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Preface

In the last six or more decades pharmacokinetics has evolved from its origins into
a complex discipline with numerous subspecialties and applications. According to
many scientists, pharmacokinetics began with the publication of two research articles
by Torsten Teorell in the International Archives of Pharmacodynamics in 1937.
These articles established the basis for structural or classical pharmacokinetics with
the conception of compartments and first-order kinetics to explain the movement of
drugs into, within, and out of the body. With the help of many scientists, such as
Bennett, Dost, Dettli, Gibaldi, Kruger-Theimer, Levy, Nelson, Riegelman, Wagner,
and others, pharmacokinetics evolved from its inception to an established discipline,
which by the 1970s saw the introduction of new models and approaches to explain
the kinetics of drugs in the body. These were pharmacodynamic, noncompartmental,
and physiological modeling, as well as population, linear systems, and convolu-
tion/deconvolution approaches. Also, at about this time, clinical pharmacokinetics
evolved into an established discipline applied to the development of new drugs by
the pharmaceutical industry and in various clinical settings for the adjustment of
dosing regimens. Once established, the Food and Drug Administration incorporated
pharmacokinetics as a tool to aid in certifying the safety and efficacy of new drugs
from detailed studies of the absorption, distribution, metabolism, and excretion
behavior of a drug. In 1977, the bioavailability regulations were passed into law,
enabling generic manufacturers to establish therapeutic equivalency based on knowl-
edge learned from pharmacokinetics, particularly absorption phenomena.

With the expansion of pharmacokinetics, it has become exceedingly difficult for
any one individual to become a full-fledged expert in all areas. Consequently, this
book was devised to summarize pertinent areas in the field and to provide a reference
for further study. The book is divided into four sections: I, Basic Principles; II,
Industrial and Regulatory Applications; III, Clinical Applications; and IV, Research
Applications. In each chapter, an expert provides extensive details about the sub-
specialty, with an emphasis on the theme or focus of that section.

Terminology, concepts, and approaches used in a particular subspecialty or
application should be useful as a source to students, health-care specialists, newly
trained pharmacokineticists, and experts in one particular pharmacokinetic subspe-
cialty who want to become proficient in another.

Ronald D. Schoenwald
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INTRODUCTION

Pharmacokinetic processes are broadly defined as absorption, distribution, metabo-
lism, and excretion, giving rise to the frequently used acronym — ADME. Each of
these processes has a kinetic component and an extent component. The former refers
to the rate of movement or how fast the process occurs over time, whereas the extent
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4 Pharmacokinetics in Drug Discovery and Development

TABLE 1.1
Definitions of Pharmacokinetic Processes (ADME)
Process Definition
Absorption Absorption is defined as the net transfer of drug from the site of absorption into

the circulating fluids of the body. For oral absorption, two steps are required:
(1) crossing the epithelium of the gastrointestinal membrane either by
transcellular or paracellular pathways and entering the bloodstream via
capillaries, and (2) passing through the hepatoportal system intact into systemic
circulation. If the drug is metabolized prior to reaching systemic circulation,
it is said to have undergone presystemic or first-pass metabolism.

Distribution Distribution is defined as the net transfer of drug from the circulating fluids of
the body to various tissues and organs.

Metabolism Metabolism is the bioconversion of drug to another chemical form or metabolite,
mostly by endogenous enzyme systems involving phase 1 reactions, such as
oxidation (often by the cytochrome P-450 system), reduction, hydrolysis, or
dealkylation, or by phase 2 reactions, such as acetylation, sulfation, or
glucuronidation.

Excretion Excretion is the removal of drug from the body primarily via urine and
occasionally via feces, bile, sweat, or exhaled air.

component refers to the amount of drug or fraction of the dose that is absorbed,
distributed, metabolized, or excreted. In general, the processes (ADME) describe
the movement into, within, and out of the body. Metabolism and excretion are
collectively referred to as elimination, whereas distribution, metabolism, and elim-
ination are referred to as disposition. These processes, along with the pharmacolog-
ical effect of the drug, the condition of the patient’s organ system, and release of
drug from the dosage form, determine an adequate dose and dosing interval for a
patient. Specific definitions are provided in Table 1.1.

Drug development relies significantly on acquiring a knowledge of pharma-
cokinetics for a new drug entity. For example, if a new drug is sufficiently potent,
but does not reach the target site in the correct concentration for a specified time
period, as determined by the dosing regimen, it will be of little value to the
patient. During the drug discovery phase, pharmacokinetic information in animals
provides feedback to research scientists so that a structure can be designed that
optimizes both structure—activity relationships (SAR) and transport to the target
site. Once the drug is considered a potential candidate for human use, a multitude
of research and development efforts are undertaken to ensure the safety and
efficacy of the new drug and an Investigational New Drug (IND) application is
filed with the Food and Drug Administration (FDA). If approved, studies in human
subjects begin. The pharmacokinetic data obtained from the animal studies filed
under the IND provides a source of information for initiating dosing regimens
in humans. As Phase I-1V studies of a New Drug Application (NDA) are com-
pleted, a therapeutic range, as well as a dosing regimen, is established for various
patient conditions.
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LINEAR PHARMACOKINETICS

The term linear pharmacokinetics is defined from the differential equations that
express the change in the amount or concentration of drug over time:

dc _

— = —k,C 1.1
dt el ( )

In Equation 1.1, dC/dt represents the rate of change of concentration of drug in
blood or plasma over time and k,, is the first-order rate constant for elimination out
of the body. In this equation, linear refers to the fact that the rate is directly
proportional to concentration and if the rate is plotted on rectilinear coordinates vs.
time, a straight-line relationship would result. Rate equations are more often written
with respect to the amounts of drug in a particular compartment. Nonlinear, in
mathematical terms, applies to rate equations in which the rate is no longer linearly
related to concentration. In pharmacokinetics this often applies to drugs for which
metabolic pathways or plasma protein binding become saturated at concentrations
usually within the therapeutic range.

In the case of saturation of a metabolic pathway, the area under the plasma
concentration—time curve increases nonlinearly with dose and often presents a sharp
increase in plasma concentrations potentially leading to toxicity. In the case of high
affinity to plasma proteins, total drug concentration in plasma also increases, and
the fraction of drug that is free and capable of distribution and elimination may
increase because the plasma binding site is saturated. Above the binding saturation
level, nonlinear distribution occurs, which may lead to toxicity. Unrelated to non-
linearlity, the case exists in which a second drug may be administered with affinity
for the same binding site. It can displace the bound drug and increase the concen-
tration of free drug markedly and also lead to toxicity. Warfarin and other antico-
agulant drugs are often cited as examples. Consequently, other drugs given along
with warfarin should be done so with caution.

CLASSICAL MODELING

Teorell'? is often credited with introducing the concepts that allow for classical
pharmacokinetic modeling to be useful in describing drug kinetics in the body.
Teorell theorized that (1) drug kinetics in the body occur by consecutive first-order
processes in which drug is first absorbed, then distributed and eliminated, and (2)
tissues and organs can be compartmentalized and separated by first-order rate con-
stants representing transport across rate-determining barriers. Figure 1.1 shows three
pharmacokinetic models, which are common to nearly all drugs. The original papers
defining classical pharmacokintic modeling assigned tissues and organs to compart-
ments based upon blood flow and blood volume characteristics. Drugs in circulating
fluids and rapidly perfused tissues were assigned to the central compartment (e.g.,
heart, liver, kidney, lungs), whereas drugs in fluids of distribution (i.e., lymph and
extracellular water) and poorly perfused tissues (e.g., large muscle mass, skin, and
the central nervous system) were assigned to the peripheral compartment. However,
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DIV; ka; kO
- > C
l kel
Dy, ka, ki k1o
Iv. 0 c > »
ko
l k1o
l Dy, ka, ko
klz kl}
SUIEENS SLIENY
s |l ¢ || »
k21 k31

lkm

FIGURE 1.1 The three most commonly used pharmacokinetic models in explaining the
pharmacokinetic behavior of drugs. The symbols C, P, S, and D represent central, peripheral,
shallow, and deep compartments, whereas the first-order rate constants, symbolized by k;,
represent drug transport from compartment i to compartment j. Dy, k,, and k, represent a
bolus IV dose, the absorption rate constant, and constant rate infusion, respectively.

it became apparent from experiments with various drugs that a pharmacological
response from intravenous injection sometimes produces an immediate effect,
whereas other drugs when injected require hours to reach a peak response. For many
of the latter drugs, a delay in effect is due to the time required for drug to enter and
accumulate within the peripheral compartment. This observation indicates that the
biophase (i.e., the anatomical location of the receptors) in located within the periph-
eral compartment. On occasion, the kinetics of a drug may follow a three-compart-
ment model for which the two peripheral compartments represent “shallow” and
“deep” compartments. The deep compartment is considered less accessible than the
shallow compartment so that in assigning relative values to the rate constants,
ky, > k. A less accessible deep compartment might represent teeth, bone, hair, nails,
or cartilage (e.g., accumulation of tetracycline derivatives in bone).

In addition to blood flow and blood volume, partitioning and binding are also
determinants for drug distribution. Partitioning, a rapid phenomenon, is responsible
for drug reaching a rapid equilibrium with all tissues in a compartment. The con-
centration at equilibrium is, in part, due to the hydrophilic/lipophilic properties of
the structure of the drug. Regardless of blood flow or blood volume, lipophilic drugs
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TABLE 1.2
Properties of a Classical Pharmacokinetic Compartment

1. Kinetic homogeneity. A compartment contains tissues that can be grouped according to similar
kinetic properties to the drug allowing for rapid distribution between tissues.

2. Although tissues within a compartment are kinetically homogeneous, drug concentrations within
a compartment may have different concentrations of drug depending on the partitioning and
binding properties of the drug.

3. Within each compartment, distribution is immediate and rapidly reversible.

4. The barriers between compartments, depicted as arrows in Figure 1.1, are considered diffusion
rate limiting and can represent transport across an anatomical barrier (i.e., epithelium of the
gastrointestinal tract or the glomerulus in the kidney), a metabolic conversion, or, if unknown,
transport into and out of groups of tissues with different kinetic properties.

5. Distribution to any tissue within a compartment depends upon blood flow, blood volume, and
partitioning, as well as tissue and plasma protein binding.

6. Compartments are interconnected by first-order rate constants. Input and exit rate constants may
be zero order.

may accumulate in lipophilic tissues in high concentrations. Conversely, drugs that
are hydrophilic may remain in circulating fluids with minimal distribution to lipo-
philic tissues. The term kinetically homogeneous is often used to define a compart-
ment and refers to drug and tissue properties that allow for rapid distribution of drug
between tissues so that various tissues and organs can be grouped kinetically con-
stituting a compartment. Other properties of a compartment are summarized in
Table 1.2. Drugs are also capable of binding to plasma proteins, which can reduce
or slow distribution into tissues. Conversely, drugs may bind significantly to tissues
allowing for a greater accumulation than explained by partitioning. Not all rapidly
perfused tissues can be grouped together in the central compartment; similarly, not
all peripheral tissues can be grouped within the peripheral compartment. Partitioning,
tissue, and plasma protein binding depend not only on tissues, but also on drug
properties. Therefore, depending on the particular drug, some tissues may reside in
either the central or the peripheral compartments. Detailed experiments may be
conducted to determine which tissue should be assigned to a compartment. Blood
and extravascular fluids are nearly always assigned to the central compartment along
with organs responsible for elimination, e.g., kidneys, liver, and the lungs.>’

Use ofF A SIMPLIFIED ONE-COMPARTMENT MODEL

If a bolus dose is administered and time intervals are adequate and well spaced, the
drug will most often follow the pharmacokinetics of a two- and sometimes a
three-compartment model. However, the one-compartment model, with its greatly
simplified equations, is often applied in the clinic for use as an estimate of plasma
concentrations of drug. Although the biophase often resides in tissues (which may
or may not reside in the central compartment), plasma concentrations are chosen
for measurement because of ease of sampling and because they are a reference to
proper dosing, via the establishment of a therapeutic range.® Theoretically, the
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TABLE 1.3
Justification for Using a One-Compartment Model in the Clinic Instead
of a Theoretically Correct Multicompartment Model

1. The drug distributes only to rapidly perfused tissues and circulating fluids located in the central
compartment (e.g., hydrophilic drugs, such as the penicillins and cephalosporins).

2. The drug distributes to tissues in both the central and peripheral compartments; however,
drug concentrations in the peripheral compartment are below the therapeutic range (e.g.,
aminoglycosides).

3. The drug distributes to the peripheral compartment in significant concentrations. By ignoring the
distribution to peripheral compartment(s) and using the simpler one-compartment model
equations, the error is within acceptable limits (e.g., theophilline).

justification for using the simpler one-compartment model set of equations instead
of more complex equations associated with a more precise multicompartment model
is explained in Table 1.3.

PARAMETERS THAT DEFINE DRUG DISPOSITION

Drug disposition refers to how the drug distributes to tissues, in the central com-
partment as well as peripheral compartments, and how it is eliminated from the
body. The disposition of drug over time can be determined from a bolus intravenous
dose providing the time intervals are well spaced and characterize 3—5 half-lives of
each kinetic process. Although full characterization of a drug’s pharmacokinetic
disposition behavior includes knowledge of both equation and model parameter
values, three parameters, at a minimum, characterize disposition. These are the drug’s
half-life, volume of distribution, and clearance.

Half-Life

Half-life is sometimes referred to as the biological half-life and represents the
time required for half the drug to be eliminated. It can be estimated quickly from
data by visually determining the time that the concentration falls to one half of
any initial concentration within the elimination phase, as shown in Figure 1.2.
Half-life is a dependent variable that is measured from the terminal elimination
rate constant, .

0.693
Lijag = B (1.2)

Half-life depends on clearance and the volume of distribution. Equation 1.3 defines
the relationship between the three variables:

0.693V
g = —q— (1.3)
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100 End of distribution and
90 the beginning of the
elimination phase
80 InC
70 T
60 01 23 456 7 809
Time (h)
Cc 50
40
30
20
10
0 A4

0 1 2 3 4 5 6 7 8 9
Time (h)

FIGURE 1.2 Graphical illustration of determining a half-life. Since 10 is one half of 20,
the time required for drug to decline in that time frame represents a half-life (3 h). The
insert emphasizes the requirement that drug measurement of half-life must be determined
within the elimination phase.

Changes in half-life can change with clearance or with the volume of distribution. The
volume of distribution measured at steady state, V., is an accurate measure of phys-
iological space, i.e., the volume in which the drug is contained. This is because the
latter volume term is a function of distribution only. Other volume terms, V,(area) and
V,(ext), which are defined below, can change as a function of elimination.

Volume Terms

The volume of distribution is a measure of physiological volume in which the drug
is contained. It is called a volume term because it relates the amount of drug in the
body to the concentration in plasma, C,

amount = V,C (1.4)

In more general terms, it could be referred to as a proportionality constant between
the two variables, amount and concentration. However, from its inception, research-
ers and clinicians have endeavored to define V, in physiological terms and not
mathematical terms.

Early attempts at mathematically relating V, to model parameters have resulted
in equations that included elimination terms and not just distribution or physiological
space terms. Consider the following mathematical definitions for V,, which are valid
for a drug following a two-compartment model.
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DIV

Vd(area) = m (15)
V(o —

V,(ext) = H (1.6)

In Equations 1.5 and 1.6, Dy, is a bolus intravenous dose; B is the terminal
elimination rate constant representing elimination out of the body when the drug
follows a two-compartment model; o, which is larger than B, is the distribution rate
constant; AUC is the area under the concentration—time curve for drug in plasma
following the intravenous dose; and k,, is a model parameter representing distribution
of drug from the peripheral compartment into the central compartment. In both of
the above equations, the V, term is equated to an elimination term, f in Equation
1.5 and o in Equation 1.6. Consequently, an important assumption in defining V,,
that it is a function of distribution and not the elimination of drug, is violated.
Equation 1.7, derived by Riggs® in 1963, is a function of distribution parameters
only and is thus independent of changes in elimination, changing with drug distri-
bution only.

ko — kn} (1.7)

V,(SS) = V[k—

Equations 1.5 through 1.7 are model dependent; therefore, a different set of equations
is available for one- or three-compartment models.

There are also volume terms defined for each compartment. However, only the
volume of the central compartment, V,, holds much relevance. It is sometimes
referred to as the “initial volume of distribution” because theoretically, following a
bolus intravenous dose (i.e., disposition considered only), drug immediately distrib-
utes throughout the central compartment but not to the peripheral compartment.
Equation 1.8 gives the equation for V,:

DIV DIV
= —_— = 1.
Ve= G, “A+B (1.8)

In Equation 1.8, C, is the concentration of drug in plasma at time zero, and A and
B are equation parameters that result from curve fitting a biexponential curve (i.e.,
a two-compartment model).”?

Clearance

Clearance has become an important parameter over the last decade because of its
use in clinical pharmacokinetics. In clinical terms, it is defined as the milliliters
of blood cleared of drug per minute. In basic pharmacokinetic terms, clearance
can be defined as the milliliters of V cleared of drug per unit of time (see Equation
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1.13); however, this definition is difficult to conceptualize and is not used much
today. A major advantage of clearance is that working equations are model inde-
pendent and expressed in parameter or variable terms that are not difficult to obtain
experimentally.

Cl f;ﬁ?e (1.9)
K
Cl = C—: (1.10)
AX,
Cl, = Z%f; (1.11)
Cl = Cly+Cl, (1.12)
Cl = kv, (1.13)

In Equations 1.9 through 1.13, F is the fraction of drug absorbed; K, is constant
rate infusion; C is the level of drug in plasma at a steady-state concentration; AX, /At
is the change concentratlon of drug in urine over a specified time interval, and C,
is the concentration of drug in plasma over the same specified time interval; the
subscripts used to specify clearance, R and M, represent renal and all nonsaturated
metabolism in the body. Equation 1.11 is sometimes used with Equation 1.12 by
subtracting Cl,, from Cl to estimate Cl,,.3-10

ABSORPTION ANALYSIS

At its simplest level, absorption is not difficult to interpret. The fraction absorbed,
F, and the time for absorption to be completed are relatively simple to define. The
fraction absorbed is determined from experiments in which the same subject is given
the same dose of a bolus IV dose (a solution may suffice) and an oral dose. The
ratios of the AUC for the oral and IV routes of administration, AUC, and AUC,,,
respectively, yield a correct value.

AUC,Dyy

F=—=0W
AUCnD,

(1.14)

Corrections to F are shown in Equation 1.14 for differences in dose, which come
from the ratio Dy/D,,.

The oral absorption process requires two steps for completion. The drug must
first cross the epithelial layer of the gastrointestinal tract. Because of the increased
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surface area, drugs are more readily absorbed across the duodenum and the ilium
than other regions of the gastrointestinal tract. Most drugs appear to cross the
epithelium by a passive or transcellular mechanism, which depends on the lipo-
philicity and rapid partitioning of the drug into epithelial cells. If a drug is primarily
ionized at the absorption site, either because of its pK,, or the pH of the absorbing
environment, it may cross the epithelium by a paracellular mechanism. Although
not well defined, carrier-mediated transport may be responsible for the absorption
of drugs, such as peptides. Once drug crosses the epithelium and enters the
bloodstream, it must cross the hepatoportal system, which after passing through
the liver intact, enters the inferior vena cava. Once the drug enters systemic
circulation and is available for distribution to various tissues and organs, it is
considered completely absorbed. If a drug is metabolized prior to reaching the
circulating fluids of the body (i.e., inferior vena cava), the term presystemic
metabolism defines the process. This phenomenon may also be referred to as a
first-pass effect, which is a measure of the fraction of drug that passes between
the portal and hepatic vessels after drug is absorbed on its first pass through
systemic circulation during which time drug is completely subjected to liver
metabolism. After drug is absorbed (i.e., reaches systemic circulation) only about
25 to 30% of the blood volume flows through the liver; therefore, biotransformation
is reduced on each passage through the liver.

The time for absorption to be completed and an estimation of k, is shown in
Figure 1.3. Although a graphical estimate of k, might suffice for an approximation,
curve-fitting techniques are more accurate and can assess k, from a nonlinear assess-
ment of oral data for either a one-compartment (Equation 1.15) or a two-compart-
ment (Equations 1.16 through 1.19) model.

k,FD _kt K, t

C = ‘/(K——ka)(e —e ) (115)
—ot —Bt Kt

C=Le +M" +Ne (1.16)

L~ _kFD(ky =) 1)

- Vc(ka - (X)(B - (X)

k,FD(k, —B)
) 1.18
(V(k,—a)(B-)) o
v = _KF DU —B) (1.19)

- Vc(ka_ (X)(B - (X)

Equations 1.15 and 1.16 represent the concentration of drug following an oral
dose when the pharmacokinetics follows either a one- or two-compartment model,
respectively. Equations 1.17 through 1.19 define the equation parameters, L, M, and
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FIGURE 1.3 Determination of the absorption rate constant, k,, can be estimated by an
approximation from a graph.

N, which are collections of equation and model parameters for the triexponential
relationship (i.e., a two-compartment model).

For an oral dose, a biexponential relationship is characteristic of a drug
following one-compartment model pharmacokinetics, whereas a triexponential
defines a three-compartment model. For various reasons (i.e., k, = o or k, — k,),
a triexponential oral curve can become an apparent biexponential curve and lead
to incorrect modeling interpretations.!! Furthermore, both Equations 1.15 and 1.16
assume that the absorption process is a continuous first-order phenomenon, which
may not be correct.

To circumvent these difficulties, researchers have developed deconvolution tech-
niques that make no assumption regarding the order of the absorption process. With
the use of deconvolution techniques, it is possible to separate the absorption process
from disposition, allowing for the expression of absorption as % unabsorbed vs.
time or % absorbed vs. time. Analysis of these plots permits an evaluation of the
absorption process with fewer assumptions'?>-1¢ than an analysis of the plasma con-
centration—time curve using the method of residuals. A lag time, first-order or parallel
first-order processes (i.e., absorption and metabolism) and a zero-order absorption
can sometimes be unambiguously determined from % unabsorbed vs. time plots
(Figure 1.4). A minimum of five plasma concentrations measured in the absorption
phase is usually necessary to reliably determine k, by deconvolution methods.

BIOAVAILABILITY/BIOEQUIVALENCE

In the late 1970s, the FDA proposed legislation to require the drug companies to
submit data for new generics that met certain bioavailability requirements. As a
result of legislation passed during that time, the FDA has since published a yearly
list of multisource drugs (i.e., generics), with monthly updates. The publication,
titled “Approved Drug Products with Therapeutic Equivalence Evaluations” (USP
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FIGURE 1.4 Graphical representation of the determination of the input function, k, or k,
the absorption first-order rate constant and the constant rate infustion, respectively, along with
the model representation for each representation.

DI® Volume III), identifies products that are approved on the basis of safety and
efficacy and lists drugs that are rated with regard to therapeutic equivalency. It does
not include drugs marketed prior to 1938 nor does it include drugs approved based
solely on safety. Although measurements of bioavailability and bioequivalence are
essential criteria for determining generic substitution, a number of related terms are
also frequently used in reference to generic substitution (Table 1.4).

BIOAVAILABILITY MEASUREMENTS

Bioavailability is a measure of the rate and extent of absorption. C,,,,, #,,.x» and AUC
are the primary measurements used to determine bioavailability from oral concen-
tration—time curves. The maximum plasma concentration of drug that is observed
is defined as C,,,, occurring at #,,,,. AUC is the area under the plasma concentra-
tion—time curve, measured through the last time interval or estimated through infinity.
However, these experimental observations only indirectly measure the rate and extent
of absorption. Determinations that best describe the rate and extent of absorption
are k, and F, the first-order rate constant for absorption and the fraction of the dose
absorbed, respectively.

However, these latter measurements are relatively difficult to obtain and may be
too variable to be useful, particularly k,. The theoretical equations for C,,,,, #,,.x, and

AUC are given below to show their relationship to the pharmacokinetic parameters
(one-compartment model).
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TABLE 1.4
List of Terms Used by the FDA in Defining Therapeutic Evaluations
Terms Definition
Bioavailability The term describes the rate and extent that a drug is absorbed (i.e., reaches the
inferior vena cava or systemic circulation).
Bioequivalent The term refers to pharmaceutical equivalents that show similar bioavailability
drug products when studied under similar experimental conditions. The FDA describes the

conditions under which a test and reference drugs shall be considered
bioequivalent (USP DI® Volume III): “The rate and extent of absorption of the
test drug do not show a significant difference from the rate and extent of
absorption of the reference drug when administered at the same molar dose of
the therapeutic ingredient under similar experimental conditions in either a
single dose or multiple doses.” Blood levels for the generic and standard
products should be very similar with the inference that equal blood levels of
drug for both products result in an equal therapeutic effect.
Pharmaceutical The FDA (USP DI® Volume III) defines the term as: “Drug products are
equivalents considered pharmaceutical equivalents if they contain the same active
ingredient(s), are of the same dosage form, route of administration and are
identical in strength or concentration (e.g., chlordiazepoxide hydrochloride,
5 mg capsules).”
Pharmaceutical The FDA (USP DI® Volume III) defines the term as: “Drug products are
alternatives considered pharmaceutical alternatives if they contain the same therapeutic
moiety, but are different salts, esters, or complexes of that moiety, or are
different dosage forms or strengths (e.g., tetracycline hydrochloride, 250 mg
capsules vs. tetracycline phosphate complex, 250 mg capsules; quinidine
sulfate, 200 mg tablets vs. quinidine sulfate, 200 mg capsules).”

Therapeutic The FDA lists products as therapeutic equivalents if they are pharmaceutical
equivalents equivalents that are bioequivalent.
In(k,/K
max = —"L""') (120)
(k,—K)
FDk -Kt —k
lex — mﬂf‘_—_ e max _ e a”max 1'21
- = T ) (.21)
FD
AUC = — 1.22
VK (1.22)
The purpose of defining ¢,,,,, C,,.x» and AUC in terms of rate and extent of absorption,

as shown in Table 1.5, can be reasoned from Equations 1.20 through 1.22. Equations
1.20 and 1.21 for ¢,,,, and C,,,, show their relationship to k,, which lends credence

max

for their use in representing rate of absorption. Equations 1.21 and 1.22 contain F
and D, which justifies the use of AUC and C,, as measurements for extent of

max

absorption. Table 1.5 gives the interpretation of the experimental observations, ¢

2 "max?®
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TABLE 1.5
Bioavailability Parameters and Their Influence on Rate and Extent
of Absorption

Experimental Determination Interpretation
Cax (plasma) Change in rate and extent
toax (Plasma) Change in rate
AUC (plasma) Change in extent
A% (urine) Change in extent

C,..x» and AUC, in defining rate and extent of absorption for use in bioavailability
and bioequivalence.

The amount of absorbed drug that is ultimately excreted (A7) can be related
to the amount of the absorbed dose. For example, for the same individual, if more
drug is absorbed from product A compared to product B, then more drug should
appear in the urine. This principle is used in bioavailability studies to determine
bioequivalence as a measure of extent of absorption and expressed as ‘“relative
bioavailability.” One requirement of the use of A7, is that enough time is allowed
to collect the total amount of the absorbed drug in the urine which is 5 X ¢,,. The
experimental procedure and the volunteers that are used in the study also should be

the same for products A and B.

Relative Bioavailability

Relative bioavailability is a term that compares the extent of absorption of a test product
(i.e., generic) to a standard or reference product, which is often an oral solution or an
immediate-release tablet, but not an IV product. The term is referred to as relative
because the absolute rate and extent of absorption may not be known for either product.
The FDA selects the reference product as a standard, whereas other generic products,
to be classified as bioequivalent, must be equivalent in rate and extent of absorption
and particularly in therapeutic equivalency. Two of the parameters in Table 1.5, AUC
and A7, can be used to determine relative availability. Equations 1.23 and 1.24, which
assume equal doses, show the relationship for relative bioavailability.

AUC
Relative Bi ilability = ———=¢ 1.23
elative Bioavailability AUC.. .. ( )
A
Relative Bioavailability = % (1.24)
(A U )reference

Occasionally, the reference products or the test are given IV and the oral dose
is not equivalent and a correction is necessary. When that occurs, Equations 1.23
and 1.24 include a correction for the dose as shown in Equations 1.25 and 1.26.
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AUC,., Dose
AUC

reference (1 25)

Relative Bioavailability =
reference Dosetesl

(A U )test Dosereference

Relative Bioavailability = Dose
test

(1.26)

A U ) reference

Absolute Bioavailability

Absolute bioavailability refers to the fraction of the oral dose that is absorbed (i.e.,
reaches systemic circulation). The fraction absorbed is also defined as F so that
Equations 1.14 and 1.27 are equivalent. Absolute bioavailability is shown in Equa-
tions 1.27 and 1.28, the latter representing a correction for dose. Each product is
tested individually to determine its absolute bioavailability in the subjects. The IV
dose becomes a reference for which drug is assumed to be 100% available. On
occasion, a solution may be substituted for an IV dosage form providing it is 100%
bioavailable (i.e., reaches systemic circulation).

AUC

Absolute Bioavailability = N cwl (1.27)
AUC,, D
Absolute Bioavailability = e 0%V (1.28)

AUC,y Dose,.,

It is important to distinguish between absolute and relative bioavailability. For exam-
ple, two oral products, A (generic) and B (reference), may produce an absolute bioavail-
ability of 0.50 and 0.60 for equal doses administered to a group of individuals in a cross-
over trial, but when compared for their relative bioavailability show 0.83 (0.50/0.60).
Under these circumstances, the products would be considered bioequivalent and accept-
able for clinical use but could be mistakenly interpreted as well absorbed (i.e., > 0.75).

Bioequivalence

Bioequivalence is determined by showing that no statistical differences exist among
Cax> tmax» and AUC for the generic and reference products. For many drug products
a £20 difference is considered clinically important. However, a statistically signifi-
cant difference between parameter values may not necessarily represent a clinically
significant difference for some drugs. For many years, since the inception of the
Bioavailability Regulations in 1977, the FDA has carefully established percent
differences between products as +20, depending on the particular drug and a knowl-
edge of the clinical relevance of the drug. More recently, rate and extent between
two formulations that differ by more than —20%/+25% have been accepted. This
rule is not applied to all drugs. Some drugs may dictate a different standard, some-
times more and sometimes less stringent. The design of the study must also be
carefully considered, including the required number of subjects, so that a statistical
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significance between products will result if the difference between products is outside
the allowable difference that has been established for the drug. In practice, two one-
sided statistical tests are used to determine if a difference exists between a particular
parameter for each product. One test determines that the average parameter value
for the generic product is no more than 20% below that for the reference product.
The other test is used to determine that the average parameter for the generic product
is no more than 25% above the reference product. A summary is presented in
Table 1.5 of the changes in the experimental parameters, C,,,, ?,,..» and AUC defining

max® “max?®

their meaning relative to the rate and extent of absorption.'”!8

MULTIPLE DOSING KINETICS

In a linear pharmacokinetic model, plasma concentrations are additive, which is a
useful principle for predicting multiple dosing profiles and for estimating dosing
regimens in chronic conditions. This principle is referred to as the superposition
principle, which states that the concentration of drug remaining in the body at any
time is added to the concentration remaining from previous doses. As accumulation
occurs, the concentration remaining in the body increases for each interval until
steady state is reached. From this concept, a multiple dosing factor (MDF) can be
derived, as shown in Equation 1.29."

—nk;T
MDF = —¢ (1.29)
1-e '

A multiple dosing equation is derived by inserting the MDF into the single-dose
equation as a coefficient to each exponential term in the equation. The MDF can be
reduced to a simpler form at steady state or when the amount administered equals
the amount being eliminated. When a number of doses are administered, n becomes
large enough (i.e., steady state) so that the term, ¢ ™", becomes negligible and
Equation 1.29 simplifies to Equation 1.30.

1

—k.T

i

MDF =

(1.30)
1-e

In Equations 1.29 and 1.30, n is the number of doses administered, k; is the rate
constant associated with the exponential term that is multiplied by MDEF, and 7 is the
dosing interval. For example, Equation 1.21 represents the concentration of drug for
a single oral dose of a drug following the pharmacokinetics of a one-compartment
model. Equation 1.31 represents a similar equation, which has been adjusted to accom-
modate the administration of drug at a dose given repeatedly at a fixed interval, T .

FDk 1— e—/zKr " 1— e‘"ku' ks
C, = a ( )e | lze | 1.31)
Vik, = K){ . = (
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Whenever either k, or T becomes large, the second term on the right-hand side of
Equation 1.31 becomes negligible and can be ignored. Equation 1.31 can be altered
to other, more useful applications. For example, Equations 1.32 and 1.34 represent
the maximum and minimum concentrations of drug at steady state.

FDka 1 —Ktp_ 1 —k,tp.,
Crnaxss) = Vik.= K)[(l - e_KT)e - (1 B e_kaT)e } (1.32)

The parameter #p,, in Equation 1.33 represents the time to peak at steady state, which
is slightly less than #p, the time to peak for a single dose. The value for #p_, can be
determined from Equation 1.33.20

In [k (1-¢"")
tp., = 1.33
P (k“_K{K(l—ek”T) (1.33)
_ FDka l _K1 l —k,T
Coms = o) ()]

ACCUMULATION

The right-hand side of Equation 1.30 also equals the accumulation factor, which is
the factor by which accumulation occurs in the body upon multiple dosing, predicting
the increase in C, ;s relative to C,;, ;. This factor can also be used to establish a
loading dose by multiplying the estimated value by the usual daily dose or mainte-
nance dose. The loading dose, taken initially only, produces drug concentrations
within the first interval that would be achieved by taking the maintenance dose
repeatedly until steady state is reached, which is 5 X t,,. The accumulation factor
can also be expressed as a ratio of C,;,ss) 10 Ciyy and then rearranged as shown
in Equation 1.35 to predict a value for C,;,ss) as a function of C;,;y, K, and T.

Cmin
Crninss) = 1 - (1.35)

Kt
—e

Equation 1.35 can be used to adjust dosages in patients who do not respond to
the normal recommended dosing regimen because of kidney or hepatic dysfunction.
For example, if two concentrations of drug are measured in the elimination phase
of the first interval with the second concentration measured at C,;,;, K can be
determined and with C,;,;, being measured directly, Equation 1.36 yields a predicted
Chuinss)- If the predicted C,;,ss) is not within the therapeutic range, a ratio of the
desired concentration (i.e., middle of the therapeutic range) to the calculated C, s,
can be multiplied by the dose given in the first interval to yield a maintenance dose
that will produce the desired concentration.?!
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When Equation 1.30 is interpreted as an accumulation factor, it predicts that if
T is large enough or if the half-life of the drug is relatively short (e.g., cephalosporins)
then very little accumulation occurs. Conversely, if T is short and the half-life is
long (e.g., most benzodiazepines), accumulation will be large compared with C,;, .
Regardless of the value for the accumulation factor, if the maintenance dose is given
in a fixed interval and the half-life does not change, steady state will be reached in
five half-lives.

THERAPEUTIC DRUG MONITORING

Because pharmacokinetic processes (ADME) vary among individuals, particularly
among patients whose organ systems are compromised, a therapeutic response is not
always consistent with regard to dose. Therefore, for drugs with a narrow therapeutic
range, a patient’s drug concentration in blood is sometimes monitored. The goal of
therapeutic drug monitoring (TDM) is to provide optimal therapy by adjusting either
the dose or the dosing interval, T, as mentioned previously. From two plasma con-
centrations of drug measured in the elimination phase, providing one is at C,;,, it
is possible through the use of Equation 1.35 to predict C,;,ss)- Subsequently, the
maintenance dose is adjusted so that by the time C,;ss, is reached at 5 x ¢, the
latter is within the therapeutic range. This method of dosing adjustment is referred
to as a retrospective approach. It is time-consuming and expensive because blood
must be drawn at precise time intervals and an assay must be available for each drug
candidate. In the clinic this expense must be weighed against its therapeutic value.

An alternative method is the prospective approach, which uses patient informa-
tion, such as serum creatinine, patient’s age, weight, height, or body surface area to
empirically estimate V, K, and creatinine clearance (Cl,). Adjustments to a mainte-
nance dose are achieved through various approaches. The most significant applica-
tion of either the retrospective or prospective approach is with regard to dosing
adjustment in renal failure.?

DosAGE ADJUSTMENT IN RENAL FAILURE

When the ability of the kidney to remove a drug from the body is impaired, the rate
of elimination of the drug from plasma is reduced. Changes in renal drug clearance
or Cl can be estimated by changes in renal function, which are routinely monitored
in hospitalized patients from the measurement of serum creatinine, SrCr, and then
converted to creatinine clearance, Cl . The graphical representation of this relation-
ship is shown in Figure 1.5. From either the manufacturer’s suggested dosage adjust-
ment in renal failure or from a knowledge of basic concepts in pharmacokinetics,
it is possible to estimate a proper dose in patients whose renal function is below
normal. Two pieces of information are necessary to estimate an adjusted dose —
the patient’s serum creatinine level (SrCr in units of mg/dl) and the percent or fraction
of drug excreted unchanged (f), the latter of which can be obtained from the mono-
graph of the drug.

For drugs that are primarily eliminated by the renal route, the half-life of the
drug is increased or, conversely, K or P, the first-order rate constants for drug
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FIGURE 1.5 Graphical relationship between serum creatinine and creatinine clearance.

elimination for a one- or two-compartment model, is reduced. Usually, it can be
assumed that k,, the first-order rate constant for renal excretion, is reduced (and
hence renal clearance, k,V,) and that neither hepatic metabolism nor the volume of
distribution is affected. Consequently, Cl,, and Clg become major determinants.
Various approaches have been developed to help the clinician adjust doses in patients
with renal impairment. These approaches are simple to use, directly related to
pharmacokinetic principles, but with certain limitations. One approach requires the
use of a ratio of the drug clearances in the patient with renal impairment compared
to the normal patient. Another, referred to as the Wagner method,?® applies a linear
relationship between the elimination rate constant, K, and Cl,.

