In other words, simpler is better.
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When competing theories lead to the same result, the least com-
plu:ntud is preferred. The simplest most parsimonious (see Pai-
sinony, rule of) explanation for a phenomenon is likely to be the
correct one, When seeking to explain a phenomenon, start with
the simplest theory. This is opposite a Rube Goldberg, in which
the most complex methods are used for completing a task. The
razor probably represents cutting out the unnecessary details.
Einstein’s rejoinder, Everything should be made as simple as possible,
but ot simpler.

Oral clearance: See Apparent oral clearance.

Order: If rate of change (e.g., metabolism, excretion, and so
forth) is proportional to plasma concentration raised to a power,
that power is the order. Forexample, if rate of metabolism is pro-
purtimhﬂ to plasma concentration raised to the power of 1, the
system is first-order. If rate of metabolism is proportional to
pilasrna concentration raised to the power of zero, the system is
zero order (because anything to the zero power is unity, rate of
metabolism in this example is equal to a constant only and is
independent of plasma concentration). One frequent goal of for-
mulating a sustained-release product is to achieve zero-order
absorption by providing a constant rate of drug release (i.e., a
constant absorption rate independent of the amount of drug
remaining in the formulation or in the gut).

P

Para-aminohippurate: Diagnostic agent used to assess renal
blood flow. As with any such agent, it must have a high organ
extraction ratio and high organ clearance.

Parameter: A variable constant (e.g., disposition half-life is a
constant, although it varies day-to-day within a subject and also
varies between subjects).

Parsimony, rule of: The idea, useful in modeling, that one
should always choose the simplest possibility (or model) unless
there is information to do otherwise. Also referred to as the
K.ISS. principle (keep it simple, stupid). See Ockham's razor.
Partition coefficient: The concentration ratio of drug between
two immiscible or distinct phases or entities. In vitro, the most
common partition coefficient is the concentration ratio of drug
between octanol and water. In vivo, the most common partition
coefficient is the concentration ratio of drug between tissue and
blood. The latter is primarily a reflection of drug binding to the
two different tissues.

Per os (po): Latin for by mouth.

Percutaneous: Indicates application to the skin. Most percutane-
ous applications of drugs result in some transdermal absorption.
Perfusion: Usually referring to the flow of blood through a tis-
sue or organ. Tissues are often classified with respect to perfu-
ston: highly perfused lean tissue (e.g., kidney, liver); poorly
perfused lean tissue (e.g., muscle, skin); poorly perfused fat tis-
sue (e.g., adipose); negligibly perfused tissue (e.g., nails, hair).
Peripheral: Refers to any body location other than plasma or
bload. The peripheral compartment in a multicompartment
model is a lumping of several different tissues or fluids and does
not represent a single real tissue.

Permeability coefficient: Characterization of the rate of move-
ment of a molecule through or across a defined distance and a
defined phase (e.g., cell, gut wall, and so forth). The greater the
permeability coefficient (P), the more rapidly the compound
traverses the membrane. This rate or velocity is often in units of
¢m/second. Rate of diffusion = P - (AC), in which AC is the con-
centration gradient,

PH partition hypothesis: The hypothesis that only undissoci-
ated (unionized) molecules can be absorbed from the gas-
trointestinal tract. Due to pH, weak organic acids are only
undissociated (unionized) in the stomach (pH 1 to 4) and are,
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therefore, presumably only absorbed there. On the other hand,
weak organic bases are only undissociated (unionized) at the pH
of the intestine (pH 6 to 8) and are only absorbed there. The pH
partition hypothesis is a useful concept, but it is incorrect when
applied to the gut. However, it is true that undissociated mole-
cules cross the gastrointestinal membrane approximately 1000
to 10,000 times faster than dissociated molecules. This hypothe-
sis was generated in the 1950s and 1960s from scientists at the
U.S. National Institutes of Health to help explain drug absorp-
tion (e.g., B.B. Brodie). All drugs, acids or bases, are best
absorbed from the small intestine regardless of degree of ioniza-
tion, as a consequence of the large absorbing surface area there,
A further critical consideration of this concept is the fact that the
pH, which increases ionization, increases dissolution rate,
which may be the limiting step for absorption.
Pharmacodynamics: The study of drug responses, frequently as
a function of time and/or concentration of drug or metabolite at
a presumed active site (but usually in the blood). There is an
aphorism that states, pharnacokinetics is what the body does to the
drug, whereas pharmacodynanics is what the drug does to the body.
Pharmacogenetics: Heredity variations in reactions to drugs
and other exogenous compounds. See also Genetic polymorphisnt.
Pharmacokinetics: The kinetics of drug absorption, distribu-
tion, metabolism, and excretion of a drug and its metabolites,
oftentimes abbreviated ADME, and sometimes KADME, The
study of pharmacokinetics often includes examination of the
response-time relationship (i.e., pharmacodynamics). The term
was coined by the German scientist Gladtke in 1953 in his book
Der Blutspiegel.