DosING ADJUSTMENT BAseD oN DRUG CLEARANCE
(RATIO OR PROPORTION METHOD)

To compensate for impaired kidney function, the clinician has the option to either
reduce the dose (D), or to lengthen the dosing interval (#). For patients taking chronic
medication and whose dose might require an adjustment, a simple ratio of systemic
clearances for the renal failure patient (SR) and the normal patient (S) can be used.
In this method, the maintenance dose, D, in the normal patient can be adjusted to
a corrected dose, Dy, for the renal failure patient.

Cl,,

D, = D(Cls) (1.36)
Cly

TR = T(Clsr) (1.37)

In both Equations 1.36 and 1.37, V can be canceled from the numerator and
denominator since it is often assumed that V is constant regardless of renal status.
Therefore, Equations 1.36 and 1.37 become Equations 1.38 and 1.39, respectively,
which can be further manipulated to represent half-life since the elimination rate
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constant is inversely related to half-life (K = 0.693/t,,,). However, the latter equations
are not used very often.

Dy = D(%) (1.38)
T, = T(I%) (1.39)

The assumptions that must apply for Equations 1.36 through 1.39 are that drug
concentrations are at steady state, Cl, is directly proportional to Cl, and the per-
centage of drug excreted by the renal route is known and significant (e.g., >30%).
If a small fraction of the dose is eliminated by the kidneys (and the metabolites are
not active), then a reduction in kidney function has little effect on elimination and
a dosing adjustment is not necessary (assuming that liver function is normal and
does not influence renal function).

WAGNER METHOD

In 1971, Wagner? published an approach based on a linear relationship between
percent hourly loss (K;% in h x 100) for various drugs and creatinine clearance,
normalized to a 70 kg male (ml/min/1.73 m?). This approach has been modified over
the years so that either a nomogram or a table of ranges with accompanying recom-
mendations for dosage adjustment for drugs could be used.?* These tables are not
reproduced here. In Table 1.6, regression parameters (b and k,,) are tabulated for
each drug according to Equation 1.40.

%Ky = bCl,, +k, (1.40)

In Table 1.6, K represents K for a patient with renal failure, whereas k,, (rate
constant for metabolism) is listed as “a” in Table 1.6, which, if relatively large
compared to “b,” represents a drug that is primarily eliminated by metabolism.
Under these conditions (e.g., doxycycline), k, does not change for the patient
with renal failure compared with the patient with normal kidney function. The
major disadvantage to the Wagner method is that the list is restrictive and does
not include enough current drugs to make it clinically useful. More specifically,
the precision and accuracy of Equation 1.40 depends on the patient population
that was used to generate the equation. Consequently, the approach requires that
the patient closely equal the population values for pharmacokinetic processes
other than elimination.

An accurate measurement of kidney function requires that urine be collected for
24 h with both creatinine and urine volume carefully measured. However, 24-h urine
collection is labor-intensive and difficult to obtain accurately and therefore is not
suitable for clinical practice. (Note: It may be possible to use as few as 4 or 6 h to
measure Cl, accurately.)
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TABLE 1.6
Adjustment of Dosage in Patients with Impaired Renal
Function Using Creatinine Clearance

Patient K;% = a + b(Cl,)

Drug a b
Ampicillin 11.0 0.59
Carbenicillin 6.0 0.54
Cephalexin 3.0 0.67
Cephaloridine 3.0 0.37
Cephalothin 6.0 1.34
Chloramphenicol 20.0 0.1
Chlortetracycline 8.0 0.04
Digitoxin 0.3 0.001
Digoxin 0.8 0.009
Doxycycline 3.0 0.0
Erythromycin 13.0 0.37
Gentamycin 2.0 0.28
Isoniazid (fast inactivators) 34.0 0.19
Isoniazid (slow inactivators) 12.0 0.11
Kanamycin 1.0 0.24
Methicillin 17.0 1.23
Oxacillin 35.0 1.05
Penicillin G 3.0 1.37
Polymyxin B 2.0 0.14
Rolitetracycline 2.0 0.04
Streptomycin 1.0 0.26
Sulfadiazine 3.0 0.05
Sulfamethoxazole 7.0 0.0
Tetracycline 0.8 0.072
Trimethoprin 2.0 0.04
Vancomycin 0.3 0.117

Data from Wagner,’ p. 161.

The amount of creatinine excreted in the urine in a 24-h period is calculated
from Equation 1.41.

Amount of creatinine excreted per day per kg of bodyweight

_ (Urine Volume per 24 h)(Urine Creatinine Conc.) (1.41)
(Patient’s Weight)

A measure of creatinine can be expressed directly as Cl, by measuring urine
output for 24 h and dividing this volume by a measurement of serum creatinine
drawn at the midpoint of the 24-h collection period. A simpler determination, but
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FIGURE 1.6 Nonlinearity of half-life and the AUC with dose.

less precise, is to measure glomerular filtration by measuring serum creatinine levels
and converting to creatinine clearance through the use of a nomogram.*

The correlation shown in Figure 1.5 allows for a reasonable conversion of SrCrygg
to Cl,, from about 5 to about 40 or 50 ml/min. The sensitivity of the relationship is
reduced considerably for CI values greater than 40 or 50 ml/min because of the
lack of sensitivity of the curve over the higher CI, region.

Cockcroft and Gault> developed an equation that allows for differences in the
patient’s weight, age, and gender but which are not included as separate determinants
in Figure 1.5.

_ [140 — age(yr)][body wt(kg)]
. = 72(SrCrgs) (1.42)

The units for Cl,; in Equation 1.42 are expressed in ml/min, whereas SrCrgg is
expressed in mg/dl, or milligrams of creatinine contained within a deciliter (100 ml)
of serum. To account for the weight of females, Cl determined from Equation 1.42
is multiplied by 0.85. Equation 1.42 is an approximate assessment of creatinine
output and it is most accurate for patients older than 18 years of age. It is not accurate
in special situations such as dosing children, the elderly people (>70 years old), or
the very obese. Although other equations to calculate Cl, have been developed,?
none has been applied clinically as extensively as Equation 1.42. In the elderly,
muscle mass is proportionately less than that of individuals between 18 and 70.
Between 18 and 70, corrections for age are accounted for in Equation 1.42. In spite
of its limitations, the Cockcroft and Gault equation is widely used clinically.

The two most important points to consider in determining kidney function
from Cl,, is that the patient’s muscle mass is not appreciably different from normal
and that SrCrg is at steady state (e.g., constant concentration in the body). If
kidney function changes, it can take from 1 to 4 days for SrCrgg to reach a steady-
state value and stabilize. The time to reach 95% of steady state (e.g., a clinically
accepted criterion) depends on the classification of kidney failure. For example,
if kidney function is either 25 or 10% of normal, 1.85 and 4.6 days are required
to reach steady state, respectively, whereas, if kidney function is 50% of normal,
SrCrgg requires only 0.92 days to reach steady state. If an accurate measurement
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is necessary, two determinations of SrCr can be taken at 12-h intervals, which
should be within 0.2 mg/dl of each other to assume a steady state has been reached.
Ideal body weight (IBW) can be determined from Equations 1.43 and 1.44 for
males or females.?’

IBW (males) = 50 + 2.3 (height in inches > 60) (1.43)

IBW (females) = 45 + 2.3(height in inches > 60) (1.44)

For patients below their IBW, actual body weight (ABW) is often used in
Equation 1.42.

DosSING ADJUSTMENT FROM THE USE OF CREATININE SERUM LEVELS AND
THE FRACTION EXCRETED UNCHANGED

As opposed to using a nomogram, a formal equation using f and Cl terms can be
expressed for adjusting dose based on Cl, measurements as shown in Equations
1.45 and 1.46:

Cl.(f)
100

Dy = D[ +(1 —f)} (1.45)

In Equation 1.36, D, is the adjusted maintenance dose for the patient with renal
failure, D is the maintenance dose for a normal individual, fis the fraction excreted,
and Cl,, is the patient’s creatinine clearance, which can be determined from the
serum creatinine value using the Cockcroft and Gault Equation 1.42. If a new
dosing interval for the patient with renal failure (1) is calculated, a reciprocal of
the bracketed term in Equation 1.45 is used and the new equation becomes
Equation 1.46.%7

1

Ty = | e
Cl.(f)
o0~ t(1=0)

(1.46)

The advantage in using Equations 1.45 and 1.46 as opposed to Equations 1.36 and
1.37 is that f can be obtained from the monograph of a drug and Cl, can be
determined for most patients in a clinical setting. A disadvantage to the above two
equations is that f'is a population value and not specific to the patient and therefore
can be in error.

HepATIC ELIMINATION AND DOSING ADJUSTMENTS

In clinical practice, Cl and Cl, can be determined directly for patients but not
hepatic or metabolic clearance. Therefore, Cl,, is assumed to be the difference
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between Cl and Cl,. However, the difference may not represent the liver entirely,
since the latter may not be the only metabolizing organ for a drug. Drugs are often
categorized according to their extraction ratio (ER) and listed for various drugs
in monographs as high, intermediate, or low. Drugs that show high ER values need
to be carefully assessed with regard to a dosing regimen. An approximation of ER
is determined from the areas under the plasma concentration—time curves from
oral and IV dosing.

AUC.. .
UCou (1.47)

ER = | - ———
AUC,,

Unlike renal disease, no endogenous estimator of hepatic disease can be relied
upon to adjust dosage regimens. This occurs partly because there are many enzyme
systems in the liver and not all are equally affected by liver disease. Therefore,
depending on the particular enzyme system that acts on a drug, liver disease may
not affect all drugs equally in reducing elimination function. A further complication
comes from the fact that liver disease may result in a significant change in the volume
of distribution because of changes in plasma protein binding. Also, changes in the
fraction absorbed can occur for drugs taken orally because of a reduction in hepatic
blood flow and its effect on the first-pass effect.

In general, no quantitative approaches to dosing adjustments have yet been
developed for patients taking drugs that are highly extracted by the liver. Each drug
and patient must be evaluated carefully based upon specific guidelines that are
available for these drugs in their monographs.?®

NONLINEAR PHARMACOKINETICS

Linear pharmacokinetics can be applied to most drugs; however, when nonlinear
pharmacokinetics correctly describe the pharmacokinetic behavior of a drug, it is
essential that the more-complicated kinetics be applied. Drugs described by nonlin-
ear pharmacokinetic behavior can result in a disproportionate increase in plasma
drug concentrations when the dose is increased, which for drugs with narrow ther-
apeutic ranges can be dangerous, particularly in children. Most often nonlinear
behavior is a result of saturation of a metabolic carrier-mediated system. The enzyme
involved in the metabolic process can no longer accept drug and biotransformation
becomes limiting (i.e., saturation), resulting in an increase in plasma concentration
of drug and possible toxicity. Other processes can become saturated such as absorp-
tion or excretion. The former is not common, whereas the latter may be more
common via saturation of an active secretion pathway in the kidney. However,
glomerular filtration may not be altered simply because the later predominates in
the elimination process. Consequently, minimal change occurs in the overall elim-
ination process of the drug. Whenever an elimination process becomes significantly
nonlinear, the elimination rate constant, clearance, and half-life become dose-depen-
dent, as shown in Figure 1.6. Drug elimination by a carrier-mediated process is often
referred to as Michaelis—Menten kinetics and is represented by Equation 1.48.
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dt = Kyu+C

(1.48)

In Equation 1.48, V,, is the maximum elimination rate. K, is the Michaelis—Menten
constant, which is a collection of first- and second-order rate constants. Although an
enzymatic process metabolizes many drugs, few reach saturation at therapeutic drug
concentrations. At lower concentrations, the drug follows a linear equation of drug
reacting with the body’s enzyme to yield a metabolite. C is the concentration of drug
in plasma. Figure 1.6 shows the relationship of dose with half-life and AUC.
Equation 1.48 predicts whether the kinetics of the drug are linear or nonlinear
depending on the relative concentration of C compared to K, as shown in Figure 1.7.

dC VuC

it ol -KC (1.49)
If the concentration of C is small relative to K, (i.e., a drug for which K, is large
or the therapeutic concentrations are relatively low), it can be dropped from
Equation 1.48 to yield 1.49. In Equation 1.49, K = V,/K,,. Conversely, if K,, is
small relative to C, then Equation 1.48 becomes Equation 1.50 and the rate is
constant and equal to —V,.

ac _ Tm> _ Ly, (1.50)

The application of Equation 1.48 is most apparent in dosing anticonvulsant drugs, which
for some patients show nonlinear pharmacokinetics over therapeutic concentrations.

100 —

nonlinear
region

Concentration below
10 which saturation does
not occur and first-
order kinetics prevails

In Conc

linear
region

Time

FIGURE 1.7 Graphical representation of three concentrations of drug over time for which
drug levels above the dotted line show enzyme saturation and hence nonlinearity.
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Various methods have been designed for clinical use to predict doses that remain
within the therapeutic range. These are as follows:

1.

The two-point method (or Ludden method), which utilizes two steady-
state drug levels (each representing a different dose) to predict a subse-
quent dose that will likely result in therapeutic drug concentrations?
The one-point method, which is a statistical approach based on previous
known blood levels in a particular segment of the patient population and
predicts, through the use of a nomogram, a proper dose

A Bayesian approach,’'-3* which is also statistically based and depends
on a segment of the population, but may use demographic information as
well as blood level responses to a particular drug

The latter approach has a wider application and has been useful for linear as well
as nonlinear drugs. Numerous articles33¢ have compared the accuracy and precision
of each approach.
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INTRODUCTION

The classical analyses of dose-response data, in many instances, fail to identify the
minimum effective dose of a new drug. To individualize doses further for drugs with
high intersubject pharmacokinetic (PK) variability, the physician needs additional
information about factors that might contribute to intersubject variability in the
dose—response relationship and thus influence clinical response to a drug, such as
patients’ demographics (age, sex, weight, ethnic origin, renal or hepatic function,
genomics, etc.), concurrent diseases, comedication, etc. Pharmacodynamics (PD),
the science that relates the time course of drug concentration to the time course of
pharmacological effects in humans and animals, has recently gained the attention
of increasing numbers of clinical pharmacologists and scientists.

For a long time, PK and PD had been considered separate disciplines of phar-
macology. PK described the quantitative relationship of concentration—time profiles
in different body fluids — plasma, serum, blood, urine, saliva, and cerebral spinal
fluid (CSF), etc. — whereas PD quantified the characterization of the intensity of
effects resulting from certain drug concentrations at the hypothetical effect site.
PK/PD modeling bridges these two once disassociated branches of pharmacology.
An integration of PK/PD models should be able to permit predictions of the effects
of dose, desired dosing rate, and time on the temporal pattern of drug effects.

The utilization of PK/PD modeling in all phases of drug development to answer
questions is critical to the future of a drug candidate. Thus, the use of PK/PD
modeling should be viewed in the context of drug development as a question-
driven process.

PK/PD EVOLUTION HISTORY

The earliest attempts to characterize the PK/PD (dose—concentration—effect) rela-
tionships were mostly limited to those drugs with direct correlation between observed
effect and measured concentrations.'

When the concentration—time courses and the concentration—effect relationships
of these drugs were known, it was often possible to predict the temporal pattern of
their pharmacological effects.’ It had long been believed that there is no relationship
between the drug concentration in plasma and time course of action for many drugs,
predominantly based on the observation that the pharmacological effect of many
drugs lags behind their concentration in plasma. The apparent dissociation between
drug concentration and effect was first overcome by Sheiner and co-workers®’ based
on the concept of Segre® who proposed to use a hypothetical effect compartment to
account for the lag between concentration and response. This approach led to a
collapse of the hysteresis loop for drugs with a temporal delay between effect and
plasma concentration in the effect compartment. Since then, the PK/PD modeling
has exponentially evolved as a research area with increasing importance and dedi-
cation in academia, industry, and regulatory authorities.

Indirect response models are models for drugs whose mechanism of action
consists of either inhibition or stimulation of a physiological process involved in the
elaboration of the clinical expression of the observed effect. Thus, an indirect
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response model is also associated with hysteresis between plasma concentration and
effect. However, if the mechanism is at least partially known and understood, the
link between PK and PD data can be broken down into discrete physiologically
based parts, which moves modeling from abstract number crunching to a physio-
logical mechanism-oriented endeavor.’

PK/PD CONCEPTS AND PERSPECTIVES

In the field of PD, there are various theories and technical approaches to correlate
the time course of pharmacological effects with plasma drug concentrations. This
chapter first gives a brief overview of the current mainstay in PK/PD modeling.
Nevertheless, since PK/PD modeling has first been developed and is most frequently
used for reversibly acting drugs with continuous effect data, this chapter largely
focuses on this kind of PK/PD analysis.

DoSE—RESPONSE vS. CONCENTRATION—RESPONSE

One of the primary objectives of clinical dosing-ranging studies is to determine the
optimal effective dose based on dose-response relationship. For many drugs, the
dose-response relationship can be described by a hyperbolic (sigmoid) curve. Math-
ematically, the most general PD model describing this kind of curve is the sigmoid
E, .. model, which can be readily derived from the well-known receptor theory in
biochemistry. The potency of a drug can be defined as the dose producing one half of
the maximal effect (EDs). Ideally, a drug should be effective at doses lower than those
that cause serious toxicity. The elucidation of dose-response relationships is feasible
for a number of drug classes, including biological response modifiers, anticancer drugs,
antihypertensives, metabolic/endocrine drugs, prostaglandin analogues, H,-receptor
antagonists, pulmonary drugs, and immunosuppressors/immunomodulators.

However, there appear to be fewer than the expected number of successful trials
really showing an adequate dose—response relationship.'® A key hindrance of dose-
oriented therapy for certain drugs is that it does not ensure consistent drug exposure
control among patients. Many factors may contribute to the inharmonious drug
exposure among patients, such as intersubject variability in PK or PD, poor com-
pliance, limitations of study design, method of analysis, etc.

PoruraTioN PK/PD vs. INpDivibuaL PK/PD

The term population approach is often employed to indicate a paradigm that attempts
to define important PK and PD differences among population subgroups during drug
development. The application of data analysis methods to extract this information
from relatively complex data sets is often referred to as a population-style analysis.!!
The ultimate goal of PK/PD analysis is to provide information that can be used to
establish guidelines for individualizing drug dosage regimens. In addition to quan-
tifying the means and variances of PK/PD model parameters, such as E,,, (maximum
response) and ECy, (concentration producing one half of the maximal effect), another
goal of the population PK/PD analysis is to investigate the factors, or covariates,
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that may lead to differences among individuals and among subgroups of the popu-
lation with respect to the therapeutic and toxic effects of the drugs. These factors
usually include (but are not limited to) age, weight, sex, concomitant medications,
disease state, polymorphic phenotypes, etc. The population PK/PD analysis can be
applied to each phase of drug development.

The population PK/PD analysis, rather than individual PK/PD analysis, allows for
reliable data analysis following sparse sampling, correctly accounts for sources of
variability, allows for pooling of data across individuals and studies, and provides for
an integrated model for PK/PD data (even across species). However, data analysis should
be driven by the question of interest, rather than the method of analysis. It is not always
necessary to use complicated methods of analysis. Sometimes a simpler individual
PK/PD model approach can be used if the PK/PD data collected are relatively rich in
a quite homogeneous population (especially in Phases I and Ila settings).

MEecHANISM-BASED AND EmPIRICAL PK/PD MODELS

The effect compartment model has successfully established the link for the temporal
dissociation of PK and PD for a number of drugs. However, it is viewed as a “black-
box” method compared with the mechanism-based PK/PD methods, such as an
indirect response model. A physiologically based indirect response model was first
used to describe the anticoagulant effect of warfarin by relating changes in pro-
thrombin time, which are an apparently indirect effect of warfarin, with the synthesis
rate of prothrombin complex activity, which was shown to be a direct effect of
warfarin plasma concentrations.'? Based on this concept, Dayneka et al.!3 elaborated
a basic indirect response model, in which the measured response variable was
governed by an input or production process (rate constant k) and an output or
degradation process (rate constant k). The changes in response (R) per time are
described by Equation 2.1,

dR/dt = k;, — k,

out

X R 2.0

Depending on whether k,, or k, is either inhibited or stimulated by the drug, four
different submodels were deduced, in which the drug effect is mediated by a modified
E ... model. The resulting Equations 2.2 through 2.5 follow:

* inhibition of k;:

dR/dt = ky, X (1 = CI(ECsy + C)) — koy X R (2.2)
* inhibition of k,:

dR/dt =k, — koy X (1 = C/(ECsy + C)) X R (2.3)
* stimulation of k;:

dRIdt =k, x (1 + E, X C/(ECgy + C)) — ko X R (2.4)

out
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e stimulation of k_:
dRIdt = ki, — koy X (1 + E,, X CI(ECsy + C)) X R (2.5)

where C is the concentration of the drug, E,_,, the maximum effect, and ECs, the
concentration that produces half of the maximum effect.

The concept of physiologically based indirect response models has been widely
used in PK/PD modeling as far as the underlying physiological mechanism of drug
action and observed effect are known.!* However, such an approach would definitely
require more detailed information about the involved indirect response mechanism
to provide valid, physiologically meaningful results when applied to clinical data.

PK/PD models are always a simplification of the real physiological process.
They either might be purely descriptive by simply combining the observed time
course of concentration and effect neglecting the underlying physiological mecha-
nism involved or might be mechanism-based by appreciating the physiological events
involved in the elaboration of the observed effect. Since predictive, not descriptive
modeling is the ultimate goal of PK/PD analysis, mechanism-based models should
be preferred as they not only describe the observations but also offer some insight
into the underlying biological processes involved, and hence provide flexibility in
extrapolating the models to other clinical situations.

Indirect response (IDR) models may be relevant for (but not limited to) the
following kinds of drugs:

 Anticoagulant agents!>10

* Corticosteroids!”!8

¢ H,-Antagonists'®

 Antipyretic agents?*->2

* 5o-Reductase inhibitors?*->

* Aldose reductase inhibitors?®

e LH-RH antagonists?’-?

¢ Thromboxane synthase inhibitors?

¢ Cholinesterase inhibitors®

¢ Diuretics?!

* GABA inhibitors??

* Dopamine antagonists®33*
 Calcimimetic agent®

* Antihuman CD4 monoclonal antibody of immunoglobulin G4 (IgG4)3
* B-Agonists (hypokalemia)?’

* Recombinant interleukin-2 (IL-2)3

* Recombinant interleukin-10 (IL-10)*
* GH-releasing peptide*

PK/PD MoDEL CLASSIFICATION

Ideally, concentrations should be measured at the effect site, the site of action, or
biophase, where the interaction with the respective biological receptor system takes
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place. Thus, concentrations in easily accessible body fluids like plasma or blood are
frequently used to establish these relationships under the assumption that the phar-
macologically active, unbound drug concentration at the effect site is directly related
to the one in the respective body fluid and they are, under PK steady-state plasma
concentrations, in equilibrium.

The PK/PD models can be classified by PK steady-state conditions into two
types: PK/PD models for steady-state conditions and those for non-steady-state
conditions.

PK/PD Models for Steady-State Situations

For steady-state conditions, the most commonly used PK/PD models are listed as
follows:

Fixed Effect PK/PD Model

A fixed effect model, also known as a quantal effect model, relates a certain drug
concentration with the statistical likelihood of a predefined, fixed effect to be present
or absent.

The simplest fixed effect model is a threshold model, where the effect E, 4
occurs after reaching a certain drug threshold concentration C o105

E = Egyeq if C2 Clhreshold (2.6)

where E is the measured effect and C is the measured drug concentration.

Since the threshold concentration will vary among patients, the probability of
the effect to be present at a certain concentration will be a function of the threshold
concentration distribution in the population. This approach may be useful in the
clinical setting as an approximation of dose-response relationships but has major
limitations for the prediction of complete effect—time profiles.*!

Linear PK/PD Model

The linear model assumes drug concentration is directly proportional to the drug
effect observed, as shown in the following equation:

E=E,+bxC 2.7

where E, is the baseline effect in the absence of drug and b is a slope.*

Log-Linear PK/PD Model

A much more common situation than the linear model shown above is the log-linear
model with the following expression:

E=a+bxlogC (2.8)
where a and b are the intercept and slope, respectively, in a plot of effect E vs. the

logarithm of the drug concentration C. The symbol b is an empirical constant that
has no physiological meaning, especially not that of a baseline value.
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The log-linear model can be considered a special case of the E_,, model,
regarding the range between 20 and 80% of E,,,, where effect E and logarithm of
the concentration C follow a linear relationship. This model was successfully used
to model the relationship of the synthesis rate of prothrombin complex activity to
the plasma concentration of warfarin.*?

The linear and log-linear models are often applied approximations for the
description of concentration—effect relationships in human studies when (1) the
occurrence of side effects prevents the administration of higher doses or (2) the drug
has a long half-life, resulting in a narrow concentration range being studied. It needs
to be kept in mind that the linear and log-linear models are useful only for interpo-
lation, but not extrapolation.

E__. PK/PD Model

max

E_  model relates concentration C and effect E as

max

E=E, X CI/ECsx+ C) (2.9)
where E,,, is the maximum effect possible and ECs, is the concentration that results
in 50% of E_,,. E,,, refers to the intrinsic activity of a drug. ECs, refers to its
potency. This equation can be derived from the equilibrium interaction of a drug
with its site of action, e.g., a receptor, enzyme, or ion channel, producing the effect E.
The E,,,, model describes the concentration—effect relationship over a wide range
of concentrations from zero effect in the absence of a drug to the maximum effect
at concentrations much higher than ECs,. The E,,, model successfully described the
relationship between propranolol plasma concentrations and decrease in heart rate.*

In the presence of a baseline effect E,, Equation 2.10 results.
E=E; + (E X ONECs, + C) (2.10)

The E_,, model presented above assumes an increase of the effect with increasing
concentrations. On the contrary, inhibitory effects can be described by the following
equation:

E=E,-(E

max

x C)/(ECs, + C)

Sigmoid E,,,, PK/PD Model

The sigmoid E,_,, model is an expansion of the E_,, model. Effect (E) relates to the

concentration (C) as follows,
E=FE_ , X C/ECs + CY) 2.11)

This relationship can be theoretically described based on the interaction between y
drug molecules and one common interaction site. However, in most cases y only
serves as a shaping factor to allow for a better data fit. Therefore, v is not necessarily
an integer value. The steepness of the concentration—effect curve depends on the



40 Pharmacokinetics in Drug Discovery and Development

magnitude of 7y; the larger v, the steeper the linear phase of the log-concentra-
tion—effect curve. The slope of the linear portion of the log-concentration—effect is
equal toyx E_,. /4. The E_,, model can be considered a special case of the sigmoid

E, .« model with y = 1. The sigmoid E,,, model best fitted the concentration-EEG

max max

effect relationship of the intravenous anesthetic ketamine and its two enantiomers.*

PK/PD Models for Non-Steady-State Situations

Under non-steady-state conditions, time courses of plasma concentration and effect
may dissociate. Thus, to characterize fully the time course of drug action under non-
steady-state conditions, PK and PD have to be adequately linked to predict the
relationship of PD effect vs. drug concentration in plasma. This link is provided by
the following four attributes in the integrated PK/PD models.

Direct Link vs. Indirect Link

If equilibration between the drug concentrations in plasma and at the effect site
occurs rapidly enough so that the temporal delay is negligible, then the concentra-
tions can be directly proportional to each other at any time despite the non-steady-
state conditions. In such situations, effect and plasma concentration lack any detect-
able hysteresis and may be directly linked as under steady-state conditions. However,
in many cases, the concentration at the site of action may lag behind that in plasma;
therefore, no direct link can be established. This is usually manifested by a pro-
nounced counterclockwise hysteresis between plasma concentration and effect. The
extent of hysteresis is dependent on the degree of delay between the concentrations
in plasma and at the effect site. This dissociation between the time courses of plasma
concentration and effect can be resolved by introduction of a hypothetical effect
compartment representing active drug concentration at the effect site. This is realized
by linking the effect compartment to the kinetic model by a first-order process with
negligible mass of drug into the effect compartment.

Although the effect compartment concept achieved wide popularity in the PK/PD
modeling field, it is not suitable for a fairly large number of different pharmacological
effects, and it does not help to elucidate some underlined mechanisms of pharma-
cological effects.

Direct Response vs. Indirect Response

Direct response models are characterized by a direct correlation between the effect
site concentration of the drug and the observed effect without time lag. Direct
response models can comprise either a directly linked direct response model“® or an
indirectly linked indirect response model.*’ Indirect response models are models for
drugs whose mechanism of action consists of either inhibition or stimulation of a
physiological process involved in the elucidation of the clinical expression of the
observed effect, as discussed in detail in the previous section.

Soft Link vs. Hard Link

In soft-link models, both observed PK and PD data are used to determine the
characteristics of the link between them. The link then serves as a buffer and
accounts for any misspecification between the PK and PD relationships describing
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the respective data sets. In contrast, in hard-link models, the PD data are not used
in the characterization of the model. Instead, the PK data are combined with
additional information from in vitro studies like binding affinities to receptors,
enzymes, or ion channels to allow true predictions of the PD data. The additional
in vitro information determines the link between the PK and PD data.’

Time Variant vs. Time Invariant
Most of the PK/PD models assume time invariant, i.e., the PD parameters, e.g., E

max
and EC,, stay constant over time. However, when time-variant PD occurs, a specific
model for the involved process of either tolerance or sensitization is required. PD
tolerance is defined as a decrease in drug effect over time despite constant drug
concentrations at the effect site and is characterized by a clockwise hysteresis loop
in a plot of effect vs. drug concentration. In an E,,, model, tolerance is usually
modeled as a time-dependent decrease of E,, if receptor downregulation is involved,
or as a time-dependent decrease of ECj, if receptor desensitization is assumed. PD
tolerance may also occur due to accumulated and antagonistic acting drug metabo-
lites or negative physiological feedback.>*®

Sensitization is defined as the opposite effect of tolerance, an increase in
drug effect over time despite constant drug concentrations at the effect site,
which is manifested by a counterclockwise hysteresis loop in a plot of effect

vs. concentration.

SURROGATE MARKER, BIOMARKER SELECTION,
APPLICATION, AND VALIDATION

DEFINITIONS

* Clinical outcome: The clinical outcome is the ultimate efficacy measure
quantifying the direct benefit to a patient, for example, cure or decreased
morbidity; it is, however, often difficult to quantify. Instead, clinical
outcomes are often predicted from surrogate markers that can be
observed readily and early in drug candidate process and can be quan-
tified easily.

e Biomarker and surrogate marker: Biomarkers are measurable physio-
logical or biochemical parameters that reflect some PD activity of the
investigated drug, even if they are not directly related to clinical out-
come. They may be useful to obtain insight into the overall PK/PD
behavior of the compound of interest. However, only if changes in
biomarkers are predictive of clinical outcome are they considered sur-
rogate markers. Before surrogate end points can be used to predict
outcomes, it is crucial to validate them in accordance with Good Clinical
Practice (GCP) and Good Laboratory Practice (GLP) methods. This
must include the proof of relevance, i.e., that the changes in the marker
are correlated to changes in disease state or outcome, as well as criteria
similar to those used in analytical method validation, namely, repeat-
ability, reproducibility, and sensitivity.
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SURROGATE MARKERS IN DIFFERENT STAGES OF DRUG DEVELOPMENT
PROCESSES

* Preclinical studies: Both beneficial and adverse PD markers would be
identified from anticipated efficacy end points and side effects, respec-
tively, in the animal pharmacological and toxicological studies.

* Phase I/II clinical studies: The first-time-in-human PK and tolerability
study likely will use the widest dose range and the highest dose ever in
the clinical development. Therefore, it provides the unique opportunity
to assess the clinical PK/PD data. A list of candidate surrogate markers
both from preclinical studies or previous clinical experience should be
established at this stage. The PK/PD information from the placebo
controls should also be obtained because it is invaluable for future
development. In addition, the interspecies differences in PK/PD
responses should also be recognized. During Phase II development
(especially proof-of-principle in Phase Ila), careful evaluation of PK/PD
responses in both healthy subjects and patients should be performed to
detect differences, if any.

e Phase II/III clinical studies: The PK/PD model(s) in population studies
during Phase II/III will be tested to assess variation due to differences
from genetics, demographics (age, sex, ethnicity, etc.), diet, smoking,
alcohol intake, disease conditions, concomitant drugs, hepatic or renal
insufficiency, and other altered metabolic conditions. Table 2.1 represents
a list of some potential biomarkers used in the clinical trials.

As surrogate markers evolve from proof-of-concept to prediction of outcomes,
validation takes on increasing importance for both regulatory authorities and spon-
soring companies. If the clinical experiences support the theoretical and preclinical
experiences, the marker continues to be a valid marker. Differences between markers
used for decision making and those used for regulatory approval must be acknowl-
edged and delineated. When surrogate markers are related to the therapeutic and
toxic end points, the decision-making process in drug development can be facilitated
by PK/PD modeling.

The Food and Drug Administration (FDA) may grant marketing approval for a
new chemical entity on the basis of adequate and well-controlled clinical trials
establishing that the drug product has an effect on a surrogate end point that is
reasonably likely, based on epidemiological, therapeutic, pathophysiological, or
other evidence, to predict clinical benefit or on the basis of an effect on a clinical
end point other than survival or irreversible morbidity.*

PK/PD APPLICATIONS IN DIFFERENT
THERAPEUTIC AREAS

Some examples of a general characterization of types of PK/PD relationships in
different therapeutic areas are summarized below.
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* Reversible PK/PD model: Central nervous system (CNS), cardiovascular,
muscle relaxation, and enzyme activity

¢ Indirect PK/PD model: Synthesis, secretion, mediator flux, cell trafficking,
and enzyme inductions

¢ Irreversible PK/PD model: Chemotherapeutic, enzyme inactivation, reac-
tive metabolites, and carcinogenicity

CeNTRAL NERVOUS SYSTEM

Despite extensive research, there are major experimental design difficulties in quan-
titatively correlating the time course relationship between drug plasma concentra-
tions and PD effects of CNS agents. Suitable PD effects, which should possess most
of the following characteristics, are listed below:

¢ The concentration—effect relationship is curvelinear.

* The effects are reproducible within and between subjects and repeatedly
over time.

e The effects are amenable to careful experimental design to control for
tolerance or learning effects.

¢ The PD measure is meaningful either as an indicator of therapeutic effect
and/or toxic effects.

Benzodiazepines have been extensively used in the treatment of anxiety. How-
ever, the untoward CNS impairment effects of benzodiazepines are much more
readily quantified using cognitive neuromotor testing than measures of anxiolytic
effects due to lack of effective PD markers. Psychometric tests (hand—eye coordi-
nation, memory, body sway, and psychomotor speed), anesthetic effects (sleeping
time), eye movement, and neurophysiological effects have been used as the PD end
points to model the PK/PD relationships of benzodiazepines.

The time course changes in the CNS impairment on psychomotor and cognitive
skills related changes to the plasma lorazepam concentrations in a PK/PD model in
healthy subjects. The PD end points included computerized continuous tracking,
body sway with eyes opened, and digit symbol substitution (DSS) tests.>

Our knowledge of PD in epilepsy is limited partially due to lack of suitable
measures of anticonvulsant effect intensity. Because of the intermittent nature of the
clinical manifestations of epilepsy, studies on the PD of antiepileptic drugs in humans
are extremely difficult. The following measures have been used as PD markers in
PK/PD modeling in variety of antiepileptic drugs: effects on the frequency of interictal
spikes in the electroencephalogram (EEG) (midazolam,’! phenytoin,’? and
lamotrigine®?), effects on seizure activity induced by photic stimulation (loreclezole*
and B-carboline ZK 95962), and effects on hyperventilation-induced EEG changes.*

Several complicating factors could affect the determination of PK/PD relation-
ships for analgesics. These factors include technical challenges in measuring pain,
the episodic nature of pain, large intersubject variability, tolerance development,
existence of active metabolite (agonistic or antagonistic), presence of endogenous
analgesic, etc. The three most commonly applied approaches to assess pain intensity



Pharmacokinetics in Drug Discovery and Development

44

SQUALNOYNI[ ‘JOSII0D ‘U0TeON[S ‘QUIWEISIY ‘SPIOON}I00IN[D)

HT ‘HYHT ‘HYUD ‘HSA ‘duodsd ‘[orpensy

TS pue 1Ad £q 49D ‘LAd Aq wstjoqelowr 2s0on[3 ‘Sunsa) aanmusod pazuenduwo)

uInsuI-nuy ey ‘uodeon3 ‘urjAwre ‘urnsurold ‘qINVo ‘opnded-) ‘osoon|3 ‘urpnsuy
HLDV

‘s1s9) uorssarddns suoseyjowrexap ‘sureped [0s11109 Y-¢ ‘Yydeidoreydeouaonodfe dod[s TYINA
(IIAF “LAd ‘LOAdS ‘SisA[eue
uonexe[a1 ¢, ‘Surew 1ojsuen uoneznausew ‘Adoosonoads YN ‘THIN) SurSewromau

‘sourure[oyoded ‘aurue[AyejAuayd qINDO ‘HIDV ‘QOVIN ‘COVIA ‘9SeIa)saurjoyd[A1eoy
SPI0J2)S0ONI0d-H -/ ] SULIN ‘QU0I2IS0ISA) ‘HILIV

LSV 1OV ‘uiqnirg  ‘osniod ‘urdjordodijode-TqH “IAH “IA'T ‘SOPLLIAISLY “ase1onpar YO)-DINH ‘[011s9[0U)

I/+BN duLIn ‘QuoIdlsopre ‘JIND? ‘opndad onainineu ey

QUOISISOP[E *,3/+EN ULIN ‘[ UISUJoISue ‘Y ‘I[ UISueloISue ‘g)V onssi} pue ewse[d

OV +J/+BN 2ULIN ‘QUOISOP[E ‘YYd ‘] UISu)oISue ‘I UIsuajoisuy

SIIBW [[99-1-UOU ‘SIdIBW [[30-], ‘GS] WnIog

sIdJIRW dqelisapun s1djIeW dqelisaq

sjuade A1ojewwIRguUI-NUY
SoUOWIOY PIOIA)S

SIOPIOSIP asnqe SnIp pue [OYooy
soneqelpnuy

SIOPIOSIP POOIA

sonnadesay) 9seasIp dANEIdUSSUSPOINAN

SI0JIQIYUT 3SBIONPal YOD-DINH
s1031qryut asepndedopua [ennaN

SIONqQIYUT OV
sjstuogejue [ uIsudjoISuUY
BUIYISY

sse|) Snag

sidyJewolg [enuajod Jo 1siy
L' 319v1




45

PK/PD Approach

"owoIpuAs Aoudrogapounwwr paxnboe = STV (Apoqnue sniia Adusroygopountwl uewny = qy ATH 8§-UONENUIJIP JO IS0 = §-(ID ‘H-UONBNHUAIAJIIP JO I9sN[d
= $-gD ‘uonoear ureyd aserowkjod = YD g[-umnapeiul = g1-1 90]-UDNSMAUL = NV ]-T] 0-I0J0B] SISOIdAU Jown) = VAN, duourioy SUIZiumn] = H ‘duouLioy
Sursesjar-ouourioy Surziuroin] = HYHT ‘ououwrioy Surses[ar-uidonopeuos = Hyuo ‘ouowioy Sune[nwns-9[oI[[o} = HS (MOf poo[q [e1qa10 = gD ‘deydsoydouowr
QUISOUAPE JI[IAD = JINVO ‘SuISewll 90UBUOSAI dNAUSeW-,;, = [N ‘Surdewr ooueuosar onoudew feuonouny = TYINJ AydeiSowo uorsstud uonisod

= 144 ‘AydeiSowo) pandwos uorssta uojoyd 9[3uls = [DHHAJS ‘Surdewr souruosal onaugew = YN oreydsoydouow- G ¢ ¢ auisourns OI[I4d = JIND? (SISLPIXO
Jurueouow = QYA ‘urdonooniodsoualpe = HIJV :[o1asajoyd urjoidodi] Asuap-y3iy = JQH ‘[o1oisojoyod urajordodi] AJisuop-mof = ] 9Selojsuejourue
Jrepredse = [ SV ‘oseIdjsuenourue 9Je[AX0A[S auiuee = OV ‘QWAZud SunIoAU0d-uIsudjoisue = gOv ‘Ananoe urudl ewseld = y¥d ‘g urnqojSounwuwl = g3

eruadonnau ‘eruadoynag
‘eruadolfooquiony,

uonepas
Aorxon D

sarpoquuy

ainssaxd renooenuy

QIep pue [BAYM UDS

Ayrproe oLnsen

uueydoou ‘usSnue $z-d 1m qv ATH ‘§-AD/F-AD “YDd/uoping [eIA
owm Sumjogo ‘s10308J0d IAYJ0 ‘SI0}oLJ0d uone[nseo))
urnqoj3oIoru-gg ‘g3 ‘QUIUNEBId ‘SPIoursodd ‘G-I VI-TI “VANL

SUOTIBIAQIQQY

A3oj0ouQ

ruIoone[SnuUYy

sisuogejue 'H

sioyiqyur dund uojoid ‘systuoSeiue ‘H
SAIV/AIH-BUY

sjue[nSeoonuy

sjuessarddnsounurwuy



46 Pharmacokinetics in Drug Discovery and Development

are the visual analogue scale (VAS), the verbal rating scale, and the numerical rating
scale. VAS scales have been found to be reliable, feasible, and sensitive. “Pain” can
be regarded as a quantal (all-or-none) response, but “pain relief” may be a graded
response because it can be described on a continuous scale. In spite of the challenges,
many successful PK/PD models have been developed for analgesics. The relationship
between morphine plasma concentration and analgesic effect (a cumulative fre-
quency of patients attaining a certain comfort score) in neonates was successfully
modeled.’” The pharmacological responses (pain relief, sedation, and pupillary size)
were linked to methadone plasma concentration in patients with cancer pain by
PK/PD modeling.’® The slowing of the EEG by fentanyl was related to the plasma
concentrations by using PK/PD modeling with a sigmoid E,,,, model that incorpo-
rates the hypothetical effect compartment.’® Using PK/PD modeling and subsequent
simulations, optimum dosing regimens have been designed for fentanyl, alfentanil,
and sufentanil.®

CARDIOVASCULAR

Heart rate reduction (bradycardia) at rest and during exercise has been considered
an important mechanism for the antianginal and anti-ischemic effects of B-adren-
ergic blocking agents and some calcium channel blockers. However, these agents
may have side effects, such as negative inotropic and hypotensive effects. Ivabradine
is a selective bradycardic effect without vasodilatory or inotropic side effects. Its
active metabolite has the similar pharmacological effect. After oral administration
of ivabradine, an indirect relationship (a counterclockwise hysteresis loop) between
the bradycardiac effect and plasma concentration of both parent compound and its
active metabolite was observed. A population PK/PD model (a link model with an
effect compartment) showed that the active metabolite of ivabradine contributes in
part to the overall activity of ivabradine. The active metabolite is responsible for
the initial bradycardiac effect, whereas the parent compound is responsible for the
duration of action.®!

Angiotensin-converting enzyme (ACE) inhibitors (e.g., captopril) are effective
agents in treating hypertension and congestive heart failure. ACE not only converts
angiotensin I into angiotensin II but also inactivates bradykinin, the latter of which
is a potent vasodilator causing the release of nitric oxide (NO), etc. In the human,
dorsal hand veins have been shown to be responsive to angiotensin I and II as well
as to bradykinin. The dorsal hand vein technique was therefore used to investigate
the effect of oral single-dose captopril or enalaprilat infusion on bradykinin-induced
venodilation in the dorsal hand vein preconstricted with phenylephrine.?
Dose-response curves to bradykinin were constructed after preconstriction of the
vein with phenylephrine by infusion of the bradykinin at increasing infusion rates.
A second dose—response curve to bradykinin was repeated after ACE inhibition. The
dose—response curves to bradykinin with or without ACE inhibitors were described
by a four-parameter logistic equation, with which the E,_,, and EDs, could be
estimated. The PK/PD (dose-response) model by using the dorsal hand vein tech-
nique indicated that the sensitivity to bradykinin after ACE inhibition in human veins
should be augmented.
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NO, an important mediator of vasodilatation and inhibition of platelet aggrega-
tion via increased formation of cyclic GMP, is synthesized in the vascular endothe-
lium from the terminal guanidino nitrogen of L-arginine (L-Arg) by a constitutive
isoform of NO synthase (NOS). The inhibition of NOS by NOS inhibitors, such as
N¢-monomethyl-L-arginine (L-NMMA), can result in changes in hemodynamic
responses. The relationship of plasma levels of L-NMMA with changes in PD end
points (cardiac output, pulsatile blood flow, and exhaled NO) could be satisfactorily
described by direct E,,, models. Based on the PK/PD models, L-NMMA could
significantly decrease cardiac output, exhaled NO, and pulsatile blood flow in the
absence of a systemic hypertensive response. The ECs, value was equivalent for
exhaled NO and cardiac output, but markedly higher for pulsatile blood flow.%*

Because L-Arg is the physiological precursor of NO, the relationship of the
temporal pattern of L-Arg plasma concentration and that of its vasodilator effect,
i.e., the reduction in total peripheral resistance was investigated. The PD effect was
directly linked to L-Arg plasma concentration by a linear effect model with lack of
hysteresis loop. This result suggests that L-Arg has a direct vasodilator action within
the vasculature.®

ONcoLoGY

Most of the acute toxicity of cancer chemotherapy is due to growth inhibition of
rapidly dividing normal tissues, such as the bone marrow and gastrointestinal (GI)
mucosa. To date, most clinical PD studies in oncology have focused on modeling
the extent of myelosuppression.®> Myelosuppression (thrombocytopenia, leukopenia,
neutropenia, etc.) is easily quantified, occurs at predictable times, and is usually
readily reversible. Clinical oncologists face the dilemma that levels of systemic
exposure necessary to achieve more effective antitumor therapy are often similar to
those associated with greater toxicity. The goal is to define a level of systemic
exposure that maximizes the likelihood of therapeutic response while producing
minimal (acceptable) toxicity, then use PK principles to select a patient-specific
dosage that will yield a level of systemic exposure within this narrow range.

The PD parameters (e.g., nadir count or the surviving fraction, i.e., the nadir
count divided by the pretreatment count) are usually correlated to PK parameters,
such as the integral of total drug exposure over time (total area under the concen-
tration—time curve, or AUC), steady-state plasma concentrations during continuous
infusion (Cy), or the time above the threshold concentration using linear, log-linear,
or E_,, models. Table 2.2 lists PD studies of hematological toxicity.

Significant relationships between the PK (e.g., C or AUC) of selected anti-
cancer drugs and their clinical effects (e.g., toxicity) have been demonstrated. These
data suggest that individualized dosages of certain anticancer drugs, based on
PK/PD, could increase the probability of response, decrease the probability of
toxicity, or both.

Several models have been developed to describe the time course of leukopenia
after chemotherapy, but their structures were not mechanistic. Dose instead of a
concentration—time curve was used as input to their models. Therefore, the PK
variability was ignored during the model development.
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TABLE 2.2
PD Studies of Hematological Toxicity or Gl Toxicity
Agent PK Parameter Hematological Toxicity
Carboplatin AUC Thrombocytopenia
AUC Leukopenia
Doxorubicin C, Leukopenia
Etoposide C, Leukopenia
Fluorouracil C,, Leukopenia
Iproplatin AUC Thrombocytopenia
Hexamethylene bisacetamide  C,/AUC Thrombocytopenia/leukopenia
Menogaril AUC Leukopenia/neutropenia
SAM486A AUC Neutropenia
Teniposide Free AUC Leukopenia
C,, Mucositis
ThioTEPA AUC Leukopenia/thrombocytopenia/neutropenia )
Thymidine C, Thrombocytopenia
Trimetrexate AUC/C,, Thrombocytopenia
Vinblastine C,, Leukopenia

More mechanistically modeling efforts have recently been focused on the pre-
diction of the entire time course of myelosuppression.®® A physiological indirect-
response PD model was developed to describe the entire time course of leukopenia
or neutropenia after treatment with anticancer drugs (paclitaxel and etoposide). The
model successfully related the drug concentration vs. time curve to the time course
of leukopenia. The model consisted of two compartments corresponding to leukocyte
pools in bone marrow and peripheral blood, because anticancer drugs work on
myeloid cells in bone marrow, whereas leukocyte counts are measured in peripheral
blood. A concentration—time curve (in terms of PK model parameters) of an anti-
cancer drug was used as input to the model. It was assumed that only mitotic
components consisting of myeloblasts to myelocytes are sensitive to chemothera-
peutic agents. It was hypothesized that the inhibition of leukocyte production in
bone marrow was controlled by the exposure of myeloid cells to anticancer drugs
when they are in the sensitive cell stages. With the model mechanistically developed,
the entire time course of leukopenia or neutropenia after chemotherapy with anti-
cancer drugs could be successfully described, and it may provide a platform for
physiological analysis of PD of anticancer drugs.

GASTROINTESTINAL

It is believed that the presence of a high intragastric concentration of H* ions and
pepsin appear to be a prerequisite for the development of GI bleeding from stress
ulcers. Therefore, a reduction of gastric acidity may prevent these lesions.®’
Intravenous ranitidine is widely used as a prophylactic agent for stress ulcer-
related bleeding in patients in intensive care units. The development of an integrated



PK/PD Approach 49

PK/PD model for H,-receptor blockers can certainly establish dosage guidelines for
this indication. It has been recognized that there is presence of a delay between drug
concentration of H,-receptor blockers and the effect on intragastric pH. Both the
effect compartment model and the indirect response model have been used to
describe the delay.®® The effect compartment approach assumes that the delay is due
to the slow distribution of the drug to the effect site, whereas the indirect response
model assumes the delay may be largely determined by a gradually developing
physiological effect.

Theoretically, for acid inhibitory agents, the delay between concentration and
onset of drug effect could be dependent on the acid present in the stomach at the
time of initiation of therapy and the transport of gastric juice to the duodenum.
Therefore, the effect of acid inhibitory agents on gastric pH may be characterized
more appropriately by a physiological indirect response PK/PD model rather than
an empirical effect compartment model. Both models have been challenged by both
single and multiple doses of ranitidine with either an intermittent bolus or a contin-
uous infusion scheme. The physiological indirect response model seems to be more
meaningful because of its direct relevance to the physiology of gastric acid produc-
tion and elimination, its ability to predict multiple-dose PK/PD data, its better
quantification of tolerance development, and in vitro and in vivo correlation.

SeLecTED ExampLes oF PK/PD ApPLICATION IN DRUG DEVELOPMENT
Example 1

Octreotide acetate is a synthetic octapeptide that suppresses secretion of peptide
hormones and neurotransmitters in a fashion similar to the endogenous somat-
ostatins. Subcutaneous injection of octreotide acetate leads to symptomatic control
in patients with acromegaly and some gastro-entero-pancreatic tumors. However, to
be fully effective, a regimen of three times daily dosing is warranted. To improve
patient convenience and compliance, octreotide acetate has been reformulated into
microspheres of a biodegradable polymer (poly(pL-lactidecoglycolide) p-(+) glu-
cose). Drug release occurs slowly as cleavage of the polymer ester linkage takes
place primarily through tissue fluid hydrolysis. This formulation allows for a single
monthly intragluteal injection with sustained release of octreotide.

Following a single intragluteal intramuscular injection of microencapsulated
octreotide acetate in healthy cholecystectomized subjects, the pharmacokinetic pro-
file of octreotide was characterized by an initial peak of octreotide followed by a
sustained release of drug. Plateau concentration was sustained up to day 70, and
gradually declined to below the detection limit by day 112. A population covariate
pharmacokinetic model was constructed that consisted of two absorption processes,
one for immediate-release portion from the surface, unencapsulated drug and another
for sustained-release portion from the microencapsulated drug.®®

It has been hypothesized that growth hormone (GH) may facilitate the progression
of various disease states. These pathological effects may occur either by direct GH
stimulation or indirectly by the elevation of insulin-like growth factor-1 (IGF-1). For
more than 30 years, the importance of GH in the development and progression of diabetic
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retinopathy has been recognized. Recently, there was a growing interest in IGF-1 in
proliferative diseases and the potential of altering the course of the disease by reducing
IGF-1 concentrations. A population covariate PK/PD model (inhibitory E,,,, model with
baseline) could adequately describe the inverse correlation between the IGF-1 concen-
tration and octreotide concentration in healthy cholecystectomized subjects following a
single intragluteal intramuscular injection of microencapsulated octreotide acetate.®’
Computer simulations based on the developed PK/PD model recommended the dosing
regimen of 30 mg microencapsulated octreotide acetate intramuscularly every 4 weeks
can achieve adequate suppression of IGF-1 concentration in at least 70% of the popu-
lation, which is considered sufficient for therapeutic purposes.®

Example 2

SAMA486A is a potent inhibitor of S-adenosylmethionine decarboxylase (SAMDC),
which has been selected as potential therapeutic target for cancer chemotherapy.
Three Phase I ascending-dose tolerability and pharmacokinetic studies with dif-
ferent dosing schedules have been performed in 112 patients with refractory
malignancies.”® Hematological toxicity manifested by dose-dependent neutropenia
has been observed. Study 1 was an open-label, noncomparative, multicenter,
between-patient, dose-escalating trial (39 patients). The starting dose, 3 mg/m?
per cycle, was selected as approximately one third of the human equivalent of the
no-adverse-effect level (0.06 mg/kg) in the most sensitive species, the rat, with
daily dosing for 3 months. This corresponded to 5 days of continuous infusion
(120 hours) of 0.6 mg/m? per day, repeated every 4 weeks. The dose was escalated
to 700 mg/m?/cycle based initially on a modified Fibonacci scheme. Later, the
protocol was amended to permit a toxicity-driven escalation. The maximum tol-
erated dose (MTD) not associated with dose-limiting toxicity was defined as 400
mg/m?/cycle. Study 2 was an open-label, nonrandomized, noncomparative, dose-
escalating trial (50 patients). SAM486A was administered every week for 4 weeks,
followed by a 2-week rest period or after recovery from the previous cycle,
whichever came later. The dose regimens comprised 10-min to 3-h intravenous
infusions once a week with doses ranging from 1.25 to 325 mg/m?week. MTD
was defined as 270 mg/m?/week. Study 3 was an open-label, noncomparative,
single-center, dose-escalating trial (23 patients). SAM486A was given by a 1-h
intravenous infusion daily for 5 days every 21 days. The starting dose for this trial
was 3.6 mg/m?/day. The dose was escalated up to 202.8 mg/m?/day using a
modified continuous reassessment method. MTD was defined as 102.4 mg/m?/day.

The pharmacokinetics of SAM486A after intravenous infusions with different
durations, dose ranges, and dosing regimens in these three Phase I studies was fully
characterized using a population modeling approach.” The pharmacokinetic/toxico-
dynamic relationships between toxicodynamic effects (neutrophil count nadir, per-
cent decrease in neutrophil count from baseline to nadir, or neutropenia grade) and
pharmacokinetic predictors (maximum plasma concentration, cumulative AUC
before the occurrence of neutrophil count nadir, or duration of exposure above
threshold levels) were described by an inhibitory sigmoid E,,, model, simple E

max max

model, or logistic regression, respectively. Cumulative AUC was found the best
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pharmacokinetic parameter to predict grade 4 and grades 3 + 4 neutropenia by
logistic regression models. Based on the logistic regression models, the Study 3
dosing regimen of 100 mg/m? 1-h intravenous infusion daily for 5 days showed the
lowest occurrence of grades 3 + 4 as well as grade 4 neutropenia with predicted
probabilities of <0.4% and <0.2%, respectively. Therefore, this regimen was selected
for further clinical trials.”

PK/PD AND COMPUTER-AIDED CLINICAL
TRIAL DESIGN

Computer simulations have been widely applied and demonstrated to be of great
value for the product development process in other than the pharmaceutical indus-
tries (e.g., aerospace, automobile). Computer-aided clinical trial design (CATD)
has recently attracted more and more attention and recognition from the pharma-
ceutical industry, academia, and regulatory agencies as a means of achieving
greater efficiency and improving the cost-effectiveness and timeliness of the drug
development process. CATD not only aids in the identification of optimal dosage
regimens, but it also facilitates evaluation of effective PK/PD models, placebo
response, disease progression, adverse event development, and, ultimately, the
expedition of the decision-making, regulatory review, and commercialization of
new drug processes.

PK/PD models form the backbone of any mathematical model in CATD. It can
be expected that the wide application of CATD will produce a distinct shift from
empirical to mechanistic PK/PD modeling. PK/PD models obtained in CATD pro-
cess not only will present concise but informative knowledge about the drug, but
will also serve as a communication platform for discussions among members from
the many scientific disciplines involved in a given drug development project.”!

A number of input factors in CATD can be classified into two groups: con-
trollable factors and uncontrollable factors. Some major controllable (‘“protocol”)
factors include:

e Number of subjects and type of patient populations
e Overall study design

* Dosing regimen

* Sampling schemes of PK/PD evaluation
Inclusion/exclusion criteria

Some major uncontrollable factors include:

e PK/PD model

» Compliance, dropout

* Adherence to sampling schedules

* Residual errors in proposed PK/PD model (e.g., assay errors, model mis-
specification)

* Country, center effects
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Once a valid population PK/PD model has been selected (the most time-con-
suming step in CATD), the simulation outcome of a clinical trial only depends on
the specification of controllable design factors and on assumptions of uncontrollable
design features. It is not a trivial task to successfully build simulation. It requires
overall understanding of drug development, physiology, and clinical practice, knowl-
edge of PK/PD, and access to adequate simulation software. Simulation unavoidably
forces study designers to state their assumptions explicitly, thereby facilitating the
understanding among members of a clinical development team and therefore moving
to a more PK/PD-oriented rational drug development process.

SUMMARY

In summary, the following general considerations should be taken into account before
embarking on PD studies.”

* Determination whether the pharmacological effect is direct, reversible,
indirect, irreversible

* Selection of a pharmacological response that is clinically relevant

* Validation of the measurement of pharmacological response (or surrogate
end points)

* Establishment of the number of subjects needed to ensure adequate sta-
tistical power

* Determination of the optimal design and sampling strategy

* Consideration of the complicating factors in PK/PD modeling” (e.g., lack
of understanding of underlining mechanism, tolerance, rebound, diurnal
variation, sensitization, active metabolite, protein binding, multiple recep-
tors, pathophysiological changes, drug interactions, nonstationarity, enan-
tiomer, transduction, etc.)

 Equilibration delays between sampling and effect compartment for non-
steady-state investigations

 Baseline or placebo effects

» Presence of endogenous substances

* Selection of a predictive and parsimonious PK/PD model

* Optimal parameter estimation, statistical inference, and model predictions

FUTURE PERSPECTIVE OF PK/PD

As the regulatory climate changes and science evolves, PK/PD modeling may take
on different forms, but its importance in drug development should not diminish. A
thorough and sound understanding of the dose—concentration—effect relationship
should prevent marketing a drug at doses later recognized to be inappropriate. The
FDA has a major interest in encouraging good practices in conducting, analyzing,
and reporting the results of PK/PD studies. Guidance for population PK/PD studies
is currently being developed. It can be expected that more and more scientifically
sound PK/PD studies serving a rigorous scientific framework for development will
emerge in the near future.
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INTRODUCTION

Pharmacokinetics and drug metabolism continue to play an increasingly important
role in drug development, starting with drug discovery and lead optimization, phar-
macology and safety evaluation, continuing into clinical development, and finally
helping to position the product in the marketplace. As outlined in Figure 3.1, the
successful development of a drug candidate depends on a collaborative interaction
of pharmacokinetics and metabolism with a number of disciplines, with careful
consideration given to the appropriate use of limited resources and to the timely
review of results. This chapter provides an overview of the role of pharmacokinetics
and metabolism in drug discovery and in the preclinical development of drugs. The
goals of in vitro and nonclinical studies in experimental animals are to demonstrate,
directly or indirectly, the biological activity against the targeted disease, to provide
data for toxicology and safety evaluation, and to provide pharmacokinetic and
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FIGURE 3.1 Schematic of the interaction between pharmacokinetics and metabolism and
other disciplines during drug development.

pharmacodynamic data that may be helpful in developing dosing regimens and dose
escalation strategies in clinical trials.! During preclinical development, pharmaco-
kinetics can also help support the choice of an animal species and the dosing regimen
(amount and dose frequency) and can facilitate interpretation of findings in toxicol-
ogy studies to allow rapid entry into clinical trials.

Figure 3.2 presents a schematic of the sequence of studies that are conducted
during various stages of development for a typical development program.

Time Line >
DISCOVERY IND Phase | Phase Il Phase Il

Preliminary screening (PD assays, CaCo-2)

Analytical methods development
Pharmacokinetic profiling
Pharmacokinetics (in two appropriate species)

Multiple-dose studies

Mass balance studies

Single-dose toxicokinetics (rodent and non-rodent species)

Multiple-dose toxicokinetics

Metabolic profiling

Reproductive toxicology
Placental transfer

Carcinogenicity

FIGURE 3.2 Schematic representation of the role of pharmacokinetics and metabolism in
drug development.
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Most people agree that pharmacokinetic and metabolism studies conducted
during drug development should be based on scientific principles rather than on a
rote approach of checking off items on a checklist. It is also appreciated that different
approaches can be used by various groups to reach essentially similar objectives of
getting a drug approved in an expeditious and safe manner. The sequence of studies
depends on precedence, corporate culture, and the level of risk aversion within a
company. As a result of a collaborative effort between the regulatory agencies and
the pharmaceutical industry, great strides have been made to rationalize the devel-
opment process through the International Conference on Harmonization (ICH). It is
advisable to consult some of the regulatory guidance documents that have been
issued as a result of these efforts prior to embarking on formal development studies.
Table 3.1 presents a list of the current guidance documents applicable to the use of
nonclinical pharmacokinetics and pharmacodynamics in development.

TABLE 3.1
ICH Guidance Documents Referring to the Application of Nonclinical
Pharmacokinetics in Safety Evaluation and Drug Development

Stage Document Title
S1C Dose selection for carcinogenicity studies of pharmaceuticals
SIC(R) Guidance on dose selection for carcinogenicity studies of pharmaceuticals: addendum
on a limit dose and related notes
S3A Toxicokinetics: assessment of systemic exposure in toxicity studies
S3B Pharmacokinetics: guidance for repeated dose tissue distribution studies
S5A Detection of toxicity to reproduction for medicinal products
S6 Preclinical safety evaluation of biotechnology-derived pharmaceuticals
M3 Nonclinical safety studies for the conduct of human clinical trials for pharmaceuticals

Source: http://www.fda.gov and http://www.eudra.org.

A number of in vitro and animal models are generally employed during the
discovery and preclinical development stages to characterize pharmacokinetics,
metabolism, and pharmacodynamics and to help identify agents with desirable
pharmacological and biological properties. Typical information that is gathered
during preclinical drug development is presented in Table 3.2.

Analytical methods that quantitate the parent and metabolite(s) in relevant biological
fluids are a prerequisite for conducting robust pharmacokinetic studies. During the early
discovery and development of a novel compound, analytical methods may not always
be available, and it may not be prudent to invest a lot of resources to develop specific
analytical methods. At this stage, limited pharmacokinetic data may be obtained using
biological assays or radiolabeled material. However, results from such studies should be
interpreted carefully since these methods often tend to be nonspecific. Analytical methods
based on a biological property may not distinguish the parent drug from active metab-
olites. There have even been instances when the estimated bioavailability has exceeded
100%.2 In addition, while radiolabeled studies using amino acid labeling methods are
more common with recombinant proteins and peptides, the cost and resources required
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TABLE 3.2
Typical Information Obtained during Preclinical Research to Facilitate
Understanding of the Pharmacokinetics and Metabolism of Drugs

Physicochemical properties (e.g., solubility, pK,, partition coefficient)
Analytical methods for parent drug and metabolites

In vitro metabolism (e.g., enzyme induction, drug interaction)

In vivo metabolic profiling

Pharmacokinetics in rodent and non-rodent species (single and multiple dose)
Tissue distribution and whole-body autoradiography

Reproductive studies, placental and fetal transfer

Protein binding

to radiochemically synthesize chemical entities is generally not justifiable until the
potential drug candidate is much further in development.

ABSORPTION

Various in vitro and in vivo methods have been used to predict drug absorption
including Caco-2 cells, in situ intestinal permeability, whole-animal studies, and
more recently chromatographic methods. Compared with in vivo absorption studies,
evaluation of intestinal permeability in vitro requires less compound; is relatively
easy to study, often avoiding complicated surgery; is rapid; and can allow a wider
variety of variables to be controlled.?

IN ViTro CULTURED CELLS

Three major cell models obtained from human colon cancers have been used: HT-
29, and T84, and Caco-2. HT-29 is a cell line capable of secreting mucin; it has
been used to study the effect of mucin on drug absorption. The T84 cell line does
not express biochemical differentiation markers and is not particularly useful for
studying drug transport. However, the T84 cell line does express P-glycoprotein and
can be used to study the role of this efflux pump.*

The most widely used cell line in drug transport studies is the Caco-2 cell line.
This is an immortal cell line derived from human colon carcinoma that can be grown
to monolayer on porous support. Functionally, this cell line models the colon more
than the small intestine. The Caco-2 model allows characterization of both mucosal-
to-serosal and serosal-to-mucosal transport and can also be used to study transcellular
and paracellular transport. In addition to expressing small intestinal brush border
enzymes, Caco-2 cells also express Phase I and Phase II enzymes and can be used to
evaluate metabolism of compounds during transport across the intestinal barrier.>-’

UssING CHAMBERS

In this method, a small section of intestinal mucosa is sandwiched between two
chambers containing buffer.®-!° The compound of interest is introduced into the donor
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chamber and transport across the mucosa into the receiver chamber is measured as
a function of time. Both mucosal-to-serosal and serosal-to-mucosal transport can be
characterized by this method. The method also allows characterization of drug
transport at different locations of the intestinal tract.

EverteD GuUT SAC

This model was first described by Wilson and Wiseman.!! A segment of intestine is
everted on a glass rod. One end is ligated and the other end is cannulated with a
polyethylene tubing. The sac is filled with buffer solution and placed in a flask filled
with buffer solution containing the drug. Both the mucosal and serosal solutions are
maintained at 37°C and aerated. Samples may be taken from both the serosal and
mucosal sides. At the end of the experiment, the intestinal segment can be dissolved
in 1 M NaOH and the protein content measured to allow transport rate to be
normalized. The method is simple, quick, reproducible, and inexpensive. The
inverted sac method can allow study of intestinal metabolism and of the mechanism
of drug transport, including the role of P-glycoprotein and absorption enhancers.
One disadvantage of the everted sac method is that it is only possible to maintain
the integrity of the tissue for short periods of time.

IN SiTu STUDIES

Several techniques are available to bridge in vitro studies and studies in conscious
animals. The common feature of these methods is that the gut remains iz situ in an
anesthetized rat, minimizing perturbation of normal function. However, data from
in situ studies may not always correlate with those from studies in conscious animals.
For example, it is known that splanchnic blood flow may be affected by anesthesia.'?
In addition, in situ methods do not adequately reproduce the multitude of environ-
ments encountered by a drug as it traverses the gastrointestinal tract.

In situ methods of drug absorption include the Doluioso method (static method)'3
and the single- and continuous-loop perfusions (dynamic methods).!# The Doluiosio
method involves cannulation of a segment (~10 cm) of gut in an anesthetized rat.
Syringes are attached via cannulas at either end to allow drug administration into
and sampling of the luminal contents. The method is relatively simple, requiring
only commonly available equipment and involving minimal surgery. Limitations of
the method are that absorption is characterized by noting disappearance of drug.
The method does not discriminate between intestinal metabolism, binding to intes-
tinal wall, or precipitation of drug in the gut.

INTACT ANIMALS

Ultimately, there is no substitute for in vivo data. Studies in intact animals allow drug
administration in the intestinal tract with sampling of the portal and systemic circu-
lation to differentiate fully absorption from presystemic metabolism. Conducting
studies in animals is expectedly slow and may not be viewed favorably during early
development when the medicinal chemists need basic information in a very rapid
fashion to help understand structure—activity relationships. The biggest impediments
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to conducting studies in animals are the time and resources required to develop
analytical methods that are sensitive and specific enough to support in vivo studies.
This investment is generally not justifiable during the early discovery phase. However,
once a manageable number of leads have been generated, studies in appropriate animal
models can provide valuable information for compound selection and modification.
Understanding of the physiological, anatomical, and biochemical differences in the
gastrointestinal tract of different animal species compared with humans can help
select an appropriate animal model to mimic the bioavailability of drug in humans. '

To alleviate the analytical bottleneck, several groups have also investigated
cocktail dosing (also referred to as “cassette dosing” or “N-in-one” dosing) where
several drugs are injected simultaneously into animals and the ability of mass
spectrometry to distinguish subtle differences in mass ion peaks is used to charac-
terize the pharmacokinetics.'®!7 In these approaches, to reduce the potential for
interactions between the agents tested, the dose of each individual compound is
reduced, and a reference compound with known pharmacokinetic profile is usually
included in the mixture.'® Such approaches do not allow characterization of metab-
olism, and pharmacodynamic data cannot be obtained because it may not be possible
to attribute pharmacological activity to a particular compound. The advantage of
these methods is that more compounds can be dosed in a shorter time, fewer animals
are used, and the analytical workload is decreased.

METABOLISM

Understanding the metabolic fate of a drug and routes of elimination early in drug
development can provide valuable information for further development. Such infor-
mation can help identify the potential for drug interactions in humans, explain
interindividual and ethnic differences, and indicate the need for further pharmaco-
logical characterization or structure modification. Rapid progress in the inclusion of
drug metabolism studies in development is attributable to three factors:!®

1. Advances in our understanding of human drug metabolizing systems and
the availability of in vitro models

2. The ability to use these absorption and metabolism models in conjunction
with conventional in vivo studies

3. Development of appropriate analytical methods that can be coupled with
automated sample handling systems

The cytochrome P-450 family is the most important class of enzymes involved
in drug metabolism. The nomenclature uses an Arabic numeral to denote the family,
followed by a capital letter to designate a subfamily, followed by another Arabic
numeral to denote an individual gene/enzyme. In humans five CYP450 isoforms are
commonly involved in hepatic drug metabolism: 1A, 2C, 2D, 2E, and 3A. Table 3.3
presents a summary of substrate specificities and inhibitors for the common isoforms.

The FDA has recognized the value of data from in vitro drug metabolism studies
and has developed a guidance document for the pharmaceutical industry titled “Drug
Metabolism/Drug Interaction Studies in the Drug Development Process: Studies in
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TABLE 3.4
Application of in Vitro Methods of Drug Metabolism in Development

Generation and identification of metabolites

Development of analytical methods

Comparison of metabolic pathways across species which can in turn be used to explain pharmacologic
or toxicologic differences between species

Justification of species for preclinical safety and pharmacokinetics studies

Help identify enzyme systems involved in metabolic clearance

Support clinical development

Vitro” that encourages routine, thorough evaluation of metabolism and interactions
in in vitro studies whenever feasible and appropriate. Factors that have fostered the
use of in vitro methodologies to characterize drug metabolism include the efficient
and relatively inexpensive nature of the methods and the ready availability of human
and animal tissues and enzyme systems. Table 3.4 outlines the value of in vitro
metabolism in the development of drugs.

In vitro methods of drug metabolism can be divided into two classes:

1. Cellular systems, which include primary hepatocytes in suspension or
monolayer culture, liver slices, and hepatocyte-derived cell lines

2. Enzyme systems, which include subcellular fractions (microsomal or cyto-
solic) and isolated enzyme preparations (purified or cDNA expressed)

Among the cellular systems, primary hepatocytes have the advantage that all the
metabolic pathways are intact and available. Nuclei and mitochondria are present, which
are known to contain enzymes that occasionally participate in metabolic pathways.
Cellular systems have the disadvantage that they cannot be readily cryopreserved.

Liver slices have all the advantages of primary hepatocytes. In addition, the
complete hepatic architecture is maintained so that sequential pathways that poten-
tially involve several cells can also be studied. The limitation with liver slices is that
they cannot be stored for long and not much work has been done to validate their
use in enzyme induction. It is also very important to study a range of samples from
different livers to obtain representative results. Human liver samples should be
characterized as fully as possible with regard to gender, age, medical and drug
history, and metabolic activity.?’ Liver tissue samples should be obtained as soon as
possible after surgery and stored rapidly at —80°C.

The most widely used in vitro enzyme systems are the subcellular fractions
comprising the S9 fraction, microsomes, and cytosolic fraction. Enzyme preparations
have the advantage that they are easy to prepare and can be obtained from small
amounts of tissue. The level of drug-metabolizing enzymes can be readily deter-
mined. In addition, their origin can be well characterized, allowing evaluation of the
effect of disease or genetic factors on metabolism. However, all cofactors required
for functioning must be added. A further limitation is that enzymes that work
sequentially may be located in different subcellular fractions and such pathways
may not be easily recognized with enzyme preparations.
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TOXICOKINETICS

Toxicokinetics is defined as the study of pharmacokinetic data, either as an integral
component in the conduct of nonclinical toxicity studies or in specially designed
supportive studies, to assess systemic exposure (ICH Guidance document S3A). It is
no longer sufficient to conduct toxicology studies on a dose-response basis.?! Regu-
latory agencies are increasingly requiring information on toxicokinetics and the rela-
tionship between exposure and safety findings. Integration of pharmacokinetics in
toxicology studies can contribute to study design and to the interpretation of study
findings and can lead to the more rational use of animals and technical resources.

The objectives of a toxicokinetic program in toxicology studies are outlined in
Table 3.5. These objectives may be met by characterizing one or more pharmaco-
kinetic parameters from measurements made at appropriate time points in a toxicol-
ogy study. The measurements are typically concentrations of the parent drug or
metabolite in plasma or serum. However, in some cases it may be more appropriate
to sample some other matrix or to quantify tissue levels. The pharmacokinetic
parameters are usually area under the concentration—time curve (AUC), and maxi-
mum concentration (C,,,,), or the duration that the concentration is above a given
threshold (C,). The choice of the pharmacokinetic parameters should be made on a
case-by-case basis.

Analytical methods used in toxicokinetic studies should be specific for the
species of interest and of sufficient accuracy and precision. If the drug produces a
metabolite that also circulates in the body and could contribute to the toxicology
profile, assays may be needed for both the parent and metabolite. For chiral drugs,
enantiospecific assays may be required so that exposure to both enantiomers can be
quantitated. The sampling should be sufficiently frequent but no more than 10% of
the blood volume can be removed without affecting homoeostasis?? or compromising
the integrity of the toxicology study. In some instances it may be preferable to
conduct toxicokinetics in a satellite group of animals that are treated similarly to
the main group so as not to compromise the safety assessments. The use of a satellite
group can still provide valuable information on exposure and allow detection of
nonlinear pharmacokinetics or saturable absorption. However, this approach does
not allow explanation of unexpected findings in individual animals.