Pharmacokinetic/pharmacodynamic model; A model that
attempts to combine the pharmacokinetic (plasma concentra-
tion-time data) and pharmacodynamic (response-time data)
behaviors of a drug into a single model.

Phase I (metabolism): Those metabolic or biotransformation
processes that involve the chemical alteration of a molecule. The
resulting molecule is often, but not always, more water-soluble.
The metabolite may have less, similar, or greater pharmacologic
or toxicologic activity than the parent compound.

Phase II (metabolism): Those metabolic or biotransformation
processes that involve the conjugation reactions with a mole-
cule. The resulting molecule is always more water-soluble. The
metabolite is usually less active than the parent compound, but
there are exceptions (e.g., morphine glucuronide).

Physiologic pharmacokinetic model (PPM) or physiologically
based pharmacokinetic model (PB/PK): A pharmacokinetic
model that divides the body into real compartments (tissues and
organs) that are connected by real blood flows, wherein drug
disposition is characterized in terms of blood flow, partitioning,
and elimination from each compartment. PPMs are also referred
to as physiologically based pharmacokinetic models (PB/PK).
This approach has been used by physiologists, anesthesiolo-
gists, and chemical engineers. It is attractive to many because it
is real: There are no artificial compartments that have no physi-
ologic relevance. Furthermore, this approach permits what
chemical engineers refer to as scale-up, the ability to scale results
from a small animal to humans, The latter is attractive in drug
development, toxicity, and risk assessment,

Plasma: Fluid in blood in which all material and formed ele-
ments are suspended. A plasma sample represents blood devoid
of cells but which is anticoagulated so that it contains the coag-
ulation factors. (Compare with serum.)

Plasma protein binding: See Protein binding.

Presystemic elimination: The loss of parent drug, usually by
chemical breakdown or metabolism, before the parent drug
reaching the systemic circulation. Often called the first-pass effect.
See First-pass effect.
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Primary pharmacokinetic parameter: Parameters that depend
only on protein binding, enzymatic activity, blood flows, and
partitioning, and are not dependent on other primary parame-
ters. The most common primary pharmacokinetic parameters
are volume of distribution and clearance.

Protein binding: The reversible complexation of drug with
plasma proteins. The most common plasma binding proteins are
albumin and o -acid glycoprotein. Often characterized by the
equilibrium association constant (K ... ) and the unbound frac-
tion (f,;; see Unbound fraction).

Proximal: Nearer or closer to some reference point, For example,
the reference nnmt of the eastrointestinal tract s the lunctme of
the esophagus and stomach. Therefore, the small lntthln@ is
more proximal than the large intestine. (Also see Distal).

R

Rate constant of elimination or disposition: See Disposition rate
constant.

Rate-limiting step: The slowest step in any sequence of events,
which controls/restricts the rate of the overall process. For
example, oral absorption may be restricted /controlled (rate-lim-
ited) by dissolution, because absorption cannot occur until drug
is in solution,

Reabsorption: See Active ubular reabsorption.

Receptor: The specific binding site of a drug, which elicits a
given response, Receptors are generally believed to be proteins.
Drug that binds to a receptor is referred to as substrate.
Relative bioavailability: See Bivavailability.

Renal: Refers to the kidney.

Renal clearance: Clearance (CLy) of a substance from the kid-
ney. This is the sum of clearance as a result of glomerular filtra-
tion, active tubular secretion, and active tubular reabsorption
(units, volume /time).