Table 3.6 presents AUC data from a 6-month dose-ranging toxicokinetic study
in rats for Compound X. The data demonstrate a small increase in the AUC values
with time, indicating some accumulation upon repeated dosing, but importantly, the

TABLE 3.5
Goals of Toxicokinetics in Nonclinical Toxicology Studies

To describe the system exposure and to characterize the relationship between dose and exposure
To relate exposure data to toxicological findings

To assess the findings in safety studies relevant to clinical studies

To support the choice of animal species and treatment regimen

To help in the design of future animal studies
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TABLE 3.6

Summary of AUC Values from a Dose-Ranging Toxicokinetic Study for
Compound X Demonstrating a Less Than Proportional Increase in AUC with
Increasing Dose

Dose Week
(mg/kg/day) 1 5 9 13 19 26
5 1.4 1.4 2.3 1.6 2.6 29
50 9.8 15.0 15.2 19.6 18.2 233
500 50.4 64.0 53.3 63.2 58.5 68.3

data indicate saturation in the absorption with increasing dose. Although the AUC
values increase dose-proportionally between 5 and 50 mg/kg/day, there is a less-
than-proportional increase in the AUC values between 50 and 500 mg/kg/day. Tox-
icokinetic data such as these can be very valuable in choosing appropriate doses for
subsequent toxicology studies.

There has also been an increase in the use of population pharmacokinetics in
nonclinical studies.?*-26 These approaches allow the estimation of pharmacokinetic
parameters with only a few samples (usually one to three) per animal. With appro-
priate attention paid to study design and sampling schedule, population methods can
allow pharmacokinetic data to be obtained using limited sampling from animals
included in toxicology studies rather than from a satellite group of animals.

ALLOMETRIC SCALING

Allometry is the study of size and its consequences. It is often of interest to predict
pharmacokinetic behavior in humans based on data in animals.?”-?® The simplest
allometric pharmacokinetic equation that is often used is the power relationship,

Y = aX® 3.1)

where Y is the dependent variable (e.g., half-life, clearance, etc.), X is the independent
variable (usually species body weight), and a and b are allometric parameters. This
equation may be linearized following log transformation:

logY=1loga+blogX 3.2)

A plot of data from appropriate animal species as shown above can provide
estimates of the allometric parameters, allowing prediction of the pharmacokinetic
parameters in other species including humans. This approach has been applied
successfully for both chemical entities?-3? and biologicals.?3334

Figure 3.3 presents the results of allometric scaling of a recombinant monoclonal
antibody, rhuMAb VEGFE.3 Pharmacokinetic studies were conducted in mice, rats,
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FIGURE 3.3 Allometric scaling of rhuMAb VEGF. (Adapted from Lin et al.?)

and cynomolgus monkeys following intravenous dosing. The clearance data and
species weight were plotted on logarithmic axes, and the allometric coefficients were
estimated. The predicted clearance in humans based on the allometric equation
(2.4 ml/kg/day) was comparable to the observed value in patients with cancer
(4.3 ml/kg/day). A robust allometric relationship can help in the choice of the initial
dose in clinical trials and can help support the dose escalation scheme.

Appropriate studies in animals can also allow a better understanding of the
relationship between drug concentration and drug effects. Pharmacokinetic/pharma-
codynamic studies in animals have been applied to compare dosing regimens,’¢*” to
investigate drug interactions,*®* and to better understand the relationship between
drug concentration and drug effect.*04!

Mordenti et al.#* demonstrated the use of animal studies to evaluate the
concentration-response relationship of a murine monoclonal antibody directed
against an angiogenic growth factor (VEGF). This information was used to
predict the efficacious plasma concentrations of a recombinant humanized ver-
sion of the antibody in humans. In this panel of studies, the authors characterized
the relationship between inhibition of tumor growth and serum drug concentra-
tion from a blood sample obtained at terminal sacrifice. The efficacy data were
complemented with pharmacokinetic data obtained from a separate study, allow-
ing the integration of pharmacokinetics and pharmacodynamics to predict a
proposed dosing regimen in humans. Although the authors did not present human
data to allow comparison with the predicted values, this study helps illustrate
the value of appropriately designed pharmacokinetic and pharmacodynamic
studies in animals.

Extrapolation of pharmacokinetic data from animals to humans is not without
limitations and should be done carefully, keeping in mind the assumptions that
are necessary for such extrapolation. It is important to select an appropriate in
vitro or animal model that has relevance to humans. Extrapolation of animal data
to humans is not likely to be successful in instances when the pharmacokinetics
(absorption or disposition) is species-dependent, when active processes are
involved, when drug action (either beneficial or adverse effects) is due to a poorly
understood mechanism, or when species dependent mechanisms of tolerance or
enzyme induction are present.*>4
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INTRODUCTION

From the point of view of the industry sponsor, the goal of drug development is
marketing approval so that drug candidates can be commercialized and profits made.
From the view of the public, the goal is valuable new medicines. Between the two
stand the regulatory agencies, which try to ensure that only truly beneficial drug
candidates are approved and marketed. The ultimate regulatory barrier to approval
is empirical proof (to the required statistical precision) that a new drug is both safe
and effective in the proposed patient population when used as intended.

This proof of safety and efficacy takes the form of adequate and well-controlled
clinical trials (Phase III studies), which can require thousands of patients, are time-
consuming, and expensive. The cost of a Phase III study alone can easily exceed
$10 million and can take several years.!-

Because preclinical models for drug safety and efficacy have not yet dem-
onstrated predictive ability to the point where risks of beginning the clinical
phase of development with these large-scale pivotal studies are acceptable,
clinical drug development occurs as a process. Small, well-defined groups of
patients or healthy volunteers are intensively studied under highly controlled
conditions to answer fundamental questions about the drug candidate. If the
answers validate the basic premises upon which the decision was made to develop
the drug, clinical studies are expanded, hypotheses are refined, and more data
are collected until the point at which the pivotal clinical trials are undertaken.
More often, this process leads to a decision not to conduct the pivotal studies.
Only 20 to 30% of drug candidates entering clinical testing are ultimately
approved, and the vast majority are eliminated before Phase III.!? Early elimi-
nation is desirable, as the number of patient volunteers required for Phase III,
as well as the time and expense involved, can easily exceed the totals for all the
preceding clinical testing combined.!'-3

The role of pharmacokinetics and pharmacodynamics in the decision-making
process in drug development and their contribution to the assessment of safety and
efficacy of investigational new drugs have been well established.*° In this chapter, the
role of pharmacokinetics and pharmacodynamics is described in terms of current
approaches to typical questions or problems, that is, what is done and why. The details
of how it is done are constantly evolving and are beyond the scope of this chapter.
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GOAL OF PHARMACOKINETICS IN INDUSTRY

The objective of clinical studies in the pharmaceutical industry is to assess whether
a drug candidate will be effective in the treatment of a disease or condition, its risks
of unwanted effects, and the relative relationship of these assessments (benefit/risk
assessment). These studies must be conducted so that the participating volunteers
(healthy subjects or patients) are exposed to the least possible risk consistent with
the potential benefit. In this context, clinical pharmacokinetics and pharmacodynam-
ics in drug development is focused on three main objectives:

1. Weeding out drug candidates that have a low potential to become suc-
cessful products as rapidly as possible

2. Expediting the development process for high-potential drug candidates

3. Providing the pharmacokinetic information to allow physicians and phar-
macists to use the drug to the best advantage for potential patients

The main way these objectives are achieved is by providing a continuing
assessment of the dose—concentration—effect relationship throughout the course of
drug development. Effects include pharmacodynamic end points, surrogate markers
for safety and efficacy, adverse events, and measures of efficacy. To be useful, the
assessment must be quantitative and predictive. It must also include exploring and
determining sources of variability. Choosing the right doses and dosage intervals
to examine in each study to optimize the chance of success is the major advantage
of incorporating pharmacokinetics into the decision-making process for clinical
drug development. Identifying sources of variability to determine if dosage regimen
adjustments should be recommended in labeling for certain patient subpopulations
is the major contribution of industrial pharmacokinetics to clinicians. Thus, the
contribution of pharmacokinetics in industry is analogous to the therapeutic setting,
where a major contribution is dosage regimen selection and adjustment for indi-
vidual patients.

PHASE |

The term Phase I is commonly used to refer to a type of study (any clinical
pharmacology study during the course of development) as well as the beginning
stages of clinical development, which involve the first human testing. For this
discussion the focus is on the very first human studies: single and multiple dose-
rising tolerance studies. These studies represent the beginning of the transition of a
drug candidate from research to development. Before starting Phase I, the goals of
the development program as a whole should be clearly defined. At a minimum, this
should include answers to the following questions:

What is the target patient population and indication for the drug candidate?
* What is the potential advantage over existing therapies?

* What is the desired route of administration and dosing frequency?
What is the projected timeline to critical decision points?
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PuUrPOSE OF PHASE |

The primary goal of Phase I is to determine the safety of the drug candidate. These
studies use the highest doses that will ever be administered over the course of
development and are the first opportunity to determine pharmacokinetics and, if
possible, pharmacodynamics in humans. Thus, these trials address questions related
to whether the candidate has any serious or unexpected toxicity, and whether it has
desirable pharmacokinetic properties. Specific goals are to:

* Efficiently determine the safety and tolerance for acute and subchronic
exposure.

¢ Identify and characterize intensity and duration of drug-related adverse
events and establish the maximum tolerated dose (MTD), the largest dose
that can be administered without causing harm.

* Obtain preliminary characterization of the pharmacokinetic profile. This
includes preliminary assessment of:
* Dose—concentration relationship (dose proportionality or linearity)
* Variability in pharmacokinetic parameters between subjects
* Dose—concentration—toxicity relationships (plasma concentrations

associated with dose-limiting effects)

* If possible, obtain preliminary characterization of the pharmacodynamic
profile.

¢ Determine dose and dose frequency for Phase Ila.

PREREQUISITES FOR PHASE |

The clinical pharmacokineticist on a drug development team does not simply analyze
data at the end of the study. Typically, he or she is intimately involved in the design
of the study, either making or contributing to the decision regarding the first dose
to be given to humans, the dose escalation scheme, and potentially the decision to
escalate doses. Often the pharmacokineticist will have to justify the sensitivity limits
for the bioanalytical methods proposed for measuring drug concentrations in human
plasma. To facilitate this, a thorough understanding of preclinical models for activity
(including target drug concentrations), ADME data, pharmacokinetics, and toxico-
kinetics is required. This data can be characterized in the following ways.

Useful Preclinical Pharmacology Data

* Does the proposed pharmacological mechanism suggest that there
should be a direct correlation between drug concentration and phar-
macological effect, or is the effect more likely to be indirect?

* What is the IC5/EC,, needed to produce the desired effect?

* What is the IC5/EC,, that produces a toxic effect?

» Is the toxic effect an extension of the pharmacological effect?

* What is the duration of pharmacological effect?

» Is there an in vitro/ex vivo correlation to the therapeutic or pharmaco-
logical effect?

 Is there a surrogate marker for the therapeutic effect and is it validated?
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Useful Preclinical Pharmacokinetics Data

* Pharmacokinetic parameters from several species, especially species
used for toxicology studies

* Probable site of absorption, and evidence of saturable absorption

* Routes of elimination, evidence of first-pass metabolism, nonlinear
pharmacokinetics, and enzyme induction or inhibition

» Active/toxic metabolites, metabolic paths

* Probable isozymes involved in metabolism from in vitro P-450 profil-
ing, and uniqueness of metabolizing enzymes between species

* Protein binding, and evidence of saturable binding

* Penetration of drug into tissues/fluids of interest

* Drug/metabolites bioanalytical methodology

Useful Preclinical Toxicology and Toxicokinetic Data
* Maximally tolerated dose and resulting plasma concentration in two
species (rodent and nonrodent)
* Dose and plasma concentrations that produced the first untoward effect
* Mechanism of toxic effect
» Toxicity profile and organs involved

Even a brief description of the regulatory requirements to initiate studies in
humans is beyond the scope of this chapter. In the United States, the Investigational
New Drug Application (IND) and, if desired, pre-IND meeting represent both the
main regulatory barrier to initiate studies in humans and the first opportunity to
educate regulators about the drug candidate.

Pre-IND meetings are not required but are sometimes requested by the sponsor
and are conducted with the FDA division that would review the IND and, eventually,
the NDA. Meetings at this early stage can be useful for open discussion of any
scientific issue that may need to be resolved before IND submission. They are
particularly useful if the drug candidate uses a new technology (e.g., gene therapy)
or has a complicated history (e.g., developed or already marketed outside the United
States, or a new indication for an existing drug). On the other hand, if the drug
candidate is a new compound synthesized in the United States, with minimal pre-
clinical and no clinical data, there is seldom a need to meet with the FDA to review
data before submitting the IND.

StupY DESIGN AND EVALUATION

The objectives of Phase I are achieved through an orderly sequence of studies of
increasing dose and exposure. Clinical trials start with the acute (single-dose) admin-
istration of the drug candidate. After the first dose is observed to be safe, incremen-
tally increased doses are given at intervals up to the maximum tolerated dose. Serial
plasma and sometimes urine samples are obtained for assay of parent drug and
metabolites. Response measures may be obtained for pharmacodynamic analysis.
The information from single-dose administration trials gives the basic information
for determination of the starting dose and dose frequency in subchronic (repeated
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dose) trials. These trials provide more safety data regarding long-term tolerability,
drug accumulation, and elimination patterns.

Critical elements include study population and size, formulations, treatment
assignments, starting dose, dose escalation scheme, safety assessments and deter-
mination of MTD, and pharmacokinetic and pharmacodynamic evaluations.

STUDY POPULATION AND SIZE

Except for drugs with known toxicity (e.g., cytotoxic anticancer drugs), the initial
administration of an investigational new drug to humans is usually accomplished in
healthy subjects rather than patients. A major goal is to identify drug-related adverse
events, and this process is difficult in patients, since illness manifests itself as a
collection of “adverse events.” Healthy subjects are free from the abnormalities that
would affect the subjects’ sensitivity to the drug’s toxic potential, or complicate the
interpretation of the safety data. The health status of volunteers is controlled through
rigorous inclusion and exclusion criteria that include prestudy clinical and laboratory
screens of the prospective subjects. The number of subjects used in dose tolerance
studies is relatively small, usually four to six subjects per dose group, to minimize
exposure to investigational drugs, while still retaining the ability to identify common
adverse events.

FORMULATIONS

Final formulations, like those used for marketed drugs, are generally not used for
Phase I studies. Formulation development represents expenditure of significant
resources, the approaches used may depend on the results of future bioavailability
studies, and the success of the drug candidate is still an open question. Therefore,
simple formulations are most often used. For orally administered drugs, solutions
are ideal as they provide flexibility in dosing and minimize potential absorption or
bioavailability problems. Capsules filled with neat drug or suspensions can be
employed when solutions are not feasible.

TREATMENT ASSIGNMENTS

Phase 1T dose tolerance studies are typically double blind and placebo controlled.
Various designs have been used; however, no single design for allocation of subjects
to treatments has been accepted as the best approach.”! The most common design
is the “across subject ascending dose design.” In this design, separate subjects are
assigned to each dose level group, some receiving active drug, others placebo. Each
dose level group has the same number of subjects, and the active/placebo ratio is
fixed (e.g., six subjects on active drug and two on placebo per dose group). In this
way, each subject is exposed to just one dose (active or placebo). Dosing groups are
examined separately and sequentially (only one dose group at a time is in the clinic
under evaluation). Other designs include “within-subject” designs, which require
each subject receive more than one dose level, and pioneer designs in which two
different active doses are administered during the same study period, with only a
small group of “pioneer” subjects testing the higher dose.
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STARTING DOSES

Ideally, the initial dose administered to humans would be selected to achieve
peak plasma drug concentrations just below the target drug concentrations from
pharmacology models for efficacy. However, this level of precision is not pos-
sible; a reasonable goal for selecting a starting dose is to identify a dose that is
neither too high (in the toxic range) nor too low (requiring many escalations to
reach MTD). As choice of dose is critical, detailed preclinical pharmacology,
pharmacokinetic, toxicology, and toxicokinetic data must be available. A com-
mon approach is to use dosing safety factors of 10, 6, and 3 for rat, dog, and
nonhuman primate, respectively, based on the species found to be most sensitive
to the toxicologic effects of the drug.®!' For example, if rats were the most
sensitive species, the starting dose for the human acute dose tolerance study
would be one tenth of the largest no-observable-effect dose (mg/kg) from the
chronic rat toxicity study.

Interspecies scaling based on physiological modeling or, more commonly, allom-
etry, has been used to predict pharmacokinetics in humans from animal pharmaco-
kinetic data.'>'* This has been applied to choosing doses for acute dose tolerance
studies, since dose selection can then be based on pharmacokinetic principles.
However, this approach has recently been criticized as less predictive than usually
envisioned and providing estimates of human pharmacokinetic parameters that are
so imprecise that its prospective use to choose doses for first-in-human dose tolerance
studies is not warranted. '3

For subchronic dose tolerance studies, the starting dose is usually based on
the first dose that exhibits any kind of pharmacological effect during the acute
dose tolerance study. This dose should be administered as the total daily dose,
with the dosing interval based on the half-life of the drug or duration of the
pharmacodynamic response.

Dose ESCALATION

The goal of dose escalation is to determine the maximum tolerated dose both
efficiently and conservatively. Optimally, any scheme should not produce long and
expensive Phase I studies, and at the same time should avoid the risks of overdosing
and serious adverse events. One approach is to double doses with each escalation
until a pharmacological response is observed, and proceed more conservatively with
subsequent escalations, for example, calculating increases based upon a modified
Fibonacci series (Table 4.1).

Perhaps a better approach than this arbitrary dose-driven escalation is pharma-
cokinetic or drug concentration-driven dose escalation. This requires flexibility in
protocol design, rapid assay of plasma samples, and pharmacokinetic analysis of
results between dosing escalations. However, there are many advantages with this
approach. Issues related to bioavailability or nonlinear pharmacokinetics are imme-
diately apparent and can be readily addressed. Selecting subsequent doses based on
pharmacokinetic data from previous doses increases both safety and efficiency; fewer
dose escalation steps are usually required. Another potential advantage is better
correlation with safety and pharmacological effects.
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TABLE 4.1
Dose Escalation Scheme for Dose Tolerance Trials

Doses (mg) to Administer before Onset of Pharmacological Activity?
N* 2N* 4N* 8N* 16N* 32N* 64N*

Possible Doses for Administration after Onset of Pharmacological Activity®

2N 4N 8N 16N 32N 64N 128N
3N N 13N 26N 52N 106N 211N
SN 10N 20N 40N 80N 160N

N 14N 28N 56N 112N 224N

9N 18N 36N 72N 144N 288N

12N 24N 48N 96N 192N

2 Doses are escalated across columns until a pharmacological response is observed.
b Escalation subsequent to pharmacological effect will proceed within a column.
Note: Starting dose (e.g., 1 mg); subsequent doses are expressed in multiples of
the starting dose.

In either case, it is important to stress than under no circumstances should the
next highest dose group start testing until sufficient exposure has occurred with the
immediately preceding dose group to evaluate safety (see below).

SAFETY ASSESSMENT AND DETERMINATION OF MTD

Safety is monitored through basic laboratory and clinical observations (e.g., heart
rate, blood pressure, respiration, electrocardiogram) made at frequent intervals
throughout the expected duration of drug action. Clinical chemistry, hematology,
and other appropriate laboratory observations are made at similar intervals. Special
attention is paid to laboratory tests of organ function, especially critical target organs
such as liver or kidney as well as the hematopoietic and reticuloendothelial systems.
Because toxicity is often due to loss of pharmacological selectivity as doses and
concentrations increase, the anticipated nonspecific receptor effects are monitored,
if possible. Special tests to monitor the activity of particular organs of interest (e.g.,
pulmonary function tests) may also be used.

A dose-limiting adverse event is one that interferes with function (as assessed
by either volunteer, investigator, or sponsor) but is not considered medically
serious. Occurrence of a dose-limiting adverse event can be grounds for discon-
tinuing a volunteer, but not terminating the study. The maximum tolerated dose
is usually defined as one that causes dose limiting adverse events in some pre-
defined fraction of the volunteers.!®!” Because of the subjective nature of many
adverse events, an additional criterion sometimes employed is that these adverse
events must be reproducible when that same dose is repeated in a second group
of volunteers. Any dose that produces serious adverse events (e.g., requiring
hospitalization) in even one volunteer is beyond the MTD and its administration
should be avoided by all means.
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PHARMACOKINETIC EVALUATION

Pharmacokinetic evaluation typically includes noncompartmental analysis to
characterize pharmacokinetics in terms of AUC or clearance, C, ., Taxs Vy» and
half-life. This characterization should include an examination of pharmacokinetic
parameters by dose level to look for obvious deviations from linearity. The high
doses used in dose tolerance studies provide a unique opportunity to study
linearity at concentrations that might only occur through overdosing in the clinical
setting. Because of the relatively small number of subjects per dose level and
because most designs involve separate groups of subjects receiving each dose,
intersubject variability may mask some deviations from linearity. However, even
with these constraints, dose tolerance studies can detect significant deviations
from linearity. In subchronic studies, comparing steady state to single- or first-
dose pharmacokinetics provides additional information about linearity and drug
or metabolite accumulation. Pharmacokinetic evaluation should include an assess-
ment of the variability in pharmacokinetic parameters. Characterizing variability
is important because:

* Variability in pharmacokinetics can contribute to overall variability in
therapeutic response.

* If safety data suggest a narrow therapeutic ratio, highly variable pharma-
cokinetics may be unacceptable and could ultimately result in a decision
to discontinue the drug from development.

* An estimate of variability is required to optimize design of future studies,
for example, to determine the number of subjects needed to achieve the
desired statistical power in future pharmacokinetic studies, or to aid in
selecting doses to produce the desired separation in plasma drug concen-
trations in Phase IIb studies.

Aside from trying to quantify variability, it may be possible to begin to
identify sources of pharmacokinetic variability. The subject population for Phase
I studies is by design small and relatively homogeneous in terms of demograph-
ics. Therefore, it will usually not be possible to investigate differences in phar-
macokinetics due to age, gender, body size, etc. However, it may be possible to
obtain preliminary information on variability due to nonlinear pharmacokinetic
or saturable first-pass metabolism, diurnal variation, autoinduction, or genetic
polymorphism.

Since dose tolerance studies usually produce adverse events, pharmacoki-
netic evaluation should include an assessment of the dose—concentration—toxicity
relationship. In addition to regularly scheduled plasma samples obtained to
calculate pharmacokinetic parameters, it is common to obtain a plasma sample
at the time an adverse event is observed. Often it is possible to correlate acute
toxicity with plasma concentrations as well as with dose, and occasionally even
to develop a pharmacokinetic/pharmacodynamic model for acute or subchronic
toxicity.
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PHARMACODYNAMIC EVALUATION,
PHARMACOKINETIC/ PHARMACODYNAMIC MODELING

If the desired pharmacological effects are objective, quantitative, and the same as the
therapeutic intent (e.g., increasing gastric pH to treat heartburn), then incorporating
pharmacodynamic evaluations into Phase I studies can be extremely useful. If thera-
peutic effects are indirect or subjective (e.g., treatment of schizophrenia), there might
not be a pharmacodynamic marker for the desired therapeutic effect, or it may only be
meaningful or measurable in patients with the disease of interest. The challenge of
Phase I pharmacodynamics is to carefully select the drug effect that best represents the
desired therapeutic response, and to develop methods to measure it reproducibly with
minimum variance. If this can be done, Phase I studies offer excellent opportunities for
pharmacokinetic/pharmacodynamic modeling.'3-2° This modeling can be used to con-
firm or validate preclinical pharmacokinetic/pharmacodynamic models over a wide
range of doses. Areas of uncertainty in the preclinical model can be explored, and
confirmation of whether the dose or concentration—effect relationship is direct or indirect
may be established. As with pharmacokinetics, variability in pharmacodynamics should
be assessed. Once validated in Phase I, the pharmacokinetic/pharmacodynamic model
can be useful in extrapolating beyond existing data to maximize the chance that effective
and safe dosage regimens can be introduced as early as possible in Phase II studies.

PHASE I

Assuming the safety of the drug candidate was established in Phase I, the drug
candidate will proceed to Phase II. Except for a few diseases like cancer, Phase II
studies are the first to include patients with the disease intended for treatment. The
introduction of disease represents a major step compared to testing in healthy
subjects, and Phase II studies represent a major decision point for the continued
development of a drug candidate. Aside from the Phase II studies themselves, there
are a number of pharmacokinetic studies in healthy volunteers (Phase I clinical
pharmacology studies) that are typically performed in parallel with Phase II. Again,
this discussion focuses on the types of studies conducted while the drug candidate
is “in Phase II,” including these pharmacokinetic studies, as well as the Phase II
studies themselves. Many of the basic concepts and practices previously described
for Phase I apply to Phase II studies and thus are not repeated here.

GoaALs of PHasE 11

Although safety data will continue to be collected and evaluated in Phase II, the
emphasis of Phase II studies switches from safety and pharmacokinetics to efficacy
and pharmacodynamics. Phase II studies are sometimes categorized as Phase Ila or
Phase IIb depending on their goals:

* To prove the drug “works” in patients (Phase Ila)
* To determine the best dose, dose range, titration scheme, and dose interval
(Phase IIb)
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Phase Ila studies are sometimes called proof of concept or proof of principle
studies. These studies are conducted to validate the principle upon which the drug
was developed and provide unequivocal evidence of therapeutic effect. (For example,
prove the drug inhibits enzyme x in patients as well as in the test tube and that this
leads to a pharmacological effect resulting in clinical improvement or cure.) This
involves addressing three related questions:

1. Proving the existence and functionality of the pharmacological or bio-
chemical target in patients

2. Determining if the drug produces the intended pharmacological effect at
clinically achievable concentrations

3. Determining if there is a therapeutic benefit from the pharmacological
effect

Phase IIb studies explore the dose range and dose interval to determine the best
dosing regimen to be used in Phase III. After Phase Ila demonstrates efficacy, it is
sometimes tempting for sponsors to save time and expense by limiting Phase IIb,
hoping that efficacy will be demonstrated in Phase III and that adverse events will
be acceptable. Occasionally, this approach can be successful. For example, a mech-
anistic understanding of antibiotics has led to several being successfully developed
with minimal Phase IIb programs: pharmacokinetics in healthy Phase I subjects may
predict pharmacokinetics in patients, and in vitro activity may predict response.
However, the risk of failing to define the dose—concentration—effect relationship in
Phase IIb is a Phase III study containing the wrong dose and demonstrating unac-
ceptable toxicity or marginal efficacy.

If Phase II studies do not demonstrate efficacy, then one must challenge the
basic assumptions under which the drug was developed. In terms of pharmacoki-
netics, a drug candidate should not be considered ineffective in humans prior to
achieving plasma concentrations that approach the effective concentrations in the
animal species used for pharmacological testing.

PREREQUISITES FOR PHASE 11

Preclinical prerequisites for Phase II are similar for Phase I, but with an emphasis
placed on understanding preclinical models for efficacy. It is not possible to
formulate a checklist for preclinical work required to support Phase II. Drugs that
are new but have a known mechanism of action that has been validated in humans
may require only minimal preclincal work. Drugs exploiting a known mechanism
of action but with a new point of attack require more extensive pharmacological
testing. New drugs with novel mechanisms of action will require extensive pre-
clinical investigation. With truly innovative drugs based on new approaches, the
validation of the preclinical model for efficacy will only come after the pivotal
clinical studies. Therefore, it is vital that preclinical models provide pharmacody-
namic measures that can also be applied in Phase II studies as markers of thera-
peutic efficacy.
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STuDpY DESIGN

Phase Ila studies are often conducted under optimal experimental conditions,
using a relatively homogeneous group of uncomplicated patients (no concomitant
illness, medication, or organ dysfunction) and doses close to MTD. These studies
are closely monitored and tend to be short term. The number of subjects is
relatively small, usually involving only one or two hospitals. Phase IIb studies
are larger, involving more centers and a more diverse patient population. Phase
II studies are typically double blind and, when possible, are “controlled,” i.e.,
involve comparisons to a placebo and/or standard therapy. Elements of study
design are similar to Phase I, but specifics will depend on the preclinical data
and the pharmacokinetic, pharmacodynamic, and safety data obtained in Phase
I, as well as the nature of the disease under investigation. If efficacy parameters
are quantitative and objective, then one approach is to use a crossover design
with the control agent(s) as treatment alternatives. If the disease has large natural
intrapatient variability (e.g., arthritis) or subjective efficacy parameters (e.g.,
schizophrenia), then parallel designs with separate patient groups on active,
placebo, or comparator drugs are common.

PHARMACOKINETIC/ PHARMACODYNAMIC EVALUATION

Depending on the patient population, intensive plasma sampling schemes like those
used in Phase I may or may not be feasible. If intensive sampling is not possible,
population pharmacokinetic approaches, which require only a few samples per
patient, can be used.?!

Regardless of the techniques used, the goals should be to characterize the
pharmacokinetics in the patient population, and to quantify the dose—concentra-
tion—effect relationship. Phase Ila studies allow the first characterization of pharma-
cokinetics in patients, but opportunities for pharmacodynamic evaluation or phar-
macokinetic/pharmacodynamic modeling may be more limited than in Phase IIb.
With Phase IIb data over several doses, it may be possible to define this relationship,
or at least obtain estimates of the lowest useful concentration and the concentration
beyond which additional response is not anticipated. Since Phase II patient popula-
tions tend to be larger and more diverse than the healthy volunteers used in Phase
I studies, there are further opportunities to help identify sources of interindividual
variability in pharmacokinetics and pharmacodynamics.

END OF PHASE Il FDA CONFERENCE

The purpose of an “end of Phase II” meeting between the drug sponsor and FDA
is to determine if it is appropriate to begin Phase III testing, and what this testing
will entail. An information package containing the following elements should be
submitted a month before the scheduled meeting:

e Summary results for all completed clinical studies, including statistical
analysis of phase II data
* Summary of ongoing studies
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e Summary of chemistry and preclinical data

Phase III development plans, including protocols or protocol outlines of
proposed pivotal Phase III studies, other remaining clinical studies (e.g.,
pharmacokinetic studies), and plans for any additional preclinical studies
* Proposed labeling claims or draft labeling

* List of specific questions for FDA reviewers

Agreement should be reached on the adequacy of the data submitted, plans
to correct any deficiencies, the overall plans for Phase III, and on key elements
of Phase III study design. With the potential exception of an advisory committee
meeting, the end of Phase II meeting is perhaps the most important meeting with
the FDA, because if properly conducted the sponsor should leave the meeting
with a clear picture of what needs to be accomplished to gain approval of the
drug candidate.

PK Stupies IN PHAsE 11

After Phase I studies have established the safety of the drug candidate for continued
development, there are numerous pharmacokinetic questions that need to be
answered in addition to the basic questions of safety and efficacy addressed by
Phase II and III clinical studies. These questions are answered with focused
pharmacokinetic studies, the exact timing of which depends on the specifics of
the drug and disease, as well as resources available and financial risks a sponsor
is willing to take. Around the time of Phase II, pharmacokinetic studies are usually
conducted to answer questions about metabolism in humans, pharmacokinetic
linearity, and bioavailability.

HuMAN METABOLISM/MASs BALANCE STUDIES

Metabolism or mass balance studies help define the elimination characteristic of a
drug in the body by investigating its biotransformation pathways and excretion pat-
tern. This typically involves administration of a small quantity of '“C-radiolabled
drug. The information obtained, along with information from other pharmacokinetic,
pharmacology, toxicology, and in vitro metabolism studies contributes to predictions
about the safety of the drug in special patient populations, the reliability of animal
toxicology data, and the design of future pharmacokinetic studies. Because of the
fundamental nature of this information, human metabolism studies are often initiated
soon after the Phase I dose tolerance studies have established the safety of the drug
in healthy volunteers, in many cases before the initiation of the Phase II patient studies.
Specific goals for metabolism studies include:

* Determination of the elimination pathways (metabolism and excretion)
of the drug

¢ Determination of the relative systemic exposure of parent drug and
metabolites

¢ Determination of the distribution characteristics of the drug in blood
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The cumulative recovery of >90% of the radioactive dose (urine + feces) is
usually considered satisfactory to obtain information on the fate of the drug. If
recovery is less than this, the reasons for the low recovery should be investigated.
The excreted '“C material can be profiled to identify structurally the major metab-
olites, and to determine their route of excretion (urine vs. feces). Together with in
vitro studies, an elimination path can be determined, identifying the enzymes respon-
sible for production of each metabolite and its route of excretion. By understanding
which metabolic steps may be susceptible to induction or inhibition by other drugs,
specific in vitro or clinical drug interaction studies may be conducted to determine
the potential risks of drug—drug interactions. Similarly, an examination of excretion
patterns can provide a preliminary indication of whether pharmacokinetics are likely
to be altered in patients with renal or hepatic impairment.

The relative systemic exposure of the parent drug to the total drug-related
substances (i.e., [1*C]-radioactivity) can be obtained by comparing the plasma AUC
of the parent drug to that of total radioactivity. A large gap indicates significant
metabolism, indicating the need for profiling to identify the structure of circulating
metabolites. The definitive information on the extent of systemic exposure of each
major metabolite should be obtained using a validated bioanalytical method. The
relative systemic exposure to parent drug and metabolites, along with their pharma-
cological activities, will determine the most clinically relevant drug species to
characterize in definitive pharmacokinetic studies.

The elimination profiles and relative exposure data in humans should be com-
pared to that observed in animals. Differences in exposure to metabolites in humans
and the animal species used for toxicology testing could limit the clinical relevance
of toxicity data and suggest the need for additional testing. Similarly, differences in
exposure to pharmacologically active metabolites could affect the interpretation of
preclinical models for efficacy.

Binding of drug to plasma protein and the ratio of drug concentration in plasma
to that in red blood cells should also be determined since this may influence the
drug concentration available at the target site.

DEerINITIVE PHARMACOKINETICS AND DOSE PROPORTIONALITY

Crossover studies in healthy volunteers examining pharmacokinetic linearity, time
dependency, and intra- and intersubject variability over the anticipated clinical dose
range are generally required to ensure that the pharmacokinetic model developed
for the drug candidate is suitable and predictive. Exceptions could include drugs
with such low variability that definitive data on linearity are obtained from dose
tolerance studies, or in cases where Phase IIb studies use crossover designs with
extensive pharmacokinetic sampling.

At least three different doses should be tested, and the assessment of dose
proportionality should be made from both single-dose and multiple-dose, steady-
state data. These data can be obtained from one study if each treatment arm consists
of a single dose followed by a washout and then multiple dosing to steady state.
This design allows additional assessments of linearity by comparing pharmacoki-
netics after a single dose to that obtained over a dosing interval in the same subjects.
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The time dependence of pharmacokinetic parameters and potential for metabolic
induction can be also assessed.

BIOAVAILABILITY STUDIES

Phase II studies, especially Phase IIb studies, often require more-sophisticated for-
mulations than those used in dose tolerance studies. However, it may be unwise to
commit to a particular formulation strategy until after the clinical dose range is
known. Therefore, formulations used in Phase II may not be as pharmaceutically
elegant as marketed formulations. However, because bioavailability depends on
formulation factors as well as intrinsic properties of the drug, bioavailability studies
are conducted early in drug development to guide formulation development, establish
the absolute or relative bioavailability of formulations used in clinical safety and
efficacy studies, and determine the effect of food on bioavailability.

If an intravenous formulation can be developed, a crossover absolute bioavail-
ability study in healthy volunteers can provide an unambiguous measure of clearance
and volume of distribution as well as absolute bioavailability and absorption kinetics
of the clinical formulation. Comparison of metabolite pharmacokinetics after oral
and intravenous administration can provide information on first-pass metabolism.

If absolute bioavailability studies are not conducted, then the relative bioavail-
ability of clinical formulations should be established by comparing them to a refer-
ence solution, ideally the same solution formulation used in dose tolerance studies.
The use of common reference treatments in multiple studies facilitates comparison
of data across studies. If the physical chemical properties of the drug suggest the
potential for bioavailability problems, then it may be desirable to perform a bio-
availability study to test alternate candidate formulations prospectively. Alternatively,
if the drug is highly soluble and permeable, suggesting low risk for bioavailability
problems, studies to document the bioavailability of clinical formulations can be
done in parallel with (or after) the clinical studies.

Depending on how drug is to be administered in the Phase II and III studies, it
may be useful to know the effect of food on absorption of drug from the clinical
formulation prior to initiating these studies. This can often be examined in the same
study used to characterize the bioavailability of clinical formulations.

The bioavailability studies discussed above are conducted primarily to manage the
sponsor’s risks in drug development (i.e., limit the possibility of a failed Phase IIb/III
study due to poor or variable bioavailability). However, generating this same type of
data on the final, to-be-marketed formulation is a regulatory requirement. If bioavail-
ability is not anticipated to be a problem, and formulation development is not challeng-
ing, such that formulations used in Phase IIb and III trials represent the final, to-be-
marketed formulation, then it may be possible to limit the bioavailability testing to the
minimum regulatory requirements. More often than not, this represents unacceptable
risks, clinical and final formulations are different, and bioavailability studies are con-
ducted on both. The FDA has developed guidance documents (available on the Internet)
that address study design and data analysis aspects of pivotal bioavailability, bioequiv-
alence, and food effect studies. These should be consulted even if the sponsor anticipates
repeating these studies with the final formulation at a later stage of development.
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PHASE 111

In Phase III clinical studies, the drug candidate is tested under conditions and in patients
more closely resembling those who would be encountered if the drug were approved.

Phase III studies include the same type of blinded, randomized, controlled studies
performed in Phase II, but in larger patient populations to provide statistical power
to reject the null hypothesis of no treatment effect. The results of these pivotal trials
are the primary factor determining the regulatory fate of the drug candidate. During
Phase III, unblinded safety studies may also be conducted. These studies ensure that
a sufficient number of patients are tested so that rare adverse events can be detected.
Specific aspects of study design will depend on the drug, proposed patient popula-
tion, and indication.

GoALS OF PHARMACOKINETICS IN PHASE 111

Up until Phase III, the emphasis of pharmacokinetics has been on basic charac-
terization, and on using this information to reduce drug development costs and
time and to improve success rates by choosing the right doses and formulations
to carry forward in the most well-designed studies possible. Once Phase III clinical
studies are initiated, there are few drug development risks left to minimize. The
focus now shifts to characterizing the remaining unknown sources of pharmaco-
kinetic variability to identify subpopulations of patients who may have special
risks or require dosage regimen adjustments. Two complementary approaches are
used: characterizing pharmacokinetic variability in the patients participating in the
Phase III clinical studies (population pharmacokinetics) and initiation of small,
focused pharmacokinetic studies examining conditions that might be expected to
affect pharmacokinetics.

PoPULATION PHARMACOKINETICS

To characterize the pharmacokinetic and pharmacodynamic variability of a drug
adequately, it needs to be studied in a representative population using relatively large
numbers of patients. Considering all the volunteers participating in clinical studies,
patients in Phase III studies are most representative of the population intended for
treatment. Additionally, the patient population in Phase III is generally larger and
more heterogeneous than that encountered in Phase I and II, so it becomes possible
to examine the effects of various patient characteristics (e.g., age, body size, renal
function, concomitant medications). Therefore, the Phase III patient population is
an ideal target for pharmacokinetic and pharmacodynamic scrutiny. However, there
are many practical reasons intensive plasma sampling, like that employed to char-
acterize pharmacokinetics in Phase I, is not possible in Phase III studies. Sparse
sampling, i.e., one to six plasma samples per patient obtained over the entire course
of the study, is usually possible. Through the techniques of population pharmaco-
kinetics, particularly nonlinear mixed effects modeling, these sparse data can be
used to characterize pharmacokinetics, quantify variability, and examine its
sources.?>?? Regulatory expectations for this type of analysis are outlined in the 1999
FDA guidance document on population pharmacokinetics (available on the Internet).
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Stupy DEsIGN

The primary goal of Phase III studies is to establish safety and efficacy; study design
will be driven by this objective and is unlikely to be compromised to obtain phar-
macokinetic information. Therefore, the methods of obtaining the data for population
pharmacokinetics must be as simple as possible and not interfere with the major
objectives of the study. Because population pharmacokinetics is by its nature an
exploratory exercise, the modeling cannot be prospectively planned to a great level
of detail. However, the objectives of the analysis, details of the data collection
methods (sampling scheme, etc.) analysis population, pharmacokinetic parameters
to be estimated, covariates to be explored, proposed methods of model building, and
model validation should be determined prospectively and stated in the protocol or
data analysis plan. Optimizing the plasma sampling design is especially important
when there are severe limitations on the number of subjects or samples per subject.
Similarly, defining the data analysis population requires considerable attention. In
multicenter studies, it may be possible to obtain more subjects, or more samples per
subject, from certain centers. This can be useful, but should be optimized so that
the results obtained are genuinely representative of the overall patient population,
and not just one or two more cooperative sites.

DATA ANALYSIS

Population pharmacokinetics usually consists of three steps: exploratory data anal-
ysis, population pharmacokinetic model development, and model validation.

Exploratory data analysis uses graphical and statistical techniques to reveal patterns
in the data, identify potential outliers, and provide a diagnostic tool for confirming
assumptions or suggesting corrective action if assumptions are not met.>* Population
pharmacokinetic model development integrates the basic pharmacokinetic model,
which should have already been established from previous studies (e.g., two-compart-
ment open model) with a model for the relationship between fixed effects (age, body
weight, gender, creatinine clearance, etc.) and pharmacokinetic parameters (Cl, V,,
etc.) and a statistical model for the residual inter- and intrapatient variability.?>-?’
Validation evaluates the predictive ability of the model by testing it against a different
data set, either data from another study or data from the study in question in which a
portion (e.g., 20%) of the total data set has been set aside for just such purposes.?®

The results of the data analysis should provide population estimates for important
pharmacokinetic parameters (Cl, V,), equations describing how these parameters
change with changes in covariates that were identified as significant, and a quanti-
tative estimate of the magnitude of the unexplained variability in the pharmacokinetic
parameters. An assessment of the unexplained, random variability is important
because the efficacy and safety of a drug may decrease as unexplained variability
increases. According to a survey conducted by the FDA and cited in their guidance
documents, data from population pharmacokinetic studies provided useful new label-
ing information in 83% of submissions containing population pharmacokinetic
data.? In the other 17% of submissions, the population pharmacokinetic analysis
confirmed findings from previous pharmacokinetic studies and did not result in
modifications to labeling.
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SPeCIAL POPULATION AND DRUG INTERACTION STUDIES

Although the patient population used in Phase III studies should be fairly represen-
tative of the target patient population, it is common to exclude patients with extreme
conditions that could reasonably be expected to result in severely altered pharma-
cokinetics, such as diseases of the organs involved in drug elimination (renal and
hepatic disease). Exceptions include studies with drugs used to treat these diseases,
or when these diseases are associated with the disease being investigated (e.g., renal
disease in studies with drugs to treat diabetes). Similarly, unless the drug is targeted
specifically for diseases of children or elderly people, very old and very young
patients are sometimes excluded. It is also common to place some restrictions on
concomitant medication. These exclusions are made for practical reasons and also
represent a compromise. Patients must be representative of the target population,
but by including patients with conditions likely to alter pharmacokinetics or
response, the variability in clinical response may increase, thereby reducing the
power to reject the null hypothesis of no treatment effect. Instead, separate studies
are usually conducted in parallel during Phase III to examine the effect of these
factors on pharmacokinetics:

Renal disease

* Hepatic disease

* FElderly or pediatric populations
* Drug—drug interactions

The renal and hepatic patients and elderly volunteers participating in these
studies typically do not have the disease intended for treatment. Entry criteria are
usually designed to ensure that patients with varying degrees of renal or hepatic
impairment are enrolled. A reference or control group of healthy volunteers with
demographics closely matching the target patient population should also be included.
If females have been excluded from previous pharmacokinetic studies (not recom-
mended), the study in elderly individuals should include females in both the elderly
group and the younger adult reference group. Comparing pharmacokinetics in these
special populations to that in the reference or Phase III population should provide
data upon which to base dosing recommendations for these patients. The FDA has
developed guidance documents (available on the Internet) that address regulatory
expectations for these types of investigations, with detailed suggestions related to
study design, data analysis, and development of dosing recommendations.

Drug—drug interactions are a potential concern whenever there is concomitant
therapy, and clinical drug interaction studies are often conducted in parallel with
Phase III clinical trials. However, not all relevant drug combinations can be
evaluated clinically.

At a fundamental level, a determination must be made whether a biological
mechanism for an interaction exists. The most common pharmacokinetic mech-
anisms include metabolic inhibition or induction, protein binding displacement, and
interference with absorption. Potential pharmacodynamic synergy or antagonism
must also be considered. Interactions must be considered from the perspective of
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both changes affecting the drug candidate and changes affecting other concomitantly
administered medication. If there is a mechanistic basis for a pharmacokinetic drug
interaction, the next level of consideration takes into account expected changes in
plasma drug concentrations. For example, even if metabolism of a drug candidate
by a certain isoenzyme is completely blocked by another, coadministered drug, there
may not be any apparent change in pharmacokinetics if that isoenzyme only con-
tributes a small fraction to the total metabolism, or if the drug is also cleared renally.

Assuming there is a basis for believing the pharmacokinetics of the compound
will be altered, the final level of analysis attempts to integrate this information with
what is known about the safety and efficacy of the compound. If there is a sufficiently
wide difference between the effective and toxic concentrations, a modest perturbation
of plasma concentrations can be tolerated without a clinically relevant change in
outcome. Determining which clinical drug interaction studies to conduct requires
integrating preclinical, in vitro metabolism and human pharmacokinetic and safety
data with mechanistic understanding of the basis for various potential interac-
tions.’3! In some cases it may be possible to reach conclusions regarding potential
drug interactions solely from preclinical or in vitro data. In other instances, in vitro
data, for example, on inhibition of specific cytochrome P-450 isoenzymes, can be
combined with limited clinical data and the results extrapolated to clinical situations
involving other inhibitors of the same isoenzyme. By using basic pharmacokinetic
principles, quantitative predictions can be made.?? The FDA has developed guidance
documents (available on the Internet) that address both in vitro and in vivo drug
interaction studies and the level of evidence required for appropriate labeling regard-
ing drug—drug interactions.

These special population and drug—drug interaction studies represent typical
types of pharmacokinetic studies conducted in parallel with Phase III clinical trials.
Howeyver, it would be unusual if a few of these studies were not conducted earlier.
The priority of a given study will depend on the specific pharmacokinetic properties
of the drug, the nature of the disease, and the target patient population. For example,
if preliminary data suggest the drug candidate may have a narrow therapeutic range,
and the human metabolism study demonstrates substantial first-pass metabolism
solely by cytochrome P-450 3A4, it might be reasonable to conduct a ketoconazole
interaction study in Phase II, irrespective of whether keotoconazole is likely to be
a frequently encountered concomitant medication. Ketoconazole is a relatively strong
3A4 inhibitor, and testing this interaction represents a “worst-case” scenario. If this
interaction is not clinically significant, it is unlikely that other 3A4 inhibitors will
produce important interactions, and the use of these agents need not necessarily be
restricted in Phase III trials.

NDA SUBMISSION AND APPROVAL

The new drug application (NDA) is the document through which a sponsor requests
that the FDA approve a drug candidate for marketing. Included are all the individual
study reports as well as integrated analyses attempting to demonstrate that the drug
candidate is safe and effective in its proposed use and that its benefits outweigh its
risks. Also included is the specific labeling that the sponsor proposes.



92 Pharmacokinetics in Drug Discovery and Development

NDA PREPARATION

The general format of an NDA is specified by federal regulations, and specific format
requirements for the pharmacokinetic section of an NDA are given in FDA guidance
documents. The format of an NDA proceeds from high-level summaries to more-
detailed summaries to individual study reports and data listings. Pharmacokinetic
data are presented in the application summary, in the Human Pharmacokinetics and
Bioavailability section (section 6), and in the Clinical Pharmacology portion of the
Clinical Data section (section 8.3). The pharmacokinetic and pharmacodynamic data
collected in humans must be included in their entirety. The summary volumes should
integrate the data to present a clear picture and support the proposed labeling.
Generally, this will take some skill in data interpretation. Data from different sources
may all contribute to making a particular point. For example, data collected in Phase
IIT population pharmacokinetics may overlap with data from special population and
healthy volunteer Phase I studies. Phase III studies might include some patients
older than those used in Phase I, or with higher serum creatinine than permitted by
typical entry criteria for Phase I studies, but not as old or with the severest degree
of renal insufficiency as those examined in special population studies. All these
sources of data will need to be considered when describing the effect of age or renal
disease on pharmacokinetics, and when developing dosing recommendations. Know-
ing that NDA preparation will provide an ideal opportunity for this sort of analysis,
it is best not to “overinterpret” results when preparing individual study reports,
especially for studies conducted early in the development process when it can be
anticipated that many other studies will be conducted before submission.

PRe-NDA MEeTINGS AND NDA FiLING

Pre-NDA meetings are held primarily to discuss the presentation and format of data
supporting the application. Prior to the meeting, the sponsor should provide a
summary of clinical studies submitted in the NDA, the proposed format for organi-
zation of the submission, and any outstanding questions. Although the primary
purpose is to familiarize FDA staff with presentation and organization of the data
to facilitate review, it also provides a final opportunity to discuss any unresolved
problems or issues.

After the FDA receives the NDA, it undergoes a technical screening generally
referred to as a “filability” review. This evaluation ensures that sufficient data and
information have been submitted in each area to justify “filing” the application and
beginning formal review of the NDA.

ADVISORY COMMITTEE MEETINGS

The FDA may ask an advisory committee to provide independent expert scientific
advice to aid in its evaluation of safety and efficacy. Advisory committees consist
of individuals with recognized expertise in a specific therapeutic area who are
capable of evaluating information objectively and interpreting its therapeutic
significance. Each committee also has a consumer advocate to represent the
consumer perspective. As the name implies, the committees are advisory in nature;
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the FDA makes final decisions regarding approval. Sponsors as well as FDA staff
may make presentations to the committee. Although expertise in the therapeutic
area of interest is a given, the depth of each member’s understanding of pharma-
cokinetics and pharmacodynamics will vary. Because of this, and because of time
limitations, the sponsor’s presentation of pharmacokinetic data usually focuses
on aspects that are directly related to safety and efficacy or that support specific
proposed labeling statements.

NEGOTIATING APPROVAL

During the course of reviewing an NDA, FDA staff usually communicates with the
sponsor about scientific, medical, and procedural issues that arise during the review
process. Usually these involve questions regarding the data or easily correctable
deficiencies found during the review. The FDA also informs sponsors of the need
for additional data or information, or for technical changes in the application needed
to facilitate the review. This type of early communication does not ordinarily apply
to major scientific issues, which require consideration of the entire pending appli-
cation by agency final decision makers. Instead, major scientific issues are usually
addressed in an action letter at the end of the initial review process.

At the conclusion of the review, there are three possible action letters that can
be sent to the sponsor:

1. A “not approvable” letter listing the deficiencies in the NDA and explain-
ing why it cannot be approved.

2. An “approvable” letter signaling that, ultimately, the drug can be approved.
The letter may point out minor deficiencies that can be corrected, or request
labeling changes or commitments to do postapproval studies.

3. An “approval” letter stating that the drug is approved. This may follow
an approvable letter, but can also be issued directly.

When an NDA nears approval, FDA reviewers also evaluate draft package
labeling. Each element, including indications, use instructions, and warnings, is
evaluated in terms of conclusions drawn from animal and human testing. All claims,
instructions, and precautions must accurately reflect submitted clinical results.

The labeling “negotiation process,” through which the final approved labeling
of a drug is agreed upon, can take a few weeks to many months. The length of the
process depends upon the number of comments and the sponsor’s willingness to
reach agreement. Sometimes a sponsor will submit several revisions of labeling
before agreement on labeling can be reached.

FUTURE DEVELOPMENTS

Today it appears that future trends in drug development and industrial pharmaco-
kinetics will be driven by three factors: the emergence of genomics, advances in
bioanalytical technology, and the need for rapid proof of concept and better surrogate
markers for drug efficacy.
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EMERGENCE OF GENOMICS

Although there have been some setbacks, the promise of genomics and gene therapy
is still large. Small molecules that modulate gene behavior will likely be developed,
as well as genes themselves developed as therapeutic agents. There are many impor-
tant development and pharmacokinetic issues to consider. The delivery of the ther-
apeutic agent to the appropriate site with the right vector is obviously important, as
is the efficiency of the delivery. What will be the proper tissue distributions, which
distributions will be effective, and which might be harmful? The development of
these agents will require new models for drug development. The paradigm of extrap-
olation from animal data and models to human studies will need to be reexamined.

ADVANCES IN BioANALYTICAL TECHNOLOGY

Advances in bioanalytical technology made clinical pharmacokinetics a feasible
endeavor by the 1970s. Modern bioanalytical technologies are now sensitive to the
point that minute concentrations of drugs in plasma can be determined from doses
that are so small as to have no expectation of producing any pharmacological effect
whatsoever. This development, along with a recent FDA guideline to allow single-
dose human studies supported with only single-dose toxicology data, raises the
possibility of using the first study in humans to perform pharmacokinetic screening.
A “cocktail” approach similar to that already used preclinically, where small doses
of several drugs are administered simultaneously, may be possible to screen drug
candidates for absorption, metabolic stability, and disposition in humans.

NEeeD FOR RAPID PROOF OF CONCEPT AND BETTER SURROGATE MARKERS

It is no wonder that drug companies consider the most commercially attractive
diseases the ones with accepted surrogate markers. Blood pressure, glucose concen-
trations, and lipid concentrations are good examples. The lack of surrogates, by
contrast, forces industry sponsors into large, expensive trials with clinical end points
for mere hypothesis testing. As a consequence, any useful surrogate marker for
innovative drugs identified in preclinical research is highly welcome to increase
predictability for clinical outcome. This supports pharmacokinetic and pharmaco-
dynamic modeling for first-in-human studies and fosters evaluation of the link
between the pharmacodynamic action and therapeutic efficacy. Aside from continu-
ing efforts in basic preclinical research, the future may also see selection of the more
sensitive patients by genotyping them for a fit to the new therapy.
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INTRODUCTION

The U.S. Food and Drug Administration (FDA) has developed certain guidelines for
pharmaceutical companies to ensure that the drug products have adequate bioavail-
ability to produce a therapeutic effect. There are many drugs that are available in
the market as generic products, in which case the generic product must produce a
therapeutic effect equivalent to the brand name. To facilitate the decision of thera-
peutic equivalency between pharmaceutically equivalent drug products, the FDA
requires bioequivalence testing for multisource drug products. Whereas clinical
studies are conducted to determine the safety and efficacy of a drug product, bio-
availability studies are performed to estimate the absorption, distribution, and elim-
ination of the drug. The release of drug substance from the drug product, along with
the permeability and presystemic effects on drug substance, contribute to systemic
exposure patterns. Bioavailability studies are critical for efficient drug development.

Both bioavailability and bioequivalence studies are required by the regulations,
depending on the type of application, i.e., Investigational New Drug Applications
(INDs), New Drug Applications (NDAs), Abbreviated New Drug Applications
(ANDA:?), and their supplements. The regulatory requirements for the documentation
of bioavailability and bioequivalence are provided in the Code of Federal Regulations
(21 CFR 320), which contains two subparts. Subpart A covers general provisions
and definitions, and subpart B covers procedures for determining bioavailability and
bioequivalence of drug products.! In addition to the regulations provided in the 21
CFR 320, the FDA has developed various guidelines, which are published on the
Internet (http://www.fda.gov). This chapter discusses the general principles and
methods for bioavailability and bioequivalence testing.

DEFINITIONS

The following relevant definitions have been provided by the Code of Federal
Regulations' to understand the principles behind bioavailability and bioequiva-
lence testing:

* Bioavailability: The rate and extent to which the active ingredient or
active moiety is absorbed from the drug product and becomes available
at the site of action. For drug products that are not intended to be absorbed
into the bloodstream, bioavailability may be assessed by measurements
intended to reflect the rate and extent to which the active ingredient or
active moiety becomes available to the site of action.

e Pharmaceutical Equivalents: Drug products that contain identical
amounts of the identical active ingredient, i.e., the same salt or ester of
the same therapeutic moiety, in identical dosage forms, but not necessarily
containing the same inactive ingredients, and that meet the identical com-
pendial or other applicable standard of identity, strength, quality, and
purity, including potency and, where applicable, content uniformity, dis-
integration times, and/or dissolution rates.
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* Pharmaceutical Alternatives: Drug products that contain the identical
therapeutic moiety, or its precursor, but not necessarily in the same amount
or dosage form or as the same salt or ester. Each drug product individually
meets either the identical or its own respective compendial or other appli-
cable standard of identity strength, quality, and purity, including potency
and, where applicable, content uniformity, disintegration times, and/or
dissolution rates.

* Therapeutic Equivalents: Drug products are considered to be therapeutic
equivalents only if they are pharmaceutical equivalents and if they can be
expected to have the same clinical effect and safety profile when admin-
istered to patients under the conditions specified in the labeling.

* Bioequivalence: The absence of a significant difference in the rate and
extent to which the active ingredient or active moiety in pharmaceutical
equivalents or pharmaceutical alternatives becomes available at the site
of action when administered at the same molar dose under similar con-
ditions in an appropriately designed study.

THE NEED FOR BIOAVAILABILITY
AND BIOEQUIVALENCE STUDIES

Bioavailability and bioequivalence studies can provide useful information regarding
the drug, such as:

* In the strict sense, bioavailability studies provide an estimate of the frac-
tion of the orally administered dose that is absorbed into the systemic
circulation when compared to the bioavailability for a solution, suspen-
sion, or intravenous dosage form that is completely available.

* Bioavailability studies provide other useful information that is important
to establish dosage regimens and to support drug labeling, such as distri-
bution and elimination characteristics of the drug.

* Bioavailability studies provide indirect information regarding the presys-
temic and systemic metabolism of the drug and the role of transporters
such as p-glycoproteins.

* Bioavailability studies designed to study the food effect provide informa-
tion on the effect of food and other nutrients on the absorption of the drug
substance.

e Such studies when designed appropriately provide information on the
linearity or nonlinearity in the pharmacokinetics of the drug and the dose
proportionality.

* Bioavailability studies provide information regarding the performance of
the formulation and subsequently are a means to document product quality.

* Bioequivalence studies provide a link between the pivotal and early clin-
ical trial formulation, a link between formulations used in the pivotal
clinical trial and the stability studies, the pivotal clinical trial and the to-
be-marketed drug product, and other comparisons as appropriate.
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* Bioequivalence studies are the basis for determination of the therapeutic
equivalence between a pharmaceutically equivalent generic drug product
and a corresponding reference listed drug. This list is provided in the book
titled “Approved Drug Products with Therapeutic Equivalence Evalua-
tions,” commonly known as the Orange Book.!?

* Bioequivalence studies provide information on product quality and per-
formance when there are changes in components, composition, and
method of manufacture after approval of the drug product. The FDA has
provided guidance for the industry, such as SUPAC-IR? and SUPAC-MR,?
to determine when changes in components and composition and/or
method of manufacture of the drug product suggests a need to perform
further in vitro/in vivo studies.

BIOAVAILABILITY AND BIOEQUIVALENCE TESTING
RECOMMENDED BY THE FDA

Some of the situations when bioavailability and bioequivalence testing is essential
for a drug are highlighted below:

* For all new molecular entities

» For new formulations of active drug ingredients

* For a new dosage form of a drug

» For a new dosage strength or dosage regimen

* For a new salt or ester of a drug

* For a new indication

» For the administration in special patient populations, e.g., pediatrics

» For a change in the manufacturing process or site of the drug substance
in which there is a change in the physical properties of a drug substance

* For a change in the manufacturing process of the drug or the drug product
that produces variabilities beyond the specifications of approved applications

BIOAVAILABILITY ASSESSMENT METHODS

Bioavailability is the measurement of the rate and extent of drug that is systemically
available. Hence, pharmacokinetic parameters that give information on the amount
of drug reaching the systemic circulation (extent) and the time taken to reach the
systemic circulation (rate) are used as measures for assessing bioavailability. Bio-
availability can be measured by direct and indirect methods outlined below. The
various methods used are presented in descending order of preference.

DIRECT MEASURES OF BIOAVAILABILITY
Based on Plasma Drug Concentrations

Drug concentrations in the blood and plasma are the most direct methods of deter-
mining the systemic availability of a drug. The pharmacokinetic parameters that
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describe the rate and extent of absorption and systemic exposure based on plasma
drug concentration data are summarized below.

The area under the plasma drug concentration and time curve (AUC,, AUC_, or
AUC))(units = pg.h/ml, ng.h/ml, etc.): AUC is the measure of the extent of drug
bioavailability. This gives a measure of the total systemic exposure. The AUC can
be calculated from Equation 5.1, which can be rearranged as Equation 5.2 to deter-
mine the fraction of the dose absorbed.

- FD FD
AUC, = = 5.1
" k,V,  Clearance -1y
F= CI(AUC) (5.2)
D,
where F = fraction of dose absorbed
D = dose
k., = elimination rate constant

el
V, = volume of distribution

Cl = clearance

AUC can be obtained by a numerical integration method such as the trapezoidal
rule. A recent recommendation by the FDA has been the use of early exposure as
a measure of rate of systemic exposure.’ This can be calculated as a partial AUC,
where the area can be truncated at the population median of the ¢,,, values. Mea-
surement of early exposure may be useful when rapid onset of action is desirable
(e.g., an analgesic effect) or if a slow input is required to achieve efficacy or safety.
The FDA has recently proposed a shift away from the focus on rate and extent of
absorption to the measurement of systemic exposure, which can be determined as
total, peak, or early exposure (if needed). This is based on the understanding that
these measures better reflect the rate and extent of absorption.>’

The peak plasma drug concentration (C,,,,) (units = pg/ml or ng/ml, etc.): The
C...x 1s also a measure of the extent of bioavailability or peak exposure and indicates
concentrations required for a therapeutic or toxic response. It relates to peak exposure
of the drug. C,,,, is obtained directly from the plasma concentration time profile.

The time to peak plasma drug concentration (z,,,) (units = hours, minutes, etc.):
The ¢, is a measure of the rate of drug absorption and is the time required to reach
the maximum drug concentration after drug administration. The 7., is obtained

directly from the plasma concentration time profile.

INDIRECT MEASURES OF BIOAVAILABILITY
Based on Urinary Excretion Data

This method can be used only if urinary excretion of unchanged drug is the main
mechanism of elimination of the drug and urine samples have been collected in
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intervals as short as possible to measure the rate and amount of excretion as accu-
rately as possible. Bioavailability can be calculated from Equation 5.3 using the
urinary excretion data as follows.

F = (Du)/Dose 5.3)
f
where F = fraction of the dose absorbed

D; = cumulative amount of drug excreted in the urine

u

f = fraction of unchanged drug excreted in the urine

The pharmacokinetic parameters that describe the rate and extent of absorption
and systemic exposure based on urinary excretion data are as follows:

 Cumulative amount of drug excreted in the urine (D} ): This is directly
related to the total amount of drug absorbed. When the plasma concen-
tration approaches zero, then the maximum amount of drug excreted in
the urine is obtained (i.e., D; ). This is a measure of the extent of drug
absorption.

 The rate of drug excretion in the urine (dD /dt)

e Time for maximum urinary excretion (¢~)

Limitations of Using Urinary Data

» There is a high degree of variability associated with the cumulative amount
of drug excreted in the urine, and the method is less reliable compared with
the estimation of bioavailability from plasma concentration time profiles.

* Urinary data should be collected for a period of time equal to five times
the half-life corresponding to the terminal phase of the drug concentra-
tion—time profile to achieve 97% recovery after a single dose.

* Urinary data are valid only if the excretion of the drug or metabolite is
related to the bioavailable dose of the drug.

* Urinary data cannot be reliably used to determine bioequivalency, C,,,,,

I.a absorption rate, and duration. Theoretically, the data could be used

for determination of bioequivalency, but practically they will not be reli-

able because of the high degree of variability that could be associated
with the parameter estimation.

Based on Acute Pharmacodynamic Effect

This approach may be applicable when the drug is not intended to be delivered into
the bloodstream for systemic availability. It is an indirect measure of bioavailability
in cases where the analytical method for assessing drug concentrations in the plasma
or other biological fluids cannot be developed. In such cases a dose-response rela-
tionship must be established. This method can be used only if the method is sensitive,
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accurate, and reproducible. The pharmacodynamic parameters evaluated to assess
bioavailability are the following:

* Total area under the pharmacodynamic effect—time curve
* Peak pharmacodynamic effect
* Time to peak pharmacodynamic effect

From Well-Controlled Clinical Trials

Well-controlled clinical trials that establish safety and efficacy of a drug product,
for purposes of establishing bioavailability, can be used. However, this approach is
the least accurate, sensitive, and reproducible approach. This approach can be used
when analytical methods cannot be developed for a particular drug.

From Dissolution Studies

In vitro dissolution studies are used to assess product quality. In ideal circumstances
in vitro dissolution rate should correlate with in vivo bioavailability. A dosage form
with a rapid dissolution rate is likely to have a rapid rate of drug bioavailability in
vivo. However, bioavailability is not only dependent on the dissolution of the drug
product, but also the permeability and solubility of the drug substance. When an in
vitro—in vivo correlation is available, the in vitro test can serve as an indicator of
how the product will perform in vivo.

ABSOLUTE AND RELATIVE BIOAVAILABILITY
ABSOLUTE BIOAVAILABILITY

Absolute bioavailability of a drug is the systemic availability of the drug after
extravascular administration of the drug and is measured by comparing the area
under the drug concentration—time curve after extravascular administration to that
after IV administration, provided the k, and V), are independent of the route of
administration. Extravascular administration of the drug comprises routes such as
oral, rectal, subcutaneous, transdermal, nasal, etc.

Absolute bioavailability is denoted as F, which is also the fraction of the dose
that is absorbed. After IV administration, the entire dose is placed into systemic
circulation; therefore, the fraction of the dose absorbed (F) or the absolute bioavail-
ability is equal to unity. For routes other than IV administration F' < 1, absolute
bioavailability is most commonly expressed as a percentage, where an F of 1 is
100% bioavailable or an F of 0.8 is 80% bioavailable.

Absolute bioavailability can be calculated from the following equations:

From Plasma Data

_ [AUC]pp/ dosepg

Absolute Bioavailability = F =
solute Bioavailability [AUC],y/dosery,

54
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where PO refers to oral administration.

From Urinary Excretion Data

_ [D,]po/dosepg

Absolute Bioavailability = F —
[D, v/ dosery

(5.5)

RELATIVE BIOAVAILABILITY

The relative bioavailability is the systemic availability of a drug from one drug
product (A) compared to another drug product (B). Relative bioavailability can be
calculated from Equations 5.6 and 5.7 using plasma concentration time data.

From Plasma Data

[AUC],

Relative Bioavailability =

When the doses are not equal, the dose-adjusted AUC values should be used as
follows.

[AUC],/dose,

—_— 5.7
[AUC];/doseg 5-7)

Relative Bioavailability =

From Urinary Excretion Data

Urinary excretion data can also be used to calculate relative bioavailability
provided the urine collections are adequate. Equation 5.8 can be used to calculate
relative bioavailability from the urine data.

D1°
Relative Bioavailability = M (5.8)

[D.15

FACTORS AFFECTING BIOAVAILABILITY

Some of the important factors that affect bioavailability are outlined as follows:

* Gastric emptying — Although not true in all cases, increased gastric
emptying generally enhances bioavailability of orally administered drugs.
Gastric emptying depends on the following factors:

* Volume of liquid intake
* Volume of solid food intake and its fat content
* Viscosity of stomach content
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* pH of the stomach

* Intake of other drugs

* Age and weight of the patients

* Physical activity of the patients taking drug

* Emotional state of the patient

* Various disease states

» The variability seen in the absorption of orally administered drugs is
mainly due to different rates of gastric emptying, which are affected by
the various factors listed above. Hence, to minimize variability, bioavail-
ability studies may be conducted under controlled conditions, such as
healthy individuals of controlled weight and age under fasted conditions
or with a controlled diet. The use of healthy subjects minimizes both inter-
and intrasubject variability.

* Presystemic and systemic metabolism — Presystemic metabolism, which
occurs during first-pass metabolism, can decrease the bioavailability of a
drug. The following types of metabolism are commonly seen:

* First-pass metabolism: First-pass metabolism occurs when an absorbed
drug passes directly through the liver before reaching systemic circu-
lation after oral administration.

* Intestinal metabolism: Drug metabolizes in the intestine itself or during
the passage through the intestinal wall.

* Hydrolysis of the drug in the stomach fluids.

» Transporters such as p-glycoprotein may influence the bioavailability
of a drug.

* Complexation with other agents in the gastrointestinal tract.

* Formulation factors, such as may occur with inert ingredients, the man-
ufacturing process and/or use of surfactants, etc.

DESIGN OF BIOAVAILABILITY
AND BIOEQUIVALENCE STUDIES

Both bioavailability and bioequivalence focus on measuring the absorption of the
drug into systemic circulation; hence, similar study design approaches are used
to establish bioavailability of a drug or to assess bioequivalence. Bioavailability
is a comparison of the drug product to an intravenous formulation, a solution, or
a suspension, whereas bioequivalence is a more formal comparative test that uses
specified criteria for comparisons with predetermined bioequivalence limits for
evaluation.

The study design for bioequivalence mainly depends on the criteria for evalua-
tion. Since July 1992, the Center for Drug Evaluation and Research (CDER) has
recommended the use of the Average Bioequivalence Criterion as published in the
guidance entitled “Statistical Procedures for Bioequivalence Using a Standard Two-
Treatment Crossover Design.”® This criterion calls for a conventional nonreplicate
crossover study for evaluating bioequivalence. Recently, two new approaches have
been described for evaluating bioequivalence, which are termed the Individual
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Bioequivalence Criterion and the Population Bioequivalence Criterion. The Indi-
vidual Bioequivalence Criterion calls for a replicate study design, whereas the
Population Bioequivalence Criterion does not involve a replicate study design, but
a replicate crossover design or parallel design, which can also be used for this
criterion.’ A replicate study design is one in which both the test and the reference
drug products are administered to the same individuals on two separate occasions.

The general study design considerations for conducting bioavailability or
bioequivalence studies are as follows:

* An initial pilot study with a smaller number of subjects to assess vari-
ability, optimize sample collection time (as suitable for the immediate
release and modified release dosage forms), and other useful information.

* A conventional two-formulation, two-period, two-sequence nonreplicate
crossover design. This design is used for the Average Bioequivalence
Criterion. It is also used if a Population Criterion is chosen for bioequiv-
alence comparisons. This study is recommended for a single-dose study.
A single-dose bioequivalence study is generally more sensitive in assess-
ing release of the drug substance from the drug product into systemic
circulation for both conventional and modified release products. The non-
replicate design is recommended by the FDA for most orally administered
immediate-release dosage forms.*

* A replicate-crossover study design with four periods, two sequences, and
two formulations. The FDA recommends the use of the Average Bioequiv-
alence Criterion for this study design as well,* although this study design
is not necessary when an average approach is used to establish bioequiv-
alence. Replicate crossover designs allow for estimation of within-subject
variances for the Test (7) and Reference (R) measures and the subject-
by-formulation interaction component. The same lot of the test and ref-
erence formulation should be used for the replicated administration. This
design is desirable for modified-release dosage forms or highly variable
drug products, and is suitable for an Individual Bioequivalence approach.

* A parallel design could also be used under special circumstances, for
example, a drug with a long half-life.

* The reference standard in a bioequivalence study is a formulation currently
marketed with an approved full NDA, for which there are valid scientific
safety and efficacy data. The list of reference products is provided in the
Orange Book (“Approved Drug Product with Therapeutic Equivalence
Evaluations”).!? The reference product is usually the innovator’s brand-
name product. The total content of the active drug substance in the test
product must be within 5% of the reference product. Usually similar routes
of administration are used for the test and reference products unless an
alternative route is needed to answer specific pharmacokinetic questions.
In some cases the reference material could be a solution, suspension, IV
product, or the clinical trial material containing the same quantity of active
drug ingredient.
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* Healthy subjects are preferred as the study population and should be =18
years of age. In some cases it may be useful to conduct the study in
patients. A heterogeneous population would be preferable that includes
males and females, young and elderly people, and subjects from different
racial groups or the targeted age and gender if the drug product is to be
specifically used in those populations.

* An adequate number of subjects should be enrolled to allow for dropouts.
It is not desirable to replace dropouts. At least 12 subjects should be
included in a study.

* The highest marketed strength should be used for evaluating bioequivalence.

* The test and reference product should be administered with 240 ml of water.

* The test and reference drug products should be administered under fasting
conditions (overnight) and the fast should continue for up to 4 h after
dosing. Subjects should abstain from alcohol for 48 h prior to each study
period and until after the last sample from each period is collected.
Subjects can be allowed water as desired except for 1 h before and after
drug administration.

* An adequate washout period should separate each treatment.

* Plasma and blood samples are preferred over urine and other tissue sam-
ples for evaluating drug/metabolite concentrations. An adequate number
of samples should be taken to characterize the absorption, distribution,
and elimination phases of the drug/metabolite accurately.

* For bioavailability studies, the parent compound or the active moiety and
the active metabolites should be measured if analytically feasible. For
bioequivalence studies, the measurement of the parent compound is desir-
able, unless the parent drug levels in the plasma or serum are too low to
allow reliable measurements. In addition to measuring the parent, the
measurement of the metabolite is important when it contributes to either
safety or efficacy of the drug product. The bioequivalence criterion is
applied to the parent with supportive evidence from the metabolite meas-
urements. Similarly, measurement of enantiomers or racemate may be
necessary as appropriate.

PHARMACOKINETIC INFORMATION FOR
EVALUATION OF BIOEQUIVALENCE STUDIES

The following pharmacokinetic information for the drug should be obtained for the
evaluation of bioequivalence studies:

* Area under the plasma concentration-time curve from zero to time
t (AUC,)) and its log transformation (In AUC,)

* Area under the plasma concentration—time curve from zero to infinity
(AUC,) and its log transformation (In AUC,)

* Peak drug concentration (C,,,,) and its log transformation (In C,,,,) and

max
time to peak drug concentration (#,,,,)
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* Elimination rate constant (k,) and half-life of the drug (¢,,)
* Cphin» Cue and degree of fluctuation [(C,, — Crin)/Cuels swing
[(Chax — Coin)Cininls and evidence of attainment of steady state, if steady-

max

state studies are used.