Restrictive clearance: Usually applied to hepatic clearance that
is directly proportional to unbound fraction in plasma. Protein
binding is said to restrict clearance. (Unrestricted or nonrestric-
tive clearance is independent of unbound fraction of drug). Such
compounds have a low clearance relative to organ blood flow
(or low extraction ratio; usually ER <0.33). In general: CL=f =
CLy, sy (units, volume/time),

S

Secondary pharmacokinetic parameter: Parameters that derive
from two or more primary pharmacokinetic parameters. The
most common secondary parameter is disposition half-life,
which is dependent on volume of distribution and clearance:

5

Secretion: See Active hubular transport.

Semilogarithmic plot: Any plot in which one axis is linear and the
other is logarithmic. The most common semilog or semilogarith-
mic plot is log plasma concentration versus time (linear scale).
Such graph paper used to be called ratio paper, because the dis-
tance between any two numbers in the same ratio (e.g., 5/1, 10/2,
100/20) was the same distance apart on the log scale. Also, pairs of
numbers that increase or decrease by the same fraction or percent-
age are the same distance apart (e.g., 100 to 90; 50 to 45; 2 to 1.8; all
decrease by 10% and are the same distance apart on the log scale).
Serum (blood serum): Fluid that is obtained from blood after
letting the blood coagulate. Thus, this is the same as plasma
except that it is devoid of coagulation factors.

S5.H.A.M. parameters: The most fundamental parameters used
to describe the disposition of a substance. The letters stand for

slope, height, area, and moment. The latter measures are used to
describe a plasma concentration-time profile and from which
one can estimate most if not all parameters of disposition.
Steady state: Strictly speaking, steady state exists when rate of
input into a system is exactly equal to rate of output from the
system; under these conditions, the amount or concentration of
drug in the system is constant. In pharmacokinetics, a looser
interpretation is applied. Pharmacokinetic steady state exists
when a plasma concentration-time pattern repeats itself contin-
uously, as for example when a drug is administered at a constant
dose over a constant interval and ceases to accumulate any fur-
ther. This is actually a fluctuating steady state. Steadyv state con-
centration is always expressed as rate in/rate out. In terms of
drug dosing, rate in is the dose rate and rate out is clearance. For
endogenous compounds, rate in is actually a production rate
and rate out is clearance.

Subcutaneous: Underneath the skin (especially, subcutaneous
injection, SC).

Sustained-release (SR): Denotes relatively slow release and
absorption of a drug from a dosage form relative to a conven-
tional dosage form. Most forms of extended release and controlled
release products are essentially SR products.

Systemic: Referring to a central region; in pharmacokinetics,
once a drug molecule has reached the heart, it is systemically
available to the body.

T

Terminal rate constant or slope: Along with disposition rate
constant or slope, perhaps the best term to apply to the descrip-
tion of the data that appear in the terminal log-linear phase of a
semilog plot of plasma concentration versus time. This terminal
or last slope from which a rate constant (and half-life) is derived
represents the slowest process in a sequence of events, As with
the term disposition, the word terminal does not permit confusion
with elimination (units, 1/time).

Time invariance: An idea used extensively by engineers to indicate
that a given system is invariant or unchanging with fime. In com-
pletely defining a linear system, the properties of superposition
and time invariance should strictly apply. The former is discussed
under Dose-dependency. Some systems may be nonlinear by virtue
of violating the idea of time invariance. For example, a circadian
rhythm that changes drug behavior with time; metabolite inhibi-
tion of elimination causes a different behavior of parent compound
with time and may provide concentration-time profiles that are
log-linear or first-order (they are not superimposable, however).
Time of (occurrence) maximum plasma concentration: The
time at which the maximum plasma concentration is achieved
(see Maximunt plasma concentration). This value, T, ., is a func-
tion of the rate constants of absorption and elimination and is
often used to assess the rate of absorption of a drug in a
bioequivalence study (units, time).

Topical: Pertaining to a particular area. In common usage, this
almost always refers to a relevant portion of skin.

Total body (or systemic) clearance: Clearance of a substance
from the body by all possible routes of elimination (TBC = CL,
= Clggnar + Clupnanc + Clgmueg)- Calculated as

7 .
c;_Szll_@_-‘E or as

AUCy

F-dose
AUC,

Clg =

Toxicokinetics: The application of pharmacokinetics to the
understanding and interpretation of toxicity studies.
Transdermal: Through the skin. Percutaneous indicates applica-
tion to the skin. Most percutaneous applications of drugs result
in some transdermal absorption.
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Tubular reabsorption: See Active tubular reabsorption.
Tubular secretion: See Active tubular transport.