BIOEQUIVALENCE EVALUTION CRITERIA

In the past 20 years the evaluation criteria for bioequivalence studies recommended
by the FDA have evolved and been revised several times. For bioequivalence com-
parisons the new formulation or method of manufacture is the test product (7) and
the prior formulation or method of manufacture is the reference (R) product. To
establish bioequivalence, the difference between the bioavailability of the test prod-
uct and the reference product must be within the prespecified bioequivalence limit
as governed by the approach taken to assess bioequivalence, which is discussed in
this section.

The first approach that was used by the FDA to evaluate bioequivalence was the
75/75/125 Rule, which required that a test and reference ratio for 75% of the subjects
should fall between the interval of 75 to 125%. In subsequent years this approach
was replaced by the Power Approach, which utilized a standard #-test for testing
equivalence. The Power Approach consisted of testing the hypothesis of no difference
at a 0.05 level with an estimated power of 0.80 to detect a 20% difference in the
means of the test and reference.

The current evaluation criteria are based on the two one-sided test approach,
also commonly referred to as the Confidence Interval Approach or Average Bioequiv-
alence, which determines whether the average values for the pharmacokinetic param-
eters measured after the administration of test and reference products are comparable.
This approach involves the calculation of a 90% confidence interval about the ratio
of the averages of 7 and R products for AUC and C,,,, values. To establish bioequiv-
alence, the AUC and C,,,, of the T product should not be less than 0.80 (80%) or
greater than 1.25 (125%) of the R product based on log-transformed data (i.e., a
bioequivalence limit of 80 to 125%). For some time prior to the use of log-trans-
formed data, the nontransformed data were used to assess bioequivalence. In 1989,
it was realized that log transformation of the data enables a comparison based on
the ratio of the two averages rather than the difference between the averages in an
additive manner.!' Moreover, most biological data correspond to a log-normal dis-
tribution rather than to a normal distribution.

More recent proposals discussed for evaluating bioequivalence are based on
approaches termed Individual Bioequivalence and Population Bioequivalence. The
average bioequivalence approach focuses only on the comparison of population
averages (|7, lz) of a bioequivalence metric of interest and not on the variances of
the metric for the 7 and R products. The individual bioequivalence approach not
only compares the population averages (L, L), but also assesses the within-subject
variability (Oy;?, Owg?) as well as the subject-by-formulation interaction (6,%). The
population bioequivalence approach is designed to assess the total variability, i.e.,
within- and between-subject variability (or?, Orz?) of the pharmacokinetic param-
eter (metric) in the population. The individual and population bioequivalence
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approach allows the use of a mixed scaling, which takes into account the variability
of the R product (termed as reference scaling) or a specified constant (termed as
constant scaling). Reference scaling is used when the R product is highly variable;
otherwise constant scaling is used.’

The bioequivalence for the evaluation of bioequivalence (BE) based on the
average, individual, and population approaches are given in Equations 5.9 through
5.11. This criteria should be <BE limit (0,, 6, Gp for average, individual, and
population approaches, respectively) for each approach:

Average BE

(Lr—p)* <6} (5.9)

Individual BE

2 2 2 2
(Ur—Ug) +Op + (Owy — Owr ) <_
> <
Owr

0, (5.10)

Population BE

(Lr— HR)Z + (GTTZ - GTRZ)
GTR2

<0, .11

STATISTICAL MODELS TO ASSESS BIOEQUIVALENCE

Log-transformed data are used for comparisons to represent a normal distribution
of the data. For AUC and C,,,,, the log of ratio (In 7/R or log T/R) between the test
and reference are used for comparisons. The arithmetic mean for the test and
reference products, geometric means, means of the logs, standard deviations of the
logs, or coefficients of variation should be calculated for AUC and C,,,,. For popu-
lation bioequivalence, the estimates of the total variance and for individual bioequiv-
alence approach the subject-by-formulation interaction variance and the within-
subject variance for the T and R product should be determined.

General linear model or mixed effect model procedures are performed on the
pharmacokinetic parameters AUC and C,, to test the data for difference within and
between test and reference groups. For a general linear model, the statistical model
should include factors accounting for various sources of variability, such as sequence,
subjects, study period, and treatment or formulation depending on the study design.

For the average bioequivalence approach, two one-sided tests of hypothesis at
the 5% level of significance are carried out to construct the 90% confidence intervals.
For the population and individual bioequivalence approach, an upper 95% confidence
bound for the population or individual criterion is estimated, which should be less

than or equal to the bioequivalence limit (i.e., 6, 6,).
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CRITERIA FOR WAIVER OF EVIDENCE OF IN VIVO
BIOAVAILABILITY OR BIOEQUIVALENCE STUDIES

Under the following circumstances at the applicants’ request, the FDA! may waive
the requirement for in vivo bioavailability studies for a drug product if the drug
product meets any of the following provisions:

e The following drug products that also meet the condition of containing

the same active and inactive ingredients in the same concentration as a
drug product that is the subject of a full approved NDA can receive a
waiver for in vivo evidence of demonstrating bioavailability of the drug
product:

a. The drug product is a parenteral solution intended solely for adminis-

tration by injection.

b. The drug product is an ophthalmic or otic solution.

The following drug products that also meet the condition of containing
the same active ingredients in the same dosage form as a drug product
that is the subject of a full approved NDA can receive a waiver for in vivo

evidence of demonstrating bioavailability of the drug product:

a.

The drug product is administered by inhalation as a gas, e.g., a medic-
inal or inhalation anesthetic.

b. The drug product is a solution for application to the skin.

The drug product is an oral solution, elixir, syrup, tincture, or a similar
solubilized form. These products should not contain any inactive ingre-
dient that is known to significantly affect absorption of the active drug
ingredient.

e If the drug product is in the same dosage form, but in a different lower
strength and the following conditions have been met:

a.

The drug product is proportionally similar in its active and inactive ingre-
dients to another product for which the same manufacturer has obtained
approval by meeting the bioavailability requirements for a submission.

b. Both drug products meet an appropriate in vitro test approved by the FDA.

C.

An in vivo study has been conducted on the highest strength.

These criteria could be used for immediate-release tablets or capsules.

* If the drug product is in the same dosage form, but in a higher strength,
the waiver for in vivo bioavailability will depend on:

a

b
c
d

. Clinical safety or efficacy data

. Linear elimination kinetics over the dose range

. Higher strength being proportionally similar to the lower strength
. Similar dissolution profiles

These criteria could be used for immediate-release tablets or capsules.

e If the drug product is a modified-release dosage form, a lower strength
could be waived if the following conditions are met:
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a. For beaded capsules, the difference should only be in the amount of
beads present and the lower-strength capsules should have similar
dissolution profiles.

b. For tablets, the lower-strength tablet should be compositionally pro-
portional to the higher strength; both should have the same drug release
mechanism and similar dissolution profiles.

* The drug product shows an in vitro—in vivo correlation.

* The drug product is a reformulated product that is identical, except for a
different color, flavor, or preservative that could not affect the bioavail-
ability of the reformulated drug product, to another drug product for which
the same manufacturer has demonstrated bioavailability and obtained
approval and that has an FDA approved in vitro test.

* In vivo bioavailability requirements may be waived for a good cause that
is compatible with the protection of public health.

* For a drug product that was approved prior to 1962 and is determined to be
effective in at least one indication in a Drug Efficacy Study Implementation
(DESI) notice and is listed not to have a potential bioequivalence problem.

* Recently the FDA has proposed the waiver of bioequivalence studies for
immediate-release solid oral dosage forms for a Class 1 drug substance
based on the Biopharmaceutics Classification System (highly soluble and
highly permeable) and for a rapidly dissolving product.'?

LIMITATIONS OF BIOAVAILABILITY
AND BIOEQUIVALENCE STUDIES

For drugs and dosage forms with certain characteristics, systemic bioavailability and
general bioequivalence studies cannot be designed and evaluated as conventional
studies. Some of these situations are listed below.

¢ A crossover design may be difficult for drugs with a long elimination
half-life. Three to four elimination half-lives may extensively prolong the
duration of the study in a crossover design. In this situation a parallel
design can be used for bioequivalence studies.

e Highly variable drugs may require a far greater number of subjects to
meet the FDA bioequivalence criteria.'* The variability seen in the per-
formance of certain drug products may be due to the inherent character-
istics of the drug or due to the drug formulation or both.

* Certain characteristics in the biotransformation of drugs make it difficult
to evaluate the bioequivalence of such drugs. For example, for drugs that
are stereoisomers with a different rate of biotransformation and a different
pharmacodynamic response, the measurement of independent isomers
may be difficult for analytical reasons.

e Drugs that are administered by routes other than the oral route or
drugs/dosage forms that are intended for local effects have minimal sys-
temic bioavailability. Some examples of such drug classes are the oph-
thalmics, dermals, intranasal, and inhalation drug products.
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Bioequivalence assessments of drugs that are insignificantly absorbed into
the systemic circulation are difficult. In some cases, for such drugs a
biological marker has been established for the assessment of bioequiva-
lence. Examples of biological markers used are skin blanching in the case
of hydrocorticosteroids and neutralization of stomach acid for antacids.
For certain cases a pharmacodynamic end point may be more appropriate
for the assessment of bioequivalence.
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INTRODUCTION

Basic pharmacokinetics has focused on a detailed scientific study of what the body
is doing to the drug to facilitate the following:

* Liberation of the drug from the dosage form

* Absorption of the compound into the systemic circulation
* Distribution to various sites of action

* Metabolism to active or inactive compounds

Elimination from the body.
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FIGURE 6.1 The therapeutic window.

Many medications being developed today must be used carefully because too
much drug in the body may have toxic effects, or not enough drug can result in
ineffective therapy because the threshold of the therapeutic response is not achieved.
The application of basic pharmacokinetic knowledge to these medications that have
this well-defined therapeutic window is referred to as therapeutic drug monitoring.
Figure 6.1 illustrates this concept of a therapeutic window. Consequently, the area
of pharmacokinetics that monitors therapeutic concentrations has evolved to another
scientific subdiscipline of pharmacokinetics. Taking the basic pharmacokinetic infor-
mation and combining that with a patient’s actual physiological response to the
medication is what clinical pharmacokinetics is all about. Gerhard Levy' has said,
“Simply stated, clinical pharmacokinetics is a health science discipline that deals
with the application of pharmacokinetics to optimize the pharmacotherapeutic man-
agement of individual patients.” The terms clinical pharmacokinetics, therapeutic
drug monitoring (TDM) and applied pharmacokinetics have all been used to describe
the process of taking drug concentrations, basic pharmacokinetic principles, and the
person’s clinical response and combining them to optimize drug therapy for the
patient. This is demonstrated in Figure 6.2.

Adjustment of drug dosage on the basis of individualized target drug concen-
trations can achieve better outcomes in therapy by preventing or minimizing adverse
effects or reaching desired therapeutic outcomes more rapidly.>® However, for this
approach to be successful, there are three important things to consider: accurately
determined drug concentrations, correctly selected pharmacokinetic equations, and

e N
Drug Concentration

Pharmacokinetic

Principles »

Clinical or
Pharmacological
Response

To optimize
drug therapy
for the patient

. J

FIGURE 6.2 Clinical pharmacokinetics or TDM is applied pharmacokinetics.
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a thorough understanding of the patient’s medical conditions that can influence
clinical and pharmacological response. They are all indicated in Figure 6.2.

DRUG CONCENTRATION

The clinical pharmacokineticist involved in making recommendations to adjust drug
therapy must make sure that the blood level determinations that are being used to
adjust therapy are properly collected and determined. Invalid starting information
can result in inappropriate alterations in drug therapy. In general, blood level deter-
minations are done when a medication has a narrow therapeutic index and monitoring
levels of the drug in the sampling compartment can be helpful to keep the concen-
trations above the minimum threshold, and below any potential toxic levels.” If a
compound has no documented toxicity in the range of typically used doses, there is
no need to monitor levels.

WHY Do WE MEeAsurRe DRUG LEvELs?

There are usually three reasons for monitoring drug levels:

1. Determine the best possible safe dosing regimen. When therapy is initiated
it may be beneficial to measure levels to help design a dosing regimen
that will keep levels within the desired therapeutic window.

2. If the organ systems that determine the rate at which the drug leaves the
body are changing, then it is advisable to measure drug levels to maintain
the drug at optimal levels.

3. Outpatients who have been stabilized on a dosing regimen sometimes
benefit from having levels checked to confirm patient compliance or aid
in the identification of noncompliance.

WHEN Do WE Draw THEM?
Most Often at Steady State

Figure 6.1 illustrates that, if drug levels are measured before steady state is achieved,
therapeutic adjustments could result in concentrations much higher than desired.
Dosage adjustments can be made from non-steady-state levels, but the pharmaco-
kineticist must make sure that the appropriate pharmacokinetic equations are chosen
that include accumulation factors and that it is known how many doses have been
given, and the timing of those doses. Many clinicians choose to wait until steady
state is achieved before drug levels are measured to assess the current therapy so
that simplified steady-state equations can be used.

Sometimes a Single Level

If the drug is given by a constant-rate infusion, or if the peak—trough fluctuation is
minor, then it is sufficient to draw only a single steady-state level as shown in
Figure 6.3.
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FIGURE 6.3 Plasma concentrations of constant rate infusion (A) and minimal peak—trough
fluctuation (B).

Often a Peak and Trough

If the drug is given by extravascular administration or intermittent infusion and it
demonstrates a significant difference in concentration before and after dosing, then
generally a peak and a trough concentration will need to be measured. The semilog
concentration vs. time plot of Figure 6.4 demonstrates this.

Optimal Sampling Times

Depending on the pharmacokinetic equations that are used to individualize therapy,
the timing of samples may be very important.® The peak for an intravenous (IV)
bolus dose would be obtained immediately after the dose is given. The peak con-
centration following an IV infusion of the drug will usually occur right after the
infusion stops. If the concentration of the drug is plotted against time on a semilog
plot and if the declining concentration following absorption or the infusion is not a
straight line, then the drug exhibits a measurable distribution phase. If the drug
demonstrates a significant distribution phase, as in Figure 6.4 and if the pharmaco-
kinetic analysis will assume a one-exponential elimination, then the peak must be
measured when distribution is complete.

Once distribution is complete, the slope of the log concentration vs. time curve
from the measured peak down to the trough will be linear. A steady-state trough
sample should be drawn immediately before the next dose is given after the peak

100 +

10 +

mg/l

FIGURE 6.4 Often a peak and trough are necessary.
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has been obtained. Generally, if the sample is drawn within 30 min of the dose being
given, it can be treated as if it were drawn immediately before the dose was given.
Ideally, the peak is measured and then the trough at the end of the dosing interval.
Experience has shown that quite often those levels are done on two different nursing
shifts. The more people involved in the collection of the blood samples, the greater
the chance for error, like forgetting to draw the sample, drawing it at the wrong
time, etc. Therefore, to be practical and to reduce errors, it is routine to draw a
trough before a dose is given, then measure the peak at the appropriate time following
the drug administration. Since the samples are being obtained at steady state, the
trough obtained before a dose should be exactly the same as the trough following
the peak. Therefore, that value is extrapolated to postdose trough and the pharma-
cokinetics can then be determined using this extrapolated value. Each drug that will
be examined in subsequent chapters has optimal sampling times. Take note of these
optimal sampling times. For example, gentamicin and tobramycin levels should be
obtained at steady state immediately before a dose is given and 30 min after the
intermittent infusion stops. Vancomycin levels should be obtained immediately
before a dose is given and 60 min after the infusion stops.

How ARE THEY MEASURED?

Normally, drug concentrations are obtained by venipuncture of venous blood. Arte-
rial samples are much more difficult to obtain and in most cases arterial and venous
concentrations of the drug are the same. Plasma is the fluid portion of whole blood
that remains after the solid materials (red blood cells, white blood cells, and platelets)
have been centrifuged off. Serum is the liquid that remains after blood has been
allowed to clot. Thus, fibrin and the solid materials have been removed. Normally,
serum and plasma concentrations of the drug are the same, because there is very
little binding of most drugs to fibrin or other components of the blood clot.’ Plasma
samples are obtained by using an anticoagulant to prevent the blood from clotting.
Heparin or a calcium-binding resin like EDTA, citrate, or fluoride can be used to
prevent the clotting. However, some of these anticoagulants can interfere with the
assay of some drugs. Consequently, as a general rule, drug concentrations are usually
determined in serum.

There are many assay techniques that can be used to determine the drug
concentrations that will be used to individualize drug therapy. Microbiological
assays were one of the early assays used to determine the concentration of
antibiotics. These assays tend a have a fairly high degree of error and they take
a long time to achieve results (24 to 72 h). Radioimmunoassays tend to be able
to detect reasonably low levels of compounds (sensitivity), but generally do not
have high specificity (metabolites and other substances can easily interfere with
the determination of the actual drug concentration). High-performance liquid
chromatography (HPLC) has a reasonable sensitivity and specificity, tends to be
inexpensive, and is generally very rapid, so it is a commonly used method of
determining drug concentrations. Gas liquid chromatography (GLC) usually has
a high specificity, is very sensitive, and is fast; however, it tends to be very
expensive. Consequently, it is used frequently for research purposes, but not
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often for routine clinical monitoring of drug concentrations. Probably the most
frequently used assay method for therapeutic drug monitoring is an enzyme
multiplied immunoassay. Generally these are prepared in kits that have a very
reasonable sensitivity and specificity and they tend to be very inexpensive and
very rapid.

It is also very important to take note of the units in which assay results are
reported. When the concentration information is used in the pharmacokinetic equa-
tions, it is important that the proper concentration units be used to obtain the correct
units for volume of distribution and half-life. Once again, as individual drugs are
reviewed, take note of the preferred assay technique, the proper sampling matrix,
and the units of concentration reported.

BASIC PHARMACOKINETIC PRINCIPLES

Applied pharmacokinetics involves predicting steady-state responses. The three main
approaches to pharmacokinetic analysis involve the use of physiological models,
traditional compartmental models, or a model-independent (linear systems)
approach. Physiological compartmental models are very complex and very good for
describing in detail what the body is doing to the drug. However, often it is difficult
to develop strong predictive relationships for drug response in the clinical environ-
ment because often there is limited information about all of the model parameters
for the patient. Model-independent, or noncompartmental approaches, are suitable
in some cases, but often dynamic clinical data without an extensive sampling scheme
cannot effectively predict pharmacokinetic behavior. Consequently, compartmental
models alone or sometimes in conjunction with a Bayesian forecasting approach are
often used to optimize therapy.

Approval of new drug applications is only finalized when there is a thorough
understanding of the basic pharmacokinetics of a drug. Pharmacokinetic studies have
been conducted in animals in preclinical trials and in humans at each subsequent
stage of the drug development process. For each drug, this basis of scientific knowl-
edge of what the body is doing to the drug should lead to a concrete plan as the
best way to monitor and individualize drug therapy for this compound. Drugs that
have a linear response to dose and are eliminated in a mono-exponential fashion can
use simple one-compartment model equations to predict response to future therapy.
Drugs that exhibit a biphasic decline in concentration when the log concentration
is plotted against time will require a more complex two-compartment model. If
either absorption or elimination are dependent upon a saturable process, then a
nonlinear pharmacokinetic model will be necessary to try to describe the drug
response. Sometimes it is possible to take a model-independent approach and deter-
mine those parameters that are useful to use the drug wisely. Occasionally, it is even
possible to take other information about the patient and use that to help forecast the
person’s response. Therefore, the clinical pharmacokineticist must be able to select
the appropriate pharmacokinetic model to use when taking drug concentrations and
using them to individualize therapy. It is necessary to choose a kinetic model that
is descriptive of the time course of drug concentration and its relationships to
therapeutic effect.
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CLINICAL RESPONSE

The physiological processes that determine the rate at which a drug leaves that body
have a profound effect on the dose and drug concentration vs. time profile. In
addition, many genetic characteristics and environmental factors, including diet and
concomitant use of other drugs, can all impact this relationship. Physiological vari-
ables such as age, gender, body composition, disease, and pregnancy also affect the
disposition of drugs and therefore can modify the relationship between the dose and
therapeutic response. The clinical pharmacokineticist must not only ensure appro-
priate drug concentrations have been obtained and that the correct pharmacokinetic
equations have been chosen, but also must know enough about the patient’s health
and well-being that adjustments can be made to therapy based on anticipated clear-
ance changes the patient may exhibit.

THERAPEUTIC DRUG MONITORING
SINGLE-DRUG CONCENTRATIONS

Medications that exhibit a linear response or dose-independent response can have
the therapy optimized by using a single blood level determination. If the drug is
given by a constant-rate infusion or if it is an extravascular administration, the
peak—trough fluctuations are minor, and the patient is at steady state, then a simple
proportion can be used.

D, - C e
D — current desired (6 1 )
ew Css, measured
It is necessary to know the target, or desired, concentration and the current dose
to make a modification in therapy. This approach can be used for lidocaine
infusion, or for slow release theophylline, for digoxin, phenobarbital, and
procainamide.

Peak AND TROUGH CONCENTRATIONS

Individualization of dosage for patients receiving intermittent infusions or
extravascular administration and for which a peak and trough concentration is
required will need three types of information. The therapeutic target concentra-
tions: the desired peak and trough concentrations must be known. Also, the
patient’s steady-state volume of distribution will be required as an estimate of
the extent of drug distribution. Last, an estimate of the person’s rate of drug
elimination is required. The target concentrations will be chosen based upon
information known about the patient’s current health and the treatment goals.
The steady volume of distribution and the rate of elimination can be estimated
prospectively from population estimates for the patient or they can be determined
retrospectively from measured peak and trough drug levels. (See illustration in
Figure 6.5.)
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FIGURE 6.5 Therapeutic drug monitoring.

PrOSPECTIVE POPULATION ESTIMATES

An example of a population estimate for the steady-state volume of distribution of
vancomycin may be 0.7 mg/kg of corrected body weight. Body weight, or perhaps
body weight in conjunction with an estimate of the person’s hydration status, is
often used to estimate volume of distribution. If the drug is not lipophilic, then it
will not distribute well into adipose tissue. Therefore, for this type of drug, an obese
patient’s actual body weight (ABW) is not a good estimate of steady volume of
distribution. Because excess weight has significant interstitial fluid associated with
it, one cannot exclude the excess weight and compute only lean body mass (LBW).
As a result, a body weight correction is utilized if a person’s actual body weight is
more than 30% over his or her lean body weight.. The corrected body weight, or
adjusted body weight that is used is 40% of the excess over lean body mass.
Therefore, for hydrophilic drugs in obese patients, the dosing weight (DWT) or
corrected body weight is

DWT = LBW + 0.4 - (ABW — LBW) 6.2)

The lean body weight or ideal body weight can be obtained from insurance tables
or by using the following relationships:

LBW

50 kg + 2.3 kg (for each inch over 5 ft) for males

6.3
45.5 kg + 2.3 kg (for each inch over 5 ft) for females (63)

The population estimate of rate of elimination may be a regression relationship
based upon creatinine clearance (Cl,) or some other factor(s) that correlate well
with the elimination of the drug. For example, an estimate of the elimination rate
for vancomycin is K, = 0.000954 * Cl, + 0.0036.1° Measurement of creatinine
clearance is usually unpleasant for patients and difficult to perform accurately, so
often creatinine clearance is predicted. One of the commonly used methods of
predicting Cl, is the Cockcroft and Gault method:!!

ol - (140—Age) - LBW
o = 72 - StCr,,

- (0.85 +0.15 - Sex) 6.4)

where Sex is 1 for a male and O for a female and SrCr is serum creatinine.
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This equation estimates Cl,, in ml/min, which is a patient-specific value. This is what
would be used in the prospective equation to estimate the elimination rate. Some of the
other methods of estimating creatinine clearance compute an estimate that is normalized
to a standard body surface area, usually 1.73 m?. These estimates would need to be un-
normalized to estimate a patient-specific elimination rate. To normalize a Cl, estimate:

1.73

NormClcr = C]cr . BS_A

(6.5)

The body surface area (BSA) can be determined using a person’s weight in
kilograms and height in centimeters according to the following relationship, which
has been shown to be useful for children and adults by Haycock and co-workers:!?

BSA = Wt0-5378 . Ht03%4 . 0.024265 (6.6)

Population estimates of steady-state volume of distribution, elimination rate, and
target concentrations are listed for each drug in subsequent chapters.

RETROSPECTIVE DETERMINATIONS

The measured peak and trough concentration can be plotted on a graph with the slope
being the rate of elimination and the extrapolated intercept is the initial concentration.
They are used to determine an estimate of the steady-state volume of distribution.
However, the following equations, which Sawchuk and Zaske'? originally published,
can be easily used to obtain the same information with greater reliability.

e Calculate the elimination rate constant:

_ InC,-InC, InCy-InC, In(Cu/C,) ©6.7)

k,
=1 Ty — o Tl —1

pi

Here 1, is the time the peak was measured relative to the start of the infusion and
1, is the elapsed time of the trough relative to the start of the infusion that preceded
the peak. 7 is the length of the dosing interval, f, is the length of the infusion, and

t,; is the time from when the infusion stopped to when the peak is measured. All
times are in hours.

* Calculate Cj:

Co (6.8)

ko1 (Tpk = Ting)
e

Coz

This is an extrapolation of the linear portion of the curve back to when the infusion
stopped and is an approximation of the concentration at the end of the infusion. This
corresponds to the maximum steady-state concentration.
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e Calculate the half-life:

In2
e = (6.9)
el

e Calculate the steady-state volume of distribution:

—k .t .
R _ el"inf
V= — _l-e " (6.10)

' —Keiling
d (Co=Cy-e ™)

=~

Please note that R, is the zero-order rate of input, the infusion rate. It is the dose
(in mg) divided by the length of the infusion (in hours). A very frequent error is to
use the dose, but fail to divide by the length of infusion. Remember C, is not the
measured peak; rather, it is the value extrapolated back to when the infusion stopped.
In the denominator another frequent mistake is made when the trough concentration
(C,) is subtracted from C, before the multiplication. The trough must be multiplied
by the exponential term (e ") before it is subtracted from Co-

* Calculate the dosing interval:

T = 111 ( CMax, desired/ CMin, desired)

T + 1 (6.11)

el

Remember to select a practical dosing interval. Every 6, 8, 12, 24, 36, or 48 h would
all be practical intervals.

e (Calculate the new infusion rate:

kT
(I-e ")

1 e’kelfinf)

RO = CMax, desired kcl ' Vss ' (612)

This equation determines an infusion rate in mg/h. To compute a dose to be ordered
for the patient, take R, times the length of infusion that will be used. Then, select
a practical dose. For example, vancomycin is often rounded to the nearest 250 mg
to allow for the most economical preparation of the dose to be delivered to the patient.

* Calculate the new peak using the practical dosing interval and the practical
dose that have just been determined.

—k . t.

R() . (1 —e el mf)
VSS . kel (1 _ efkc]‘[)

Css, pk = (613)
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 Calculate the new trough.

ke (T Fing)

Css,tr = Css, pk € (614)

This approach to dosing patients retrospectively will allow the clinical pharma-
cokineticist to optimize therapy by maintaining concentrations within certain ther-
apeutic guidelines.

SUMMARY

Properly collected drug concentrations can be very useful to optimize drug therapy
for those agents that have a narrow therapeutic window. Prospectively and retro-
spectively monitoring therapeutic drug concentrations can improve patient care and
reduce hospital costs.>”” The prospective and retrospective dosing relationships can
be incorporated into spreadsheets that can be used in handheld personal computers
at the patient’s bedside. They can also be programmed into programmable calculators
that are also useful for bedside consultations.
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INTRODUCTION

The term antimicrobial is broadly used to describe any agent that produces a detri-
mental effect on the growth or reproduction cycle of a bacteria, fungus, or parasite.
In order for an antimicrobial to be effective, it must reach its target site within an
organism in sufficient quantities and remain there for an adequate length of time to
interrupt the normal life cycle of the organism. Therefore, predictions regarding the
activity of an antibiotic can be assessed by examining pharmacokinetic (how much
drug gets to the active site) and pharmacodynamic (interaction between drug and
active site and the desired biological effect) properties and comparing data with
those of other agents against similar pathogens.

Discussion of the pharmacodynamic characteristics of antibiotics generally
focuses on two properties:

1. Concentration—effect relationships
2. The postantibiotic effect (PAE)

Evaluation of antibacterial concentration—effect relationships integrates meas-
ures of drug exposure and inherent activity against specified pathogens. The peak
concentration, rate of drug elimination, and area under the serum concentration vs.
time curve (AUC) are parameters used to assess drug exposure (Figure 7.1). The
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FIGURE 7.1 Schematic representation of pharmacodynamic components.

minimum inhibitory concentration (MIC) is the lowest concentration of a drug that
arrests or inhibits the growth of a bacteria. The MIC is routinely used as a marker
of antimicrobial activity. The concentration—effect profile of all antimicrobials can
be described by a sigmoidal curve. Antimicrobials can be roughly classified as either
exhibiting concentration-dependent or non-concentration-dependent activity
depending on the characteristics of the concentration—effect curve (Figure 7.2).

Concentration-dependent activity

* The rate and/or extent of antibacterial activity is improved as the amount
of drug at the site of infection increases.

* Parameters which incorporate magnitude of drug exposure (i.e., peak:MIC
or AUC:MIC) correlate with the effect.

Non-Concentration-Dependent

100 — | * Relatively steep transition portion of curve. | s
« Maximal effect at approximately 2 X MIC.
* Activity not improved by increasing
concentrations above the MIC.
- Concentration-Dependent
8  Shallow transition portion of curve.
= 604 © Maximal effect at approximately 10 to 20 x MIC
L « Activity improved by increasing
- concentrations above the MIC.
g
S 40
171
o
O E
o\o 20 | max Emax
r'e ~
0 T T 1

Logqo Multiple of MIC

FIGURE 7.2 Description of concentration—effect relationships base on the characteristics of
a dose—response curve.
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 Transition portion of concentration—effect curve falls over clinically
achievable concentration range.

e Maximum effect noted at concentrations equal to 8 to 20 x MIC of the
organism.

Non-concentration-dependent activity

* The rate and/or extent of kill are not improved once concentrations exceed
2 to 4 X MIC of the organism.

* Activity is most closely linked with the duration of antimicrobial exposure,
i.e., time that concentrations remain above the MIC (time > MIC) or
AUC:MIC.

* Transition portion of curve is generally far exceeded by clinically achiev-
able concentrations.

It is interesting to note, that because AUC is a function of drug concentration
and time, it can serve as a marker of both magnitude and duration of drug exposure.
Therefore, it is not surprising that AUC:MIC correlates well with the activity
exhibited by agents possessing concentration-dependent and non-concentration-
dependent activity. Table 7.1 categorizes various antimicrobials by their concen-
tration—effect relationships and lists which parameters best correlate with kill-
ing/inhibitory activity.

The PAE is a persistent inhibitory effect measured after a brief exposure of an
organism to an antimicrobial followed by removal of the antibiotic. The PAE is
likely the result of nonlethal cellular damage, residual drug binding to a target site,
or a combination of both. Agents exhibiting relatively long PAEs may be dosed at
intervals longer that might otherwise be predicted based solely on half-life. In
contrast, dosing of agents with shorter PAEs may require selection of dosing intervals
that are tied more closely with the half-life of the agent. It should be pointed out
that because drug concentrations in vivo do not immediately drop to zero but rather

TABLE 7.1
Pharmacokinetic and Pharmacodynamic Parameters Correlating
with Antibacterial Activity

Concentration-Effect Antimicrobial
Relationship Agents Pharmacodynamic Correlate(s)
Concentration-dependent activity Aminoglycosides Peak:MIC
Fluoroquinolones Peak:MIC; AUC:MIC
Non-concentration-dependent B-Lactams Percent time > MIC
activity
Macrolides Percent time > MIC (erythromycin,

clarithromycin)
AUC:MIC (azithromycin)
Vancomycin AUC:MIC; Percent time > MIC
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decline gradually with time, there are generally prolonged periods of time over which
organisms are exposed to sub-MIC concentrations. Therefore, it may be more accu-
rate to refer to the in vivo PAE as a sub-MIC effect.

CLINICAL APPLICATION
OF PHARMACODYNAMIC CONCEPTS

The goal of an antimicrobial dosing regimen should be to maximize the antibacterial
effect of the drug while minimizing patient exposure to that agent. A secondary
consideration in the development of a dosing regimen should be to prevent the
emergence of resistance. If development of a dosing regimen is approached rationally
and the pharmacokinetic and pharmacodynamic properties of the drug properly
considered, all of these goals may be realized.

Agents such as the aminoglycosides and the fluoroquinolones exhibit concen-
tration—dependent bactericidal activity. Owing to this concentration—effect relation-
ship, the activities of these agents are improved as drug concentrations at the site
of infection increase above the MIC of the target pathogen. It therefore is no surprise
that dosing regimens that maximize the magnitude of a pathogen exposure to these
agents result in optimal killing.!-® The peak drug concentration obtained is the most
straightforward measure of the magnitude of antimicrobial exposure. Several inves-
tigators have reported that for agents exhibiting concentration-dependent killing such
as the quinolones and the aminoglycosides the maximal killing effect is observed
when concentrations at the site of infection of approximately 8 to 20 x MIC are
achieved.>®!9 Unfortunately, as is often the case with the fluoroquinolones, these
target peak:MIC are unachievable because of toxicity experienced at such high drug
levels. Therefore, when an optimal peak:MIC is not obtained, the AUC:MIC becomes
the pharmacodynamic parameter most closely associated with outcome.!”

In contrast, the activity of agents that exhibit non-concentration-dependent
activity does not improve appreciably as the organism is exposed to drug concen-
trations much higher than the MIC. For this reason, administration of doses larger
than required to ensure that concentrations at the site of infection exceed the MIC
of the microbe do not enhance antibacterial activity. For these agents, it is not the
magnitude of exposure that influences activity; rather, it is the duration of exposure.
Therefore, to maximize the extent of killing, one must dose these compounds so
that the amount of time concentrations at the site of infection are optimized and
remain greater than the MIC. This may be accomplished by administering rela-
tively small doses at frequent intervals, using continuous infusion to maintain
constant concentrations, administering an extended-release formulation, or select-
ing an agent with a long half-life relative to the proposed dosing interval. Regard-
less of the approach taken, effort should be given to lowering peak concentrations,
as they do not contribute to efficacy and may only increase toxicity, and increasing
the percent of the dosing interval over which serum concentrations remain above
the MIC of the pathogen. Although maintaining drug concentration greater than
the MIC for 100% of the dosing interval would appear to be optimal, it has been
noted that a time greater than the MIC for as little as 40% is often associated with
a positive outcome.?>
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Although our use of pharmacodynamic principles has not yet been translated
into widespread individualized patient application, they have changed the way we
think about antimicrobial selection, dosing, and formulary decisions.

AMINOGLYCOSIDES

The aminoglycosides are a group of semisynthetic antimicrobials that exhibit a broad
spectra of activity against a variety of medically important Gram-positive and Gram-
negative bacteria. These agents generally exhibit bactericidal activity secondary to
inhibition of protein synthesis via irreversible binding to the bacterial 30S ribosomal
subunit. Some general pharmacokinetic features of the aminoglycosides include:

* Poor absorption from the gastrointestinal tract

» Extensive distribution throughout the body (V, ~ 0.25 l/kg), which is
greatly dependent of the fluid status of the patient

* Low degree of protein binding

* Not metabolized and are excreted unchanged in the urine primarily by
glomerular filtration

¢ Among patients with normal renal function, the plasma half-life of the
aminoglycosides is approximately 2 to 4 h. Renal impairment will signif-
icantly prolong the observed half-life of these compounds.

Significant renal and ototoxicity are assocated with the use of the aminoglyco-
sides. Toxicity is the result of drug accumulation within target organ cells and has
been linked to elevated trough concentrations (i.e., >2 pg/ml for gentamicin and
tobramycin and >10 pLg/ml for amikacin). As a result of these toxicities having been
linked with drug concentrations, clinicians utilize serum drug levels to optimize
aminoglycoside therapy. Currently, two dosing approaches are considered acceptable
for monitoring and adjusting aminoglycoside dosing regimens.

1. Multiple daily dosing (traditional approach)

* Dose to achieve target peak (i.e., 6 to 10 pg/ml, gentamicin and tobra-
mycin; 20 to 30 pg/ml, amikacin) and trough concentrations (i.e., <2
Ug/ml, gentamicin and tobramycin; <10 pg/ml, amikacin)

* Dosing interval generally ranging from every 8 h to every 24 h

2. Extended interval dosing (also known as once-daily dosing)

* Dose to optimize the peak:MIC ratio, target ratio approximately 10:1
to 20:1

* Dosing interval usually every 24 h

» Results in very low trough concentrations

* Thought to reduce likelihood of toxicity

Despite the differences with respect to the desired serum concentration goals,
evaluation of aminoglycoside levels and pharmacokinetic adjustment of dosing reg-
imens are common to both approaches. Using a first-order pharmacokinetic model,
patient-specific elimination and volume of distribution can be calculated based on
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patient serum drug concentrations. However, when large doses of the aminoglyco-
sides are administered, one should wait until at least 6 h following the start of the
infusion to draw the first drug level. This ensures that the drug has fully distributed
throughout the body.

kcl - (71)

T— (tpeak - z‘trough)

assumes that the trough (Cy,,,) is obtained immediately before the dose for which
the peak (C,.,) is drawn and

(Dose/1')(1-¢ ")

VSS - _kelt’
kel[CO - (Ctrough -e )]

(7.2)

where #” is the time of infusion, k is the first-order elimination rate constant, £,
and f,,,., are the times for the peak and trough concentrations, and C is the
extrapolated peak. By using these patient-specific values for elimination (k) and
volume of distribution (V,), the drug dose and schedule may be adjusted to obtain
the desired serum concentrations.