U

Unbound fraction: The unbound or free fraction of drug in the
plasma (fy), which is the ratio of unbound or free concentration
jo the total (i.e., unbound plus bound) concentration. For most
drugs, this fraction is constant and independent of plasma drug
concentration.

Unbound intrinsic clearance: See Intrinsic clearance of unbound
rf."l't:q.

Unbound volume of distribution: The apparent volume of
distribution corrected for plasma protein binding, V=
Vit

Vv

Volume of distribution (apparent volume of distribution): A
primary pharmacokinetic parameter reflecting the reversible
uptake of drug by tissues from the blood. The fictitious space or
volume that a drug appears to occupy in the body relative to the

CHAPTER 80

concentration of drug in the blood, Volume of distribution is the
imaginary volume the drug occupies if it is present throughout
the body in the same concentration as plasma. Because the refer-
ence fluid is always blood, the larger the volume of distribution,
the more drug is in tissue relative to plasma. Volume of distribu-
tion has units of volume, but is commonly normalized to body
weight, as, for example, liters/kg or V/m?®, Volume of distribu-
tion multiplied by plasma concentration equals the amount of
drug in the body (but with some limitations). This parameter may,
therefore, exceed the real volume of the body. There are numerous
apparent volumes used in pharmacokinetics, including V.., e
VyorVeea Veor Vy, Vyor V,, V. The apparent volume serves
two purposes: gives an indication of the magnitude of distribu-
tion or movement out of the blood and into tissues (the greater the
apparent volume, the less drug is in the blood and more is in tis-
sues); acts as a proportionality constant between the amount of
drug in the body and the concentration in the blood.

¥ 4

Zero-order: A rate is zero-order when it is constant, indepen-
dent of concentration or amount. See Order.

Role of the Laboratory in the Diagnosis
and Management of Poisoning

Robert J. Flanagan

Analytical toxicology is concerned with the detection, identifica-
Hon, and measurement of drugs and other foreign compounds
(xenobiotics) and their metabolites in biologic and related speci-
mens. The analytical toxicologist can play a useful role in the
diagnosis and management of poisoning, but to do so, he or she
should have a basic knowledge of emergency medicine and inten-
sive care and must be able to communicate effectively with phy-
sicians. In addition, a good understanding of clinical chemistry,
pharmacology, and toxicology is desirable. The analyst’s dealings
with a case of suspected poisoning are usually divided into pre-
analytical, analytical, and post-analytical phases (Table 1).

Many acutely poisoned patients are treated successfully
without any contribution from the laboratory other than routine
clinical laboratory tests. The analytical toxicologist can only con-
tribute to diagnosis and management if a physician, pathologist,
or other person first suspects poisoning. Close collaboration
between the analyst and the physician is then important if any-
thing other than the simplest of analyses is to be useful. Many
requests for emergency analytical toxicologic investigations are,
In fact, requests for advice on the diagnosis or management of
potsoning and are best handled by staff of a poisons information
service, at least in the first instance.

Toxicologic analyses can play a useful role if the diagnosis of
Poisoning or the nature of any poison(s) present is in doubt, the
administration of antidotes or protective agents is contem-
plated, or the use of active elimination therapy is being consid-

ered. All relevant information about a particular patient should
be communicated to the analyst and appropriate specimens
must be collected and properly labeled. Information to enable
the analyst to assign the appropriate priority to the analysis in
such cases is especially vital because, in general, specific therapy
is only started when the nature and the amount of the poison(s)
involved are known. At the least, a request form should be com-
pleted to accompany the specimens to the laboratory.

TABLE 1. Steps in undertaking an analytical
toxicologic investigation

Obtain details of current (suspected) poisoning episode,
including any circumstantial evidence of poisoning,
and the results of biochemical and hematologic
investigations, if any. Also obtain the patient’s medli-
cal and occupational history, if available, and ensure
access to the appropriate samples. Decide the prior-
ities for the analysis.

Perform the agreed analysis.

Interpret the results in discussion with the physician look-
ing after the patient. Perform additional analyses, if
indicated, using either the original samples or further
samples from the patient. Save any unused or residual
samples in case they are required for additonal tests,

Preanalytical

Analytical
Postanalytical
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