Maintenance Dose = [k(V,)(Cpoa)'1(1—¢ ) /(1—¢ ") (7.3)

B-LACTAM ANTIMICROBIALS

The term S-lactam refers to several classes of antimicrobials including the penicillins
and cephalosporins, which are related via possession of a common B-lactam ring
structure. Although these compounds differ somewhat with respect to their spectra
of activity, the B-lactams share many similar pharmacokinetic and pharmacodynamic
characteristics.

B-Lactams are widely distributed throughout the body into many tissues

and fluids including synovial fluid, pleural fluid, and to a somewhat more

variable degree the cerebrospinal fluid.

* The half-life of the various compounds in this class range from 0.4 h for
penicillin to >10 h for ceftriaxone.

* This class of drugs follows linear pharmacokinetics and exhibits first-
order elimination.

* The majority of B-lactams are primarily eliminated in the urine. Some

notable exceptions, however, include nafcillin, which undergoes hepatic

hydrolysis, and ceftriaxone, which is excreted in the bile.

As a class, the B-lactams are extremely well tolerated and have a large therapeutic
window. For this reason, therapeutic monitoring of B-lactam serum concentrations
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is not warranted. Although individualized pharmacokinetic monitoring is not
employed to direct therapy, knowledge of general pharmacokinetic and pharmaco-
dynamic characteristics can help guide therapeutic and formulary decisions. The -
lactams exhibit non-concentration-dependent bactericidal activity. Additionally, it
has been determined that the amount of time that serum concentrations remain above
the MIC of the infecting pathogen is the pharmacodynamic parameter most closely
associated with efficacy for these compounds. To account for various dosing sched-
ules, this parameter is generally expressed as the percent of the dosing interval for
which concentrations exceed the MIC of the organism (percent time > MIC). The
percent time > MIC can be used to facilitate comparisons among agents and thus
guide therapeutic and formulary decisions.

* Requires knowledge of population pharmacokinetic parameters for peak
(Cpa0)» half-life (z,,), and time to achieve peak concentration (z,,,,).
* Calculate the elimination rate constant (k).

k, = 0.693/t,,, (7.4)

* Calculate the time () following the peak at which serum concentrations
are equal or above the MIC (Cyc)-

—ke1('vic — 'max)
Cwmic = Cuaxe (7.5)

* Divide #,;c by the dosing interval and multiply by 100 to express as a percent.
* Gives a rough estimate for the percent time > MIC.

Although having serum concentrations remain above the MIC of the pathogen for
100% of the dosing interval would be optimal, data have demonstrated positive
outcomes with percent time > MIC as low as 40%.>*

The goal of dosing the B-lactams is to maximize the time > MIC. In an effort
to obtain this goal, dosing regimens may be manipulated. Large doses may be
administered that would result in increased time > MIC; however, this strategy would
also result in higher peak concentrations, which do not contribute to efficacy. Smaller
doses may be administered more frequently, therefore, not allowing concentrations
to fall below the MIC of the organism. However, this approach can be inconvenient
for patients and health-care providers. One method for optimizing the duration of
drug exposure that has been proposed is the use of continuous infusions of parenteral
B-lactams. Use of continuous infusion regimens would eliminate drug concentration
fluctuations, thus allowing drug concentrations to be maintained above the MIC for
100% of the dosing interval. The daily dose to be administered via continuous
infusion can be either the total daily dose usually administered by intermittent
infusion or a calculated dose.

Dose (mg/day) = V, (I/kg) Weight (kg)k,(h™)Cyeqireq (Mmg/1) 24 h (7.6)
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By calculating a daily dose to be administered by continuous infusion, the amount
of drug required over the course of 24 h can generally be reduced.

FLUOROQUINOLONES

Relegated to the management of urinary tract infections only two decades ago, the

fluoroquinolones are now cornerstones in the management of a variety of inpatient and

outpatient infections. Key pharmacokinetic characteristics of the quinolones include:

* Rapid absorption from the gastrointestinal tract (#,,, ~1 to 2 h)

» Excellent oral bioavailability (70 to >95%)

» Large volume of distribution (3.5 to 4.5 I/kg)

* Protein binding ranges from 20 to 50%

* Most renally eliminated; moxifloxacin exhibits the largest degree of non-
renal elimination (i.e., biliary secretion)

max

The quinolones exhibit concentration-dependent bactericidal activity against a
variety of Gram-positive and Gram-negative bacteria. Several in vitro and in vivo
studies have demonstrated that the activity of the fluoroquinolones is closely asso-
ciated with the peak:MIC and AUC:MIC ratio.'*>!10 If a peak:MIC of greater than
10:1 can be achieved, bactericidal activity is maximized and the likelihood of
resistance developing is lessened. However, in many cases achieving the target
peak:MIC is not clinically feasible because of dose-related toxicities noted with
these agents. When a peak:MIC of greater than 10:1 is not attainable, then the
AUC:MIC serves as the best correlate with activity. The optimal AUC:MIC target
is somewhat controversial; however, a ratio of greater than 50:1 and 100:1 appears
to be reasonable for Gram-positive and Gram-negative pathogens, respectfully.

Comparison of the relative activity of various quinolones can be accom-
plished by comparing pharmacodynamic parameters against key pathogens using
population pharmacokinetic data and published or institutional susceptibility
data. Evaluation of such data can assist in the selection of agents for formulary
consideration.

MACROLIDES

Currently, azithromycin, clarithromycin, and erythromycin are the most commonly
prescribed macrolide antimicrobial agents. The macrolides exhibit bacterio-
static/bactericidal activity against a variety of Gram-positive and to a more limited
extent Gram-negative pathogens. The pharmacokinetic profiles of the macrolides
vary considerably.

Erythromycin
* The rate and extent of absorption is highly dependent on the specific
formulation used.
* Protein binding ranges from 70 to 90%.
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 FElimination is primarily via biliary excretion.
 Half-life ranges from 1.5 to 3 h.

Clarithromycin
* Bioavailability is 50 to 55%.
 Exhibits nonlinear, dose-dependent pharmacokinetics.
» Undergoes significant hepatic metabolism to an active metabolite.
 Half-life ranges from 3 to 7 h.

Azithromycin
* Bioavailability is approximately 40% and is reduced by approximately
50% if administered with food.
* Primary route of elimination is via excretion in the bile.
» Exhibits a rapid distribution phase followed by a terminal half-life of
greater than 60 h.

Despite some of the pharmacokinetic differences noted among these agents, they all
exhibit wide distribution throughout the body. Of particular interest is the ability of
these agents, especially azithromycin and clarithromycin, to accumulate within white
blood cells.

Although the macrolides have been reported to exhibit non-concentration-
dependent antibacterial activity, there remains some uncertainty with respect to
the pharmacodynamic parameter that best correlates with activity. It has been
suggested that the percent time > MIC best correlates with the activity of eryth-
romycin and clarithromycin. However, owing to the extremely long half-life of
azithromycin, time of exposure becomes a less sensitive predictor of activity. As
a result, incorporation of a measure of the magnitude of exposure, i.e., AUC, may
improve our ability to establish a correlation between drug concentrations and
activity. Currently, no targets for percent time > MIC or AUC:MIC have been
established to provide clinical guidance with the macrolides.

GLYCOPEPTIDES

Currently, vancomycin is the only approved glycopeptide available for use in the
United States. For several decades, vancomycin has been considered the most potent
antimicrobial against Gram-positive pathogens. The pharmacokinetic properties of
vancomycin are listed below.

Vancomycin
* Poor absorption from the gastrointestinal tract
* Large volume of distribution (0.5 to 0.9 I/kg)
* 50 to 60% protein bound
 Rapid distribution phase followed by terminal elimination phase (¢,, = 4
to 6 h)
* Eliminated via glomerular filtration
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Historically, vancomycin serum concentrations have been monitored and
adjusted using first-order pharmacokinetic calculations (see aminoglycosides).
However, difficulty obtaining a reliable peak concentration because of the initial
distribution phase and lack of correlation between serum concentrations and effi-
cacy and toxicity have led to a reappraisal of the value of pharmacokinetic mon-
itoring with vancomycin.

Vancomycin exhibits non-concentration-dependent bactericidal activity; there-
fore, percent time > MIC or AUC:MIC should correlate with outcomes. As a result,
investigators have attempted to optimize therapy by dosing vancomycin to maintain
serum concentrations above the MIC of specific pathogens.®® As a means to optimize
exposure, some clinicians continue to monitor trough concentrations and attempt to
maintain this concentration greater than the MIC of the pathogen.

SUMMARY

With the exception of the aminoglycosides, individualized pharmacokinetic moni-
toring does not occur routinely for the currently available antimicrobial agents.
However, evaluation and application of pharmacokinetic and pharmacodynamic data
do impact antimicrobial utilization practice on a more global scale. An understanding
of these principles allows clinicians to compare various agents against a variety of
pathogens and to make scientifically supported antimicrobial selections. Addition-
ally, by understanding and applying pharmacokinetic and pharmacodynamic princi-
ples, antimicrobial activity of these agents may be maximized while patient exposure
is minimized, thus allowing for safer, more efficacious, and more cost-effective
utilization of antibiotics.
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INTRODUCTION

This chapter reviews practical pharmacokinetic and pharmacodynamic consider-
ations for the use of select cardiovascular drugs. In the clinical setting the majority
of cardiovascular drugs are empirically dosed and adjusted based on efficacy and
toxicity. For certain drugs, outlined in this chapter, concomitant disease states and
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drug interactions can impact pharmacokinetic and pharmacodynamic parameters
necessitating dose adjustment and careful monitoring.

CLASSIFICATION

The Vaughan Williams classification (shown as types in Table 8.1) and therapeutic
ranges for cardiovascular drugs are summarized in Table 8.1.!

ANTIARRHYTHMICS
PROARRHYTHMIA

The Cardiac Arrhythmia Suppression Trial (CAST) highlighted the importance and
awareness of proarrhythmia. The main finding of CAST was that, despite elimination
of complex ventricular ectopy after myocardial infarction, mortality was significantly
higher in patients treated with encainide or flecainide.? Others have reported that
the overall risk of cardiac mortality is higher, presumably due to proarrhythmia, in
patients treated with Type la antiarrhythmics for atrial fibrillation who have con-

TABLE 8.1
Vaughan Williams Classification and Therapeutic Ranges
of Cardiovascular Drugs

Type Cardiovascular Drug Therapeutic Range

la Quinidine* 2-5 pg/ml
Procainamide® 4-10 pg/ml
Disopyramide® 2-5 ug/ml

1b Lidocaine? 2-6 pg/ml
Tocainide 4-10 pg/ml
Mexilitine 0.5-2 pg/ml

lc Flecainide 0.2-1 pg/ml
Encainide —
Propafenone 0.5-3 pg/ml

I Beta blockers (see Table 8.12), e.g., atenolol, —

metoprolol, propranolol

I Amiodarone? 1-2.5 pg/ml
Dofetilide® —
Sotalol —
Bretylium —

v Calcium channel blockers (see Table 8.13), —

e.g., amlodipine, diltiazem, verapamil
@ Antiarrhythmics commonly dosed and monitored pharmacokinetically.

Source: Data from Vaughan Williams, E. M., Clin. J. Pharmacol., 24:129, 1984.
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comitant heart failure.>* The potential for proarrhythmia, choice of anitarrhythmic,
and factors that may predispose to proarrhythmia, including concomitant disease
states, electrolyte abnormalities, and drug interactions, should be evaluated before
and during antiarrhythmic therapy. Proarrhythmia should be expected if one of the
following occurs:

* The existing arrhythmia becomes worse.
* The symptoms with an existing arrhythmia worsen.
* A new arrhythmia develops (e.g., torsades de pointes) during therapy.

Proarrhythmia and the advances made in nonpharmacological therapies, like
radiofrequency catheter ablation and implantable defibrillators, have tempered the
use of antiarrhythmic agents.’

SERUM CONCENTRATION MONITORING

Goal: Provide patients with an adequate dose of the drug to prevent recurrence of
their arrhythmia, while minimizing the incidence of adverse effects. Clinical con-
siderations include the following evaluations:®

* Decide if the patient has an arrhythmia that should be treated. Always
evaluate the risk-to-benefit profile for treatment in each patient.

* Consider the type of arrhythmia and the patient’s concomitant diseases.

* Choose an initial dose. Calculation of dose should include patient factors
(age, diseases), drug pharmacokinetics, and the recommended therapeutic
range of agent.

* Optimize short-term regimen. Adjust acutely to optimize therapy (sub-
therapeutic and toxic concentrations).

* Test the efficacy of the agent to predict long-term effectiveness. Tests to
evaluate efficacy include serial electrophysiological (EP) drug testing,
serial Holter monitoring, and electrocardiogram. If a drug is determined
to be effective, a serum drug level may be obtained to document an
effective or “target” concentration for that patient.

* Initiate long-term regimen. Continue therapy with a regimen designed to
achieve and maintain an effective (target) serum concentration.

¢ Optimize long-term therapy. Evaluate the need to adjust dose if subther-
apeutic or toxic concentrations are achieved.

RATIONALE FOR MONITORING ANTIARRHYTHMIC DRUGS®

Exhibit considerable variability in dose-response between patients

* Have low toxic-to-therapeutic ratio

* Generally follow a predictable relationship between serum drug concen-
tration and therapeutic response

Therapeutic ranges that are not absolute targets
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INTERPRETATION OF SERUM DRUG CONCENTRATIONS

Consider:

¢ The specific arrhythmia being treated

* The criteria for antiarrhythmic efficacy — suppression vs. decrease in the
severity

¢ The method of antiarrhythmic monitoring (e.g., EP testing, Holter
monitor)

e The degree of protein binding

» The presence of active metabolites

* Potential drug interactions

INDICATIONS FOR DETERMINING SERUM DRUG CONCENTRATIONS

To document the effective concentration for an individual patient
* To determine the reason for antiarrhythmic drug failure

» To assess potential toxicity

» To assess compliance

* To assist in dose adjustment

ANTIARRHYTHMIC AGENTS
AMIODARONE

Amiodarone is a Type III antiarrhythmic agent. It has been shown in several
clinical trials to be safe and effective in the treatment of supraventricular and
ventricular arrhythmias in patients with cardiovascular disease.” Amiodarone is
also associated with fewer proarrhythmic effects compared with other antiar-
rhythmic drugs. Amiodarone is empirically dosed and adjusted based on efficacy
and toxicity.

Clinical Pharmacokinetic/Pharmacodynamic Considerations

* Amiodarone is safe and effective in patients with heart failure and myo-
cardial infarction.

* Intravenous loading dose is given over 24 h; oral loading dose given over
weeks.

* Elimination half-life is long and variable between patients.

» Peak effect may not be seen for 1 week to 5 months.

 Potential drug side effects require determination of chest, pulmonary, liver,
and thyroid function prior to and during therapy.

* Dose-dependent side effects may include nausea, vomiting, loss of appe-
tite, visual disturbances, and pulmonary toxicity.
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* Lowest effective maintenance dose (200 to 400 mg/day) should be
achieved.

* Potential drug interactions should be considered.

* Amiodarone effect may last up to 2 to 3 months after the drug is discontinued.

Absorption

The absorption of amiodarone is erratic and unpredictable (F = 0.35, range 0.2 to
0.7). After a single dose, peak concentrations are observed after 2 to 12 h (mean 4
to 5 h).%?

Distribution

Amiodarone is extensively bound to plasma proteins and is widely distributed
throughout the body. The mean volume of distribution is 66 1/kg and ranges from
7 to 148 1/kg. Steady-state amiodarone serum concentrations range between 1 and
2.5 pg/ml.>10

Metabolism

Nearly 100% of amiodarone is eliminated by the liver (CL = 90 to 160 ml/h/kg).
Desethyl-amiodarone is the main active metabolite and has EP activity similar to
amiodarone (CL = 200 to 300 ml/h/kg)."° The mean elimination half-life after a
single oral dose ranges from 4.6 to 36 h.!! During chronic therapy, elimination half-
life is 40 to 55 days (range 26 to 107 days). The antiarrhythmic effect of amiodarone
may last for 2 to 3 months after it is discontinued.'?

Excretion

Amiodarone is not removed renally and is not removed by hemodialysis.

Drug Interactions

Amiodarone is a CYP3A3/4 enzyme substrate; CYP3A3/4, CYP2C9, and CYP2D6
enzyme inhibitor. Because of the long half-life of amiodarone, drug interactions
may be observed after amiodarone is discontinued. The majority of clinically
important drug interactions include the effect of amiodarone on other drugs, as
shown in Table 8.2.

Dosing

Amiodarone is empirically dosed based on efficacy (termination or suppression
of the arrhythmia) and toxicity. Baseline tests should be obtained prior to initiating
therapy, including electrocardiogram, thyroid function test, chest radiograph, pul-
monary function test, and liver enzymes."3 The proposed therapeutic range for
amiodarone is 1 to 2.5 pug/ml; levels are not monitored in the clinical setting for
efficacy and toxicity.®



Cardiovascular Agents 145

TABLE 8.2
Drug Interactions for Amiodarone
Drug Interaction
B-Blockers and calcium channel blockers Additive negative chronotropic effects
Cimetidine May increase amiodarone serum levels
Cyclosporine Increased cyclosporine serum levels
Digoxin Increases digoxin serum levels; decrease digoxin
dose by 50%
Dofetilide Increased risk of dofetilide-induced
proarrhythmia
Drugs that prolong QT interval (e.g., Increase the risk of torsades de pointes
erythromycin, haloperidol, tricyclic (proarrhythmia)
antidepressants, sotalol, bepridil)
Other antiarrhythmics (e.g., quinidine, Increase quinidine and procainamide serum
procainamide) levels
Warfarin Increases INR

Intravenous

A loading dose of 1 g of amiodarone is given over 24 h (see table below) and
maintained if needed in the short term at 0.5 mg/min. If breakthrough arrhythmias
occur during therapy, supplemental doses of 150 mg may be administered. Intrave-
nous amiodarone should be switched to the oral route when possible.!4

v Oral
150 mg over 10 min followed 800-1600 mg/day for 1 to 3 weeks
by 360 mg over 6 h then 600-800 mg/day for 1 month

540 mg over 18 h
Bolus: 150 mg PRN for VF/VT:
Maintenance 0.5 mg/min Maintenance: 200 to 400 mg/day

2 VF: ventricular fibrillation; VT: ventricular tachycardia

Oral

Amiodarone may be loaded orally. Typically, 800 to 1600 mg a day in divided doses
is administered until a therapeutic response is observed. The dose is then tapered to
600 to 800 mg a day for 1 month. Maintenance therapy should be the lowest effective
dose (200 to 400 mg/day). Patients with ventricular arrhythmias may require a higher
loading and maintenance dose.

Conversion from IV to Oral Administration

For patients initiated on IV therapy the following can be used as a guide to switch
to oral amiodarone.® Oral therapy should then be tapered to the lowest effective dose.
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Duration of Infusion, weeks Initial Daily Oral Dose, mg
<l 800-1600
1-3 600-800
>3 400
DOFETILIDE

Dofetilide is a Type III antiarrhythmic agent used in the treatment of chronic atrial
fibrillation or atrial flutter. Physicians and hospital staff need to complete a dofetilide
education program before the drug can be received by the hospital and prescribed.
Dofetilide can cause life-threatening ventricular arrhythmias and should therefore
be used in select patients.

Clinical Pharmacokinetic/Pharmacodynamic Considerations

» Dofetilide is safe and effective for the treatment of chronic atrial fibrilla-
tion in patients with structural heart disease.

* Initiation or reinitiation of therapy is completed in a controlled setting in
a hospital.

* Initial dose is based on renal function.

* Subsequent doses are adjusted on QT or QTc changes on the electrocar-
diogram.

* Changes in QT interval are linear with changes in dofetilide serum con-
centrations.

* Assess for proarrhythmia (e.g., torsades de pointes).

* Assess for drug interactions that may interfere with metabolism or renal
elimination of dofetilide predisposing to proarrhythmia.

* Avoid concomitant use of drugs that can prolong QT interval.

Absorption

The oral bioavailability of dofetilide is >90%. After a single dose, peak plasma con-
centrations are achieved in 2 to 3 h. Bioavailability is unaffected by food or antacids. !’

Distribution

Approximately 70% of dofetilide binds to plasma proteins, independent of plasma dofetil-
ide concentrations. Volume of distribution is 3 I/kg and elimination half-life is 10 h."

Metabolism

A small portion (20%) of dofetilide is metabolized (N-dealkylation and N-oxidation)
in the liver. Metabolites have no or little antiarrhythmic activity.

Elimination

The majority of dofetilide (80%) is excreted in the urine: 80% as unchanged dofetil-
ide and 20% metabolites. Renal elimination involves both glomerular filtration and
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active tubular secretion.!® Because QT interval and risk of ventricular arrhythmias
are directly related to plasma concentrations of dofetilide, dose adjustment based
on creatinine clearance is clinically very important.

Drug Interactions

Dofetilide has weak affinity for CYP3A4. Concomitant use of dofetilide with cime-
tidine, hydrochlorothiazide (including combination products), verapamil, trimetho-
prim, prochlorperazine, megestrol, or ketoconazole is contraindicated due to signif-
icant increases in dofetilide serum concentrations (see Table 8.3).

TABLE 8.3
Drug Interactions for Dofetilide

Drug

Enzyme inhibitors (e.g., erythromycin,
ketoconazole, amiodarone)

Drugs that prolong QT interval (e.g.,
erythromycin, haloperidol, tricyclic
antidepressants, sotolol, bepridil)

Type I and other Type III antiarrhythmic agents

Hydroclorothiazide (alone or in combination
products)

Interaction

Increase dofetilide serum levels

Increase the risk of torsades de pointes
(proarrhythmia)

Increase risk of proarrhythmia. Space drugs at
least three half-lives apart. For amiodarone,
wait at least 3 months after discontinuation or
until amiodarone level is <0.3 pg/ml before
initiating dofetilide.

Increase dofetilide serum levels and QT interval.

Dosing

Initial therapy, given twice a day, is administered in the hospital under controlled
conditions that allow for continuous monitoring of the electrocardiogram for 3
days. The baseline QT and QTc interval must be <440 ms (500 ms in patients
with ventricular conduction abnormalities); otherwise, dofetilide is contraindi-
cated. The serum potassium should be in the normal range and at least 4 meq/1
before and during acute and chronic dosing to minimize risk of proarrythmia. The
initial dose is empirically based on renal function according to the following:

Cl,, (ml/min) First dose (ug)

>60 500
40-60 250
20—<40 125

<20 Contraindicated
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At 2 to 3 h after administration of the first dose, the QT or QTc interval is
determined. If the QT or QTc interval is not changed from baseline, then the initial
dose, based on creatinine clearance, is administered every 12 h. However, if the QT
or QTc has increased >15% from baseline or if it is >500 ms (550 in patients with
ventricular conduction abnormalities), subsequent doses are as follows:

If the starting dose was Adjust dose for QT prolongation
500 pg 250 pg twice daily
250 ug 125 pg twice daily
125 ng 125 pg once a day

The QT and QTc are monitored 2 to 3 h after each subsequent dose while the patient
is in the hospital. If at any time the QT or QTc is >500 ms (550 in patients with
ventricular conduction abnormalities), dofetilide should be discontinued. If this
guide to dosing is followed, the incidence of torsades de pointes (proarrhythmia) is
less than 1%.

DisoPYRAMIDE

Disopyramide is a Type Ia antiarrhythmic agent used to treat supraventricular and
ventricular arrhythmias. Of the Type Ia agents, disopyramide possesses the greatest
negative inotropic and anticholinergic activity.!” These properties limit the use of
this drug over other antiarrhythmics, particularly in patients with congestive heart
failure.” Disopyramide is empirically dosed in the clinical setting and the dose is
adjusted based on heart, liver, and renal function.

Clinical Pharmacokinetic/Pharmacodynamic Considerations

* The dosing regimen should be individualized because of a large variation
in bioavailability, distribution, and elimination between patients.

* Disopyramide should be avoided in patients with heart failure due to
negative inotropic properties.’

* Dose-dependent protein binding exists.

* Therapeutic index is narrow (2 to 5 pg/ml).

* Serum disopyramide concentrations are unreliable for monitoring, in part,
because of high variability in protein binding. Therapeutic range for free
disopyramide is not well established.®

* Assess for proarrhythmia (e.g., torsades de pointes).

* Adjust dose empirically on concomitant diseases: heart failure, liver dis-
ease, renal dysfunction.

Absorption

Oral absorption is variable for both immediate- and sustained-release formulations
(F = 0.8; range 0.6 to 0.9). Following a single dose, T,,, is reached between 0.5
and 3.5 h.18
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Distribution

Disopyramide is highly protein bound (~90%) predominantly to o-acid glycopro-
tein. Conditions that increase o,-acid glycoprotein (e.g., myocardial infarction,
trauma, cardiac arrest) may dramatically alter the unbound fraction. Binding to ;-
acid glycoprotein is concentration dependent at therapeutic serum concentrations
(i.e., 60% bound at 1 pg/ml and 14% bound at 8 pg/ml). As a result, pharmacokinetic
parameters based upon total drug concentrations are unreliable. Unbound mean V.
=0.39 I/kg (range 0.16 to 0.72): unbound mean V= 1.3 to 1.7 I/kg.!® The therapeutic
range for free disopyramide is not well established.

Metabolism

Approximately 35 to 50% of disopyramide is metabolized in the liver to inactive
metabolites (e.g., mono-N-dealkylated disopyramide). In normal subjects, unbound
Clis 1.5 to 4.5 ml/min/kg. The elimination half-life is variable; it ranges from 4 to
10 h and is prolonged in patients with hepatic or renal disease.!®

Elimination
Up to 60% of disopyramide is excreted unchanged in the urine.

Drug Interactions

Disopyramide is a CYP3A3/4 enzyme substrate; its interations are shown in Table 8.4.

TABLE 8.4
Drug Interactions for Disopyramide
Drug Interaction

Enzyme inducers: (e.g., phenytoin, Decrease disopyramide serum levels
phenobarbital, rifampin)

Enzyme inhibitors (e.g., erythromycin, Increase disopyramide serum levels
ketoconazole)

B-Blockers and calcium channel blockers Additive negative inotropic effects

Drugs that prolong QT interval (e.g., Increase the risk of torsades de pointes
erythromycin, haloperidol, tricyclic (proarrhythmia)

antidepressants, sotalol, bepridil)

Source: Data from Boyles, R. N. et al., Clin. Pharmacol. Ther., 12:105, 1971.

Dosing, Empiric Dosing
Oral dose:
* Initial dosage: 100 mg every 6 h. The dose is titrated to a usual daily dose

of 300 to 1200 mg/day. Higher doses (1200 mg/day) may be necessary
for resistant arrhythmias.
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* Renal dysfunction: Dosing interval should be increased to q8h for CI, 30
to 40 ml/min; q12h for CI, 15 to 30 ml/min; q24h for Cl., < 15 ml/min.
Disopyramide is not dialyzable.

» Congestive heart failure / liver disease: Disopyramide should be avoided.”

LIDOCAINE

Lidocaine is widely used and is often the drug of choice for the acute treatment of
ventricular arrhythmias. Although oral lidocaine readily penetrates the gastrointes-
tinal membrane, it undergoes extensive first-pass metabolism, limiting its use to
intravenous and intramuscular administration.®

Clinical Pharmacokinetic/Pharmacodynamic Considerations

A total loading dose is administered in divided doses.

» The dose is adjusted based on heart and liver function.

* Lidocaine levels are obtained only in special circumstances.

» Central nervous system toxicities may appear before cardiac toxicities.

» Concentration-dependent side effects may include drowsiness, paresthe-
sias, euphoria (3 to 6 pg/ml), fasciculations, visual disturbances, tinnitus
(6 to 8 pg/ml), seizures, obtundation (> 8 pg/ml), hypotension, decreased
cardiac output (>9 pg/ml).623

* Lidocaine is bound to o,-acid glycoprotein, which varies in settings that
lidocaine is commonly administered (e.g., cardiac arrest, myocardial
infarction).

* Renal dysfunction may predispose to active metabolite accumulation and

consequent toxicity with prolonged administration.

Absorption

Intramuscular absorption is 100%, but variable depending on the site of injection
(absorption T,, = 12 and 26 min from deltoid and gluteus sites, respectively). For
this reason, the intravenous route of administration is preferred.!

Distribution

Lidocaine follows a two-compartment model. The volume of distribution (V, and
V,,) varies with concomitant diseases or conditions as shown below. Loading doses,
based on V,, are adjusted depending on concomitant disease because the cardiovas-
cular and central nervous systems behave as though they were located in the central
compartment.?* Following intravenous bolus administration lidocaine concentrations
fall rapidly (7, = 8 min)."

Approximately 70% of lidocaine is bound to plasma proteins (70% o.,-acid
glycoprotein, 30% albumin). Therefore, conditions that increase o,-acid glycoprotein
(e.g., myocardial infarction, trauma, cardiac arrest) may dramatically alter the
unbound fraction. This poses a clinical challenge as lidocaine is often administered
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Condition V. (I/kg) V,, (I/kg)
Normal 0.5 1.6
Congestive heart failure 0.3 0.9
Liver disease 0.6 2.3

in cardiac arrest and myocardial infarction where o,-acid glycoprotein levels are
increased.?:2!

Metabolism

Lidocaine is extensively metabolized (>90%) by cytochrome P-450 primarily to
monoethylglycinexylidide (MEGX) and glycinexylidide (GX). MEGX and GX are
active metabolites and possess about 90% and 10% of the potency of lidocaine,
respectively. Lidocaine extraction ratio is 62 to 81%, so changes in liver blood flow
can alter metabolism.?? For example, maintenance infusions of lidocaine in patients
with cirrhosis are empirically decreased by approximately 40% because of decrease
in liver blood flow and enzyme activity. The loading dose is not adjusted as V, is
the same or slightly increased in this setting. Conversely, patients with heart failure
have a protracted V, and attenuated liver blood flow and clearance: loading and
maintenance infusions are decreased to account for these disease-specific pharma-
cokinetic changes as shown below.

Condition? Cl (ml/min/kg) t,, (h)
Normal 15 (10-18) 2 (1.6-2.5)
CHF (average) 5.5 2-70

NYHA I 10 —
1 5 —
/v 2 —

AMI 9.1
Liver disease 4-6 5-7

4 AMI: acute myocardial infarction; CHF: congestive heart failure;
NYHA: New York Heart Association classification of heart failure.?°

Elimination

Renal clearance contributes less than 5% of the total clearance of lidocaine. GX is
predominantly renally eliminated (40 to 60%) and may accumulate in renal failure
causing toxicity. MEGX concentrations do not appear to accumulate with renal
failure.

Drug Interactions

Lidocaine is a CYP3A3/4 substrate (Table 8.5).
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TABLE 8.5
Drug Interactions for Lidocaine
Drug Interaction
Cimetidine Increase lidocaine serum levels
CYP3A4 inhibitors (e.g., erythromycin, Increase lidocaine serum levels
ketoconazole)
CYP3A4 inducers (e.g., carbamazepine, Decrease lidocaine serum levels
rifampin)
B-Blockers (e.g., propranolol) May increase lidocaine serum levels
Dosing

Loading dose
Clinically, lidocaine is administered intravenously 1 to 1.5 mg/kg over 1 to 2
min. This dose is decreased empirically by 40 to 50% in patients with congestive
heart failure. A loading dose (LD) may also be determined by Equation 8.1:

LD (mg) = V.(I/kg) x Weight (kg) x C (mg/l) (8.1)

To avoid toxicity, half of the loading dose (calculated or on a mg/kg basis) is
usually administered at a rate <50 mg/min followed by the remaining dose divided
in equal parts at 5-min intervals (see example below). The usual maximum total
dose is 300 mg.2*

Maintenance dose
Clinically, lidocaine is infused 20 to 50 pg/kg/min (1 to 4 mg/min). Using
appropriate pharmacokinetic data for heart and liver disease an infusion rate may
also be calculated using Equation 8.2:

C(ng/ml) X Cl(ml/min/kg) x IBW (kg)

1000 pg/mg 8.2)

Infusion rate (mg/min) =

Lidocaine levels are not routinely measured except in special circumstances (e.g.,
observed toxicity at normal doses, arrhythmia not terminated despite maximum
doses, in patients that are at high risk for toxicity).

Example
A 64-year-old male patient (5 ft 8 in., 85 kg) is admitted with a diagnosis of cirrhosis
of the liver. The patient develops ventricular tachycardia while in the hospital. An
appropriate loading and maintenance dose of lidocaine may be calculated as follows:

IBW =50 kg + (2.2 X 8) = 67.6 kg = 68 kg
LD =V (I/kg) x Weight x Cp (mg/l) V. = 0.6 I/kg (cirrhosis)
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LD = 0.6 /kg x 85 kg x 4 mg/l = 204 mg
LD =204 mg

Administer loading dose (LD) as 100 mg IV over 2 min (50 mg/min), wait 5 min,
then administer 50 mg IV over 1 min, wait 5 min, then another 50 mg over 1 min
(total dose = 200 mg). A maintenance dose (MD) is calculated below for this
example:

Cpss(pg/ml) x Cl (ml/min/kg) x LBW (kg)

MD (mg/min) = 1000 pg/mg

4 ng/ml x 6 (ml/min/kg) x 68 kg
1000 pg/ml

MD (mg/min) =

MD = 1.6 mg/min or 96 mg/h

PROCAINAMIDE

Procainamide is a Type la antiarrhythmic agent used to treat supraventricular and
ventricular arrhythmias. This drug is also used in the management of cardiac arrest.?’

Clinical Pharmacokinetic/Pharmacodynamic Considerations

* Blood pressure and electrocardiogram are monitored during dosing. An
increase in QRS or QT intervals by >25% or hypotension necessitates
discontinuation of a loading infusion.

* Procainamide and active metabolite N-acetylprocainamide (NAPA) are
renally eliminated.

* Procainamide and NAPA levels may be measured for toxicity, particularly
in patients with renal dysfunction.

* Assess for proarrhythmia (e.g., torsades de pointes).

* Use an immediate-release formulation in the acute setting.

e Switch from immediate-release to sustained-release formulation for
chronic therapy to improve compliance.

Absorption

Procainamide absorption is a first-order process, 7,, = 20 min (range 8 to 140 min).
Procainamide bioavailability is similar for immediate- and sustained-release formu-
lations (F = 0.85). Following a single dose, peak concentrations occur in 1 h.
Procainamide HCI is available for oral and intravenous administration (S = 0.85)

Distribution

Procainamide distribution follows a two-compartment model (7, ~ 5 min; V, ~
0.7 I/kg; Vi ~ 2.0 V/kg).
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Metabolism

Approximately 50% of procainamide is metabolized in the liver. The major metab-
olite NAPA possesses activity, primarily class III antiarrhythmic properties. The
fraction as NAPA averages 0.33 and 0.20 in fast and slow acetylators, respectively.?¢
It is unknown and impossible to predict the contribution of NAPA to arrhythmia
suppression. The effective concentration range for procainamide and NAPA are 4
to 10 wg/ml and 7 to 15 pg/ml, respectively.?

Elimination

Approximately 50% of procainamide is excreted unchanged in the urine by glom-
erular filtration with proximal tubular secretion. NAPA is renally eliminated.?’

Procainamide t,,,, h Cl (ml/min/kg) NAPA t,,,, h
Normal 2.3-5.5 9 5-8
CHF 2.6-6 Decreased —
Renal failure 11 Decreased Prolonged
Anephric 5-14 — 41

Drug Interactions

See Table 8.6.
Dosing

Loading dose
Clinically, an intravenous loading dose of 15 to 18 mg/kg is administered over
30 to 60 min (maximum infusion rate 25 to 50 mg/min). In the presence of severe
renal insufficiency or decreased cardiac output the dose is empirically decreased to
12 mg/kg. A loading dose may also be determined by Equation 8.3:

_ Vi (l/kg) X IBW (kg) x Cp (mg/l)

LD 8.3
SXF (8-3)
TABLE 8.6
Drug Interactions for Procainamide
Drug Interaction
Amiodarone Increases procainamide and NAPA serum levels
Cimetidine Increases procainamide and NAPA serum levels
Drugs that prolong QT interval (e.g., Increase the risk of torsades de pointes
erythromycin, haloperidol, tricyclic (proarrhythmia)

antidepressants, sotolol, bepridil)
Ranitidine Increases procainamide serum levels
Trimethoprim Increases procainamide and NAPA serum levels
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Prolongation of the QRS or QT intervals on electrocardiogram by greater than
25% or the development of hypotension necessitates discontinuation of the loading
infusion.

Maintenance dose
Intravenous: The usual maintenance infusion is 3 mg/kg/h in normal individuals,
2 mg/kg/h in patients with moderate renal failure, and 1 mg/kg/h in patients with
moderate congestive heart failure. Long-term therapy is usually avoided in patients
with severe renal failure and/or severe congestive heart failure.
Convert IV to oral therapy by Equation 8.4:

mg/h infusion X (Csspo/ C
F

«. )X 24
Y (8.4)

Total daily oral dose (mg) =

Oral
Based on patient weight, the usual empiric oral maintenance dose is
50 mg/kg/day. This dose is decreased by 25% in patients with congestive heart failure
and in those with liver failure. In renal failure the maintenance dose is empirically
decreased by 50%. An empiric daily dose can also be determined by Equation 8.5:

(Cys)ave X CI x 1440
SXF

Daily dose = (8.5)

where (Cy)ye 15 4 to 10 pg/ml, F is 0.85, and S is 0.85. The constant 1440 is the
number of minutes in a day. Normal clearance is 9 ml/min/kg. After a maintenance
dose is calculated, the dose is empirically reduced depending on patient factors (e.g.,
renal failure, heart failure).

Example

Cl x Cp, x 1440

VD (ug/day) = SxF

Cl = 9 ml/min/kg

_ 9 ml/min/kg x 68 kg x 6 pg/ml x 1440 min/day

MD 0.85 % 0.85

MD = 7,318,588 ug or approximately 7000 mg a day in divided doses

QUINIDINE

Oral quinidine is used to treat supraventricular and ventricular arrhythmias. A loading
dose is usually not required as Cg is reached in approximately 24 h (¢,,, ~ 6 h). An
oral loading may be associated with severe gastrointestinal side effects. Intravenous
quinidine is usually avoided because of hypotension.
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Clinical Pharmacokinetic/Pharmacodynamic Considerations

A dosing regimen should be individualized because of variation in bio-

availability, distribution, and elimination between patients.

 Therapeutic index is narrow (2 to 5 pg/ml).

¢ Oral loading is not necessary.

e IV administration may cause severe hypotension.

* Active metabolites exist (contribution to efficacy/toxicity not clear).

* Assess for potential drug—drug interactions (e.g., digoxin).

* Assess for proarrhythmia (e.g., torsades de pointes).+?82

* Use immediate-release formulation in the acute setting.

* Switch from immediate-release to sustained-release formulation for
chronic therapy to improve compliance.

* Account for differences in salt formulation when switching between

products.

Absorption

Quinidine is absorbed from the small intestine (F ~ 0.80; range 0.7 to 0.9) and is
available in three oral salt dosage forms (see table below). Quinidine gluconate is
available for intravenous administration; however, intramuscular administration
should be avoided because of erratic absorption and pain at the injection site.*

Quinidine salt S ook (W)
Sulfate 0.83 1-32
Gluconate (sustained release) 0.62 4-6
Polygalacturonate 0.60 1-3

2 T, longer for sustained release products.

Distribution

Quinidine follows a two-compartment model (7),, ~7 min, V, ~ 0.7 1/kg). The
volume of distribution at steady state (V) is dependent on concomitant disease states
(see table below).?!

Population V,, (I/kg)
Normal 2.5-3.0
Elderly 22
Congestive heart failure 1.8
Cirrhosis 3.8

Quinidine is 70 to 90% protein bound predominantly to albumin and o-acid
glycoprotein. Conditions that increase o,-acid glycoprotein (e.g., myocardial
infarction, trauma, cardiac arrest) or decrease albumin may alter the unbound
fraction of quinidine.?!
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Metabolism

Quinidine is primarily eliminated by biotransformation in the liver. About 80% of
a dose is metabolized to active metabolites of varying activity. The contribution of
these metabolites to efficacy/toxicity is not fully known.*

Metabolites Activity Unbound Fraction
3-hydroxyquinidine + 0.26
2’-Quinidinone + 0.54
Quinidine-N-oxide + 0.05
Quinidine 10,11-dihyrodiol —
O-Desmethylquinidine + <0.10

Elimination

Quinidine clearance decreases with age and congestive heart failure (see table
below). Approximately 10 to 20% of the administered dose is excreted unchanged
in the urine; however, metabolites are also eliminated through renal pathways. Renal
excretion is dependent upon GFR and urine pH. Quinidine is a weak base (pK, =
8.3), so an increased urine pH increases reabsorption.?!

Condition Cl (ml/min/kg) t,, (h)
Normal 5 6-7
Elderly (>60 yr) 2.5 up to 9
Congestive heart failure 33 7-8
Cirrhosis No change 9
Renal failure No change —

Drug Interactions

Quinidine is a CYP3A4 substrate/inhibitor and CYP2D6 inhibitor. The concomitant
use of drugs that prolong the QT interval should be avoided (Table 8.7).

Dosing

Dose regimens should be individualized. Careful consideration of concomitant dis-
eases, potential for proarrhythmia, and drug interactions should be considered when
determining acute and chronic therapy.?®

Empiric dosing
* Oral (sulfate) dose: Initial dosage is 200 mg every 4 to 6 h. Dose is titrated
every 3 to 4 days to a usual daily dose of 800 to 2400 mg/day. Maximum
single dose = 600 mg. A daily dose may be calculated using pharmaco-
kinetic data (see below).
¢ Intravenous/intramuscular (not recommended): Quinidine gluconate 5 to
8 mg/kg diluted in DsW over 20 to 25 min (infusion rate <10 mg/min).



158 Pharmacokinetics in Drug Discovery and Development

TABLE 8.7
Drug Interactions for Quinidine
Drug Interaction

Cimetidine Increases quinidine serum levels

CYP3A4 inhibitors (e.g., erythromycin, Increase quinidine serum levels
ketoconazole)

CYP3A4 inducers (e.g., carbamazepine, Decrease quinidine serum levels
rifampin)

Digoxin Quinidine increases digoxin levels; decrease

digoxin dose by 50%

Drugs that prolong QT interval (e.g., Increase the risk of torsades de pointes

erythromycin, haloperidol, tricyclic (proarrhythmia)

antidepressants, sotolol, bepridil)
Urinary alkalinizers (antacids, sodium Increase quinidine serum levels
bicarbonate, acetazolamide)

Pharmacokinetic dosing
An empiric daily dose can be determined by Equation 8.6:

(Cys)ave X CI x 1440
SXF

Daily dose = (8.6)

where (Cy),.. 1s 2 to 5 pg/ml, F is 0.7, and S is 0.83, 0.62, and 0.6 for the sulfate,
gluconate, and polygalacturonate formulations, respectively. The constant 1440 is
the number of minutes in a day. Cl (ml/min/kg) should be based on the patient’s
age and concomitant diseases (see table on p. 157 under Elimination).

Example
The daily quinidine sulfate dose to achieve a serum concentration of 2 pg/ml
for a 75-year-old, 67-kg patient can be calculated by Equation 8.7:

2 pug/ml (2.5 ml/min/kg) (1440 min/day)
(0.83)(0.7) 8.7

12,392 pg/kg/day or 12.4 mg/kg/day quinidine sulfate

Daily dose =

For this elderly, 67-kg patient, the daily dose would be 67 kg x (12.4 mg/kg/day)
or 831 mg/day quinidine sulfate. This daily dose, given in divided doses, should
achieve a quinidine serum concentration of 2 pg/mlL (i.e., quinidine sulfate 200 mg
g6h). A similar calculation using a desired serum concentration of 5 pLg/ml, the upper
limit of the therapeutic range, would give a daily quinidine sulfate dose of approx-
imately 2000 mg/day.
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DIGOXIN

Digoxin is used to control the ventricular response rate in tachyarrhythmias such as
atrial fibrillation and atrial flutter. In the setting of systolic heart failure and normal
sinus rhythm, digoxin improves morbidity and decreases the frequency of hospital-
izations for exacerbation of heart failure.?* The therapeutic range for digoxin is 0.8
to 2 ng/ml.°

CLiNIcAL PHARMACOKINETIC/PHARMACODYNAMIC CONSIDERATIONS

A summary of the pharmacokinetic properties of dioxin based on age is shown in
Table 8.8. Pharmacodynamic considerations for tachyarrhythmias and systolic heart
failure are as follows:

Tachyarrhythmias

* Narrow therapeutic range

» Used to control the ventricular response rate, particularly in patients with
congestive heart failure

e Ventricular rate control usually achieved over 24 h

* A loading dose given in divided doses because of a long distribution half-
life

* Possible to use higher doses to control rate in the acute setting (>2 ng/ml)

Systolic Heart Failure

» Decreases frequency of hospitalization for exacerbation of heart failure

* No improvement in cardiovascular mortality

* Serum concentration achieved in mortality trial at the lower end of ther-
apeutic range

* Necessary to maintain serum concentrations in the mid- to low therapeutic
range (<1.5 ng/ml)

* Edema and cardiac output changes with severity of heart failure may alter
pharmacokinetic parameters

ABSORPTION

Digoxin is nearly completely absorbed from the gut. In some patients, absorption may
be decreased due to digoxin inactivation by gut bacteria (i.e., Eubacterium lentum).3
Digoxin absorption is reduced by concomitant administration of antacids,
cholestyramine, kaolin/pectin, tetracycline, and neomycin. Radiation malabsorption and
gastrointestinal motility drugs such as metoclopramide can also reduce absorption.*

MEeTABOLISM/DISTRIBUTION

Digoxin is not extensively metabolized. The volume of distribution for digoxin is 6
to 7 1/kg.’” Digoxin distributes into lean body tissue but not appreciably into adipose
or fatty tissues. For this reason ideal body weight should be used to dose digoxin.*®
Digoxin is 20 to 30% bound to albumin. The distributive phase of digoxin is 6 to 8
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h.3 This has two important clinical implications. First, loading doses of digoxin
need to be administered in divided doses 6 h apart. Second, serum digoxin levels
should be determined at least 8 h after administration.

ELIMINATION

Digoxin is excreted largely unchanged in the urine with renal clearance approximating
creatinine clearance. A small proportion of digoxin is cleared by nonrenal routes, biliary
excretion and intestinal clearance. The volume of distribution decreases with decreasing
renal function.® This may be due to a decreased volume of extracellular fluid and a
decreased binding to lean tissues.?® The clearance of digoxin is also reduced with renal
impairment.*® Half-life is extended in patients with renal impairment and can range
from 38 h for normal renal function to 106 h for anephric patients.3® Adjustment of the
dose or dosing interval may be necessary when renal function changes.®

Disease STATE CONSIDERATIONS

Various patient disease characteristics can also play a role in digoxin kinetics and
influence the dosing calculations required to attain appropriate steady-state serum
concentrations and a desired clinical effect (Table 8.9).3540-42

DRuUG INTERACTIONS

Digoxin drug interactions occur predominantly by alterations in absorption or renal
clearance. Some of these interactions necessitate a 50% reduction in the maintenance
dosage of digoxin as shown in Table 8.10.

DosING

The Jeliffe method is a simple and straightforward method for calculating loading
and maintenance digoxin doses.** This equation is designed to produce dosing
regimens that will provide a serum digoxin level of approximately 2.0 ng/ml (ther-
apeutic range 0.8 to 2 ng/ml). This method for calculating digoxin loading and
maintenance doses does not account for changes in heart function or drug interac-
tions. It is important to adjust the dose empirically if significant drug—disease or
drug—drug interactions are present.

Using the Jeliffe method, a loading dose or total body stores (TBS) is calculated
by Equation 8.8:

(10 pg/kg) X IBW (kg)

LD (or TBS) = =

(8.8)

Clinically, half this loading dose is administered intravenously or orally. The remain-
ing dose is divided equally and administered at 6-h intervals (e.g., 1/2 dose, 1/4
dose, 1/4 dose at 6-h intervals). This is necessary to account for the slow distribution
half-life of the drug.
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TABLE 8.9

Disease Characteristics That Affect Digoxin Pharmacokinetics

Disorder

Congestive heart failure

Effect upon Kinetics

Reduced cardiac output; can
decrease V,
Edema may increase V,

Management

Optimize heart failure therapy;
adjust digoxin dose
appropriately

Hyperthyroidism Increases V, and increases Correct thyroid disorder and
resistance to digoxin follow digoxin levels
Hypothyroidism Decreases V, Correct thyroid disorder; may
require lower digoxin doses
Hypokalemia Low serum potassium levels Correct hypokalemia, measure
increase cardiac effects of clinical effects (ECG, etc.)
digoxin
Hyperkalemia High serum potassium levels Correct hyperkalemia, measure
decrease cardiac effects clinical effects (ECG, etc.)
Hypomagnesemia Associated with potentiated Correct hypomagnesemia and
digoxin toxicity (possibly due any hypokalemia; monitor
to low intracellular potassium clinical effects (ECG, nausea,
levels caused by etc.)
hypomagnesemia)
Hypercalcemia Very high levels of calcium have
been associated with digoxin
toxicity
ECG = Electrocardiogram.
TABLE 8.10
Drug Interactions for Digoxin
Drug Interaction

Aluminum/magnesium antacids

Amiodarone

Antibiotics

Cholestyramine/dietary fiber
Kaolin/pectin
Gastrointestinal motility drugs (metoclopramide,

neomycin)
Quinidine

Binds digoxin in gastrointestinal tract and
reduces absorption by 25%

Increases digoxin serum levels; decrease digoxin
dose by 50%

Eradicate gut bacteria (Eubacterium lentum)
responsible for inactivation of digoxin in select
patients (increased absorption)

Binds digoxin in gastrointestinal tract and
reduces absorption by 20 to 35%.

Binds digoxin in gastrointestinal tract and
reduces absorption by 20 to 60%

Decrease gastronintestinal transit time,
decreasing digoxin absorption

Increases serum digoxin levels; decrease digoxin
dose by 50%
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Maintenance dose
The maintenance dose can then be calculated based on the amount of the loading
dose (or total body stores) that is eliminated each day.*> The amount of digoxin
eliminated daily can be calculated by Equation 8.9.

. Cl,,(ml/mi
% Total Body Stores lost daily = 14 + —(1‘15—““_) (8.9)
Therefore, the maintenance dose is as follows:
MD = Total Body Stores (%TBS lost each day) (8.10)

Example
JL is a 68-year-old male who is admitted to the hospital for atrial fibrillation.
During his hospitalization he is converted to normal sinus rhythm by quinidine. His
past medical history includes congestive heart failure. His thyroid function is normal.
His weight is 84 kg IBW = 73 kg) and his estimated creatinine clearance is 68
ml/min. What would be an appropriate oral loading and maintenance dose?

10 pg/kg x IBW _

LD = TB
£ S
LD = %j”kg = TBS = 1043 pg (1.04 mg)

Administer 0.5 mg orally, then 0.25 mg in 6 h, then 0.25 mg in 6 h.

MD = TBS (%TBS lost each day)

. Cl,(ml/min) _ 68 ml/min

%TBS lost daily = 14 14 + —s = 27.6%

MD = 1.04 mg (27.6%) = 0.29 mg
Because JL is also on quinidine the MD would be decreased by 50%.

MD = 0.15 or 0.125 mg/day

OTHER CARDIOVASCULAR DRUGS

Angiotensin-converting enzyme (ACE) inhibitors, angiotensin-II receptor blockers
(ARBs), B-blockers, and calcium channel blockers are not dosed in the clinical
setting using pharmacokinetic equations. The clinical use and selection of a drug
within a class of medications is determined, in part, on differences in pharmacoki-
netic parameters. For example, metoprolol is commonly used in patients with renal
disease because it is metabolized in the liver. Atenolol is avoided because it is renally
eliminated. Select pharmacokinetic parameters for ACE inhibitors, ARBs, 3-block-
ers, and calcium channel blockers are listed in Tables 8.11 through 8.13.
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SUMMARY

For select cardiovascular drugs it is important to consider patient characteristics, the
condition being treated, and the potential for drug and disease interactions before
and during therapy. Careful consideration of pharmacokinetic and pharmacodynamic
parameters in drug dosing and patient monitoring in each patient will optimize the
benefits and minimize the risks of treatment.
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INTRODUCTION

Therapeutic drug monitoring of psychotropic drugs has clinical utility for the fol-
lowing reasons:

¢ Interindividual pharmacokinetic variation usually makes it unrealistic to
dose patients on the basis of body weight.

» Excessively high drug levels may be associated with clinical deterioration
of the patient because of drug toxicity.

* Plasma level monitoring may help assure compliance and may reduce
medication defaulting because of adverse drug reactions (ADR).

* Blood levels clearly correlate with therapeutic response for a minority of the
psychotropic drugs, including the antipsychotics haloperidol, clozapine, and
olanzapine; the tricyclic antidepressants; and the mood stabilizer lithium.

TYPICAL ANTIPSYCHOTICS

Auvailable kinetic data for the commonly prescribed typical antipsychotics are pre-
sented in Table 9.1. The noted references are recommended for reviews of antipsy-
chotic pharmacokinetics and therapeutic response.'~

CHLORPROMAZINE

Absorption

* Chlorpromazine is only partially absorbed by the gastronintestinal (GI) tract.

* Differences in formulations, the presence of food in the GI tract, and
concomitant therapy with other drugs, such as antacids, may significantly
alter the absorption of chlorpromazine.

* Plasma levels are four to ten times higher after IM injection than those
resulting from an equal dose given orally.

Metabolism

* Chlorpromazine is extensively metabolized by the liver and intestinal wall.

* Many metabolites have been described in humans.

e After 2 to 3 weeks of chronic treatment, a 40% decline in AUC was
observed as a result of inhibition of its own absorption due to decreased
GI motility, or because chlorpromazine may accelerate its own metabolism
through enzyme induction.

Therapeutic Levels

» Therapeutic levels have not been established.
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FLUPHENAZINE

Absorption

* Bioavailability is <50%.

* Decanoate produces peak serum concentrations after a single injection,
which typically occur within 24 h but a second peak has been noted 8 to
12 days after a single injection.

» The half-life of fluphenazine decanoate after a single injection is approx-
imately 8.6 + 0.2 days.

Therapeutic Levels

* Therapeutic levels have not been established.

* A curvilinear relationship between plasma level and response (therapeutic
window) may exist for fluphenazine between 0.1 to 2.8 ng/ml; however,
other studies report continued improvement up to 4.5 ng/ml while other
studies suggest no relationship.

HALoOPERIDOL

Absorption

* Bioavailability is 60%, such that oral doses should be 1.4 to 1.7 times as
large as IM or IV doses.
* IV injections of 10 mg produced serum levels of ~30 ng/ml.

Metabolism

* A hydroxylated metabolite is inactive, but may be converted back to
haloperidol.

Therapeutic Levels (Acute Schizophrenia)

* Haloperidol serum concentrations after a single decanoate injection typ-
ically remain relatively stable over a 4-week interval.

* A meta-analysis of seven haloperidol studies concluded that the therapeu-
tic range was 5 to 18 ng/ml.

* Studies need to be performed using levels <5 ng/ml and also changing a
patient’s serum level from one range to another to determine improvement
or exacerbation of symptoms.

e Multiple linear regression analysis showed a significant interaction
between the variables of smoking. The haloperidol plasma concentration-
to-dose relationship was best described by Equation 9.1 for nonsmokers
and Equation 9.2 for smokers.
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haloperidol (ng/ml) = el 0467 * In(dose) + 3.397) 9.1)
haloperidol (ng/ml) = el!.088 * In(dose) + 3.716] 9.2)

For example, to achieve a steady-state blood level of 10 ng/ml, a smoking patient
would require a dose of approximately 0.28 mg/kg/day, whereas a nonsmoking
patient would require a dose of only 0.1 mg/kg/day.

Therapeutic Levels (Maintenance Therapy)

* The annualized relapse rate for patients with chronic schizophrenia treated
with haloperidol decanoate 50 and 100 mg per month is ~75%.

* 50 to 100 mg/month doses of haloperidol decanoate produce steady-
state levels in the range of ~1.8 to 3.6 ng/ml.

* These levels are well below the therapeutic range of 5 to 18 ng/ml
recommended in acutely ill patients with schizophrenia and are not
usually associated with extrapyramidal side effects.

* Generally, the acute typical antipsychotic dose that a patient with schizo-
phrenia responded to initially can be decreased by 20% every 6 months.

This generaliztion may not be transferable to atypical antipsychotics.

The conversion of patients from oral haloperidol to the depot form may lead
to problems if the differences in half-life of the two formulations are not
considered. Steady-state serum concentrations of the oral and depot forms will
be achieved after approximately 5 days and 3 months of continuous dosing,
respectively. Table 9.2 presents the probable steady-state plasma haloperidol
concentrations resulting from differing doses of haloperidol decanoate after the
first dose and after three doses are given on a 28-day schedule. A patient’s

TABLE 9.2
Projected Plasma Steady-State Haloperidol Plasma
Concentrations Expected from Haloperidol Decanoate

Haloperidol Decanoate Haloperidol Concentration (ng/ml)

(mg/4 weeks) Month 1 Month 3

50 1.1 1.8
100 2.2 3.6
150 3.3 5.5
200 4.5 7.5
250 5.7 9.4
300 6.9 114
350 8.1 134
400 9.3 154

Source: Adapted from References 9 and 10.
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steady-state haloperidol serum level would be determined on an oral drug. By
using Table 9.2, a loading dose of haloperidol decanoate could be chosen based
on the month 1 (see Table 9.2) serum level. The corresponding maintenance dose
could be determined by finding the matching haloperidol serum level in the
“month 3” column.

PERPHENAZINE

Absorption
* Perphenazine is 60 to 80% bioavailable.
Therapeutic Levels

¢ A level of 0.8 to 2.4 ng/ml has been recommended to improve the clinical
response and decrease extrapyramidal side effects.

THIORIDAZINE

Absorption
* Thioridazine is 10 to 60% bioavailable.
* Thioridazine impairs its own absorption at higher plasma levels possibly
because of its strong anticholinergic effect, which could influence gastric
emptying.

Metabolism

» Thioridazine undergoes extensive side-chain degradation to active metab-
olites, such as mesoridazine, and inactive metabolites.

Therapeutic Levels

» Therapeutic levels have not been established.

THIOTHIXENE

Absorption
* Peak plasma levels are reached within 1 to 3 h of oral administration.
Therapeutic Levels

* Therapeutic levels have not established.
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TRIFLUOPERAZINE

Therapeutic Levels

e A level of 1 to 2.3 ng/ml indicated, but based on only a single study.

ATYPICAL ANTIPSYCHOTICS

Available kinetic data for the prescribed atypical antipsychotics are presented in
Table 9.3. These antipsychotics are termed atypical because they have a lower rate
of extrapyramidal side effects in contrast to the typical antipsychotics.

CLOZAPINE
Absorption

* Peak plasma concentrations occur within 1 to 6 h.
* Bioavailability of clozapine is not affected by food.

Metabolism

» Extensively metabolized by the liver and generates three primary metab-
olites, of which desmethylclozapine is slightly active.

Therapeutic Levels

» Plasma concentrations in males were 69% of females’ levels adjusted for
weight.

* The average plasma concentration for male and female smokers was 82%
of nonsmokers’ concentrations; thus, smoking induces the CYP1A2
hepatic metabolism.

TABLE 9.3
Pharmacokinetics of Atypical Antipsychotics
Oral Plasma Volume of
Bioavailability Protein Clearance Distribution
Drug (%) Binding (%) (ml/min/kg) (I/kg) t,, (h)
Clozapine 55+12 >95 6.1 +1.6 54+35 12+4
Risperidone 66 + 28 89 54+14 1.1 +0.2 32+08
Olanzapine — 93 — 10-20 21-54
Quetiapine ~9 83 — 10 2.7-9.3
Ziprasidone — >99 7.5 1.5 6.6

Source: Adapted from References 6 through 8 and 11.
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* Concentrations are approximately doubled from the age cohort of 18 to
26 years to 45 to 54 years.

 The threshold blood level for a therapeutic concentration is estimated to
be between 350 and 500 ng/ml.

* A dosing model that optimally predicts steady-state clozapine plasma
concentrations includes the variables dose (mg/day), smoking (yes = 0
and no = 1), and gender.

clozapine (ng/ml) = 111 (smoke) + 0.464 (dose) + 145 (males) (9.3)
clozapine (ng/ml) = 111 (smoke) + 1.590 (dose) — 149 (females) (9.4)

RISPERIDONE
Absorption
* Risperidone is rapidly absorbed after oral administration, reaching a peak
plasma level within 2 h.

* Administering the drug with or without food does not affect the extent of
absorption.

Metabolism

* The active metabolite hydroxy-risperidone has a half-life of 24 h.

» Half-life is longer in elderly people and in patients with renal insufficiency.

* Hepatic insufficiency does not lengthen the half-life of risperidone; a more
pronounced effect may occur due to more unbound risperidone.

Therapeutic Levels

* Therapeutic levels have not been established.

OLANZAPINE

Absorption

* Peak plasma levels were seen an average of 4.9 h after administration.

Metabolism

* The major metabolite is olanzapine-N-glucuronide; other metabolites are
olanzapine-N-oxide and N-desmethyl olanzapine.

¢ Clearance of olanzapine is approximately 30% higher in men than in
women, 40% higher in those who smoke than in those who do not smoke,
and 30% higher in the young than in elderly people. If one compares
changes in doses reflecting this increase in clearance then the difference
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between male smokers and nonsmokers would be an increase of 6 mg/day
or 16 mg/day, respectively (10 mg/day being the average daily dose),
whereas the difference between females would be an increase of 9 mg/day
or 19 mg/day (10 mg/day being the average daily dose), respectively.

Therapeutic Levels

* The threshold blood level for a therapeutic concentration is 23 ng/ml,
drawn 12 h after the last dose.

QUETIAPINE

Absorption

* Peak plasma levels occur in 1 to 1.8 h.

Metabolism

¢ Quetiapine exhibits linear pharmacokinetics.

» Twenty metabolites have been reported, but only 7-hydroxy and n-dealkly
metabolites are active and their contribution to efficacy is unclear.

* Clearance is decreased in elderly people by 40%.

* Hepatic impairment reduces clearance by ~30%.

* Gender, race, smoking, and renal insufficiency do not affect pharmacokinetics.

Therapeutic Levels

» Therapeutic levels have not been established.

ANTIPSYCHOTIC SUMMARY

The clinical interpretation of the above blood level data suggests a three-step treat-
ment algorithm for the treatment of the acutely ill patient with schizophrenia if the
clinician intends to base the dosing on data of blood level to therapeutic response.

* Haloperidol for 6 to 12 weeks: Choose a dose that achieves a blood level
of 5 to 18 ng/ml if the patient is haloperidol refractory or cannot tolerate
the extrapyramidal adverse effects of haloperidol; then

* Olanzapine for 6 to 12 weeks: Choose a dose that achieves a blood level
of >23 ng/ml if the patient is olanzapine nonresponsive; then

* Clozapine for 16 weeks: Choose a dose that achieves a blood level of
504 ng/ml.

The recommended sampling time for patients receiving oral antipsychotics
should be approximately 12 h after the last dose. Subsequent blood levels should
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be obtained at the same sampling time. The patient’s dose should be fixed for
at least 1 week prior to sampling and for the decanoate 3 months prior to
sampling. This recommendation will aid in the interpretation of subsequent
antipsychotic levels.

ANTIDEPRESSANTS

Table 9.4 presents the pharmacokinetic parameters of bioavailability, free fraction,
volume of distribution, and half-life of all the currently available U.S. heterocyclic
antidepressants. At steady state, increases or decreases in the dose will result in
similar proportional changes in blood level for all the antipsychotics. Importantly,
relevant blood level information cannot be elicited if the patient is receiving more
than one antipsychotic concurrently.

TRICYCLIC ANTIDEPRESSANTS

ABSORPTION

* Tricyclic antidepressants (TCAs) are rapidly and completely absorbed
from the small intestine following oral administration.

» Peak blood concentrations are usually reached within 2 to 8 h.

* Food in the stomach does not delay absorption, but systemic bioavailabil-
ity is incomplete because 30 to 70% of the TCAs are metabolized on the
first pass through the liver.

DISTRIBUTION

e TCAs are highly lipophilic agents that distribute widely throughout the
body, as evidenced by their volumes of distribution reaching 60 1/kg.

» TCAs concentrate to the greatest extent in myocardial and cerebral tissues
with <1% of the drug present in the plasma.

» Extensive distribution, coupled with 63 to 98% protein binding of the
TCAs, explain why hemodialysis and hemoperfusion are inefficient treat-
ments for TCA overdoses.

* Hemodialysis, despite removing 75 to 95% of the offending TCA from
the blood, removes only 1% of the ingested drug from the body.

» TCAs are extensively but reversibly bound to o;-acid glycoproteins (tAG).
* Changes in the concentrations of 0AG can result in clinically significant
increases in the AG-bound TCAs in medically ill, depressed patients.

* 0tAG increase in renal transplantation, liver disease, myocardial infarction,
pregnancy, malignancy, ulcerative colitis, chronic alcoholism, and rheu-
matoid arthritis.

* These patients may require maximal tolerable TCA doses before
responding.
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TABLE 9.4
Antidepressant Pharmacokinetic Parameters
Oral Plasma Volume of
Bioavailability Protein Clearance Distribution

Drug (%) Binding (%)  (ml/min/kg) (/kg) t,, (h)
Amitriptyline 48 + 11 94.8 11.5+34 15+3 21+5
Amoxapine 46-82 — — — 8.8-14
Bupropion >90 84 +£2 35+9 72+1.6 12+4
Citalopram 80 50 5.9 12-16 25-35
Clomipramine 36-62 96 — 17 12-36
Desipramine 38 +13 82+2 10+2 20+ 3 225
Doxepin 55+12 > 95 6.1 +1.6 5435 12+4
Fluoxetine > 60 94 9.6 +69 35+21 53 +41
Fluvoxamine > 90 71 — 25 8-28
Imipramine 39+7 90.1+14 15+4 18+3 12+5
Maprotiline 79-87 88 — 14-22 36-105
Mirtazepine 50 85 — 10-14 20-40
Nefazodone 20 99 — 0.2-0.9 1-4
Nortriptyline 51+5 92 +2 72+ 1.8 18+4 31 +13
Paroxetine a 95 8.6 32 17 £ 10 17+3
Protriptyline 77-93 92+0.6 3.6 £0.6 2+1 78 £ 11
Sertraline 80-95 99 23 76 24-36
Trazodone 75 £ 30 93 1.8 +0.6 1.0+03 65+1.8
Trimipramine — 95 — 17-48 16-39
Venlafaxine ~10 272 22+ 10 7.5+3.7 49+24

2 Dose dependent.

Source: Adapted from References 6 through 8, 12, and 13.

METABOLISM

* TCAs are metabolized primarily by the liver.

* Dimethylated TCAs, imipramine, amitriptyline, and doxepin, are
demethylated to monomethylated tricyclics by CYP4503A4, which are
active metabolites.

* When interpreting a TCA plasma level for a dimethylated TCA, both the
dimethylated and monomethylated metabolites are measured and their
values summed to estimate the concentration of active drug; e.g., for
amitriptyline, the total plasma concentration equals amitriptyline +
nortriptyline.

* Hydroxylation of the mono- and dimethylated TCAs by the hepatic cyto-
chrome P4502D6 enzyme also occurs.
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* Although active, hydroxylated metabolites are not assayed routinely
because there is no current evidence to suggest that their measurement
yields any useful information for the clinical management of depression.

* No dose alterations are necessary in patients with decreased renal function.

ELIMINATION
* The elimination half-life of TCAs can vary from 6 to 198 h.
* With the exception of protriptyline, the half-lives are approximately 24 h
for the monomethylated TCAs allowing for single daily dosing, usually
at bedtime.

SAMPLING

» Sampling should be carried out approximately 12 h after the last dose so
that plasma concentrations are estimated during the TCA elimination phase.

THERAPEUTIC LEVELS
* A meta-analysis of the TCA blood level literature using ROC curves as the
primary statistical tool determined the recommended therapeutic thresholds
or ranges for four TCAs: nortriptyline, desipramine, amitriptyline, and imi-
pramine. A summary of these data are presented in Table 9.5.

ProsPECTIVE DOSING

* A linear relationship exists between a test dose plasma concentration and
steady-state concentration for the TCA nortriptyline.

TABLE 9.5
TCA Response Rates In and Out of the Suggested

Therapeutic Concentrations

Therapeutic Range Response Rate
Drug (ng/ml) (In vs. Out)?
Nortriptyline 58-148 66% Vvs. 26%
Desipramine >116 51% vs. 15%
Imipramine 175-350 67% vs. 39%
Anmitriptyline 93-140 50% vs. 30%

2 Response rate in the therapeutic range or lower limit vs. outside the
recommended blood level.

Source: Adapted from References 4 and 15.
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FIGURE 9.1 Nortriptyline dosing nomogram for predicting steady-state plasma concentra-
tions for 25- to 150-mg/day maintenance doses. To use the nomogram, administer the patient
a 100-mg nortriptyline test dose and then determine the plasma nortriptyline concentration
24 h following the test dose. To determine the predicted steady-state plasma nortriptyline
levels for different maintenance doses, draw a line from the observed 24-h test dose nortrip-
tyline level (right-side vertical axis) through the maintenance dose point of interest (diagonal
line) to the steady-state nortriptyline level (left-side vertical axis). The 150-mg/day dose
should not be exceeded, because the relationship of nortriptyline plasma concentrations and
maintenance doses may not be linear at higher doses. (Adapted from Reference 14.)

* The only information required to predict steady-state doses for mainte-
nance doses of 50 to 150 mg/day using the nomogram shown in Figure 9.1
is a plasma nortriptyline.

* Concentration is measured 24 h following the administration of a 100-mg
test dose of nortriptyline.

MONOAMINE OXIDASE INHIBITORS

* Use of monoamine oxidase inhibitors (MAOI) antidepressant blood levels
to monitor patients with depression is of no clinical value.
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* A positive correlation exists between the degree of platelet MAO inhibi-
tion and the clinical response of patients with depression for phenelzine
and isocarboxazid, but not necessarily tranylcypromine.

* Measurement of MAOI activity is not clinically practical because of the
difficulty in handling platelet samples.

* Phenelzine of 1 mg/kg/day and tranylcypromine of 0.7 mg/kg/day in most
patients will usually produce an 80% or greater MAO inhibition. This
level of MAOI is necessary to attain an antidepressant response.

SELECTIVE SEROTONIN REUPTAKE INHIBITOR
ANTIDEPRESSANTS

Table 9.4 presents the pharmacokinetic parameters of bioavailability, free fraction,
volume of distribution, and half-life of all the heterocyclic antidepressants, including
the selective seratonin reuptake inhibitor antidepressants (SSRIs).

FLUOXETINE

Metabolism

* Fluoxetine exhibits nonlinear pharmacokinetics.

e A period of 6 to 7 weeks may be required before steady-state serum
concentrations are reached due to long half-life, and the same period of
time is required to wash out the drug in nonresponding patients.

* Pharmacokinetic parameters of fluoxetine are not altered in patients with
decreased renal function.

* The rate of elimination of fluoxetine is reduced in patients with alcohol-
induced cirrhosis.

 Patients with liver disease should be treated with lower doses (e.g., 20
mg QOD) to minimize adverse effects.

e Plasma concentrations of fluoxetine and norfluoxetine do not differ
between depressed elderly, younger healthy adults, and younger depressed
patients after receiving similar doses.

Therapeutic Levels

» Therapeutic levels have not been established.

» There may be a negative correlation between norfluoxetine concentrations
and therapeutic response.

* Patients with high ratios of fluoxetine to norfluoxetine are more likely to
respond than patients with low ratios.
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PAROXETINE
Metabolism
» Paroxetine exhibits nonlinear pharmacokinetics.
* Patients with severe renal impairment (Cl, < 30 mg/min) require dosage
reduction, but hepatic dysfunction does not require dosage adjustment.
Therapeutic Levels

¢ Therapeutic levels have not been established.

SERTRALINE

Absorption

* Ingestion with food results in plasma concentrations that are 32% greater
than concentrations observed in the fasting state.

METABOLISM
 Sertraline exhibits linear pharmacokinetics.
* Dose reduction is not necessary in patients with renal failure.
* The less active (five to ten times) demethylated metabolite has a mean

half-life of 66 h.

Therapeutic Levels
¢ Therapeutic levels have not been established.

FLUVOXAMINE

Metabolism
* No active metabolites exist.
* Fluvoxamine exhibits nonlinear pharmacokinetics; drug clearance is

decreased by about 50% in elderly patients compared with younger patients.

Therapeutic Levels

» Therapeutic levels have not been established.
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CITALOPRAM

Absorption
e Peak levels occur within 2 to 4 h.

Metabolism

* Citalopram exhibits nonlinear pharmacokinetics.

* Clearance and elimination are longer in elderly patients.

* Desmethyl-citalopram is an active metabolite, but is a less potent serotonin
reuptake inhibitor.

Therapeutic Levels

* Therapeutic levels have not been established.

THIRD-GENERATION ANTIDEPRESSANTS
AMOXAPINE

Absorption

* Amoxapine is almost completely absorbed following oral administration
and achieves peak blood concentrations within 1 to 2 h of ingestion.

Metabolism
* Two active hydroxylated metabolites are formed of which one is an NE
agonist (8-OH-amoxapine) and the other a dopamine antagonist (7-OH-
amoxapine), with half-lives of 30 and 4 h, respectively.
Therapeutic Levels

» Therapeutic levels have not been established.

BuproPION

Absorption

* Bupropion is absorbed rapidly after oral administration with serum con-
centrations peaking 2 h after ingestion.
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Metabolism

* Bupropion undergoes extensive first-pass metabolism in the liver; <1% is
excreted in the urine unchanged.

e Six urinary metabolites have been identified that are less active and
slightly more toxic than the parent compound.

* Bupropion induces its own metabolism as well as that of other drugs.

Therapeutic Levels

» Therapeutic levels have not been established.

MAPROTILINE

Absorption

e Maprotiline is completely absorbed following administration with peak
blood concentrations occurring 9 to 16 h after ingestion.

Metabolism

* Maprotiline exhibits linear pharmacokinetics.

Therapeutic Levels

* Therapeutic levels have not been established.

TRAZODONE

Absorption

* Trazodone is well absorbed following oral administration, with concen-
trations peaking within 2 h.

Metabolism

* Trazodone is highly metabolized in the liver by hydroxylation, pyridine
ring splitting, oxidation, and N-oxidation, with <1% of the unchanged
drug appearing in the urine and feces.

It is noteworthy that the primary metabolite of trazodone, m-CPP, is a
serotonin agonist that is eliminated from the body at a slower rate than
trazodone.
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Therapeutic Levels
* Therapeutic levels have not been established.

VENLAFAXINE

Absorption

* Venlafaxine is rapidly absorbed after oral administration.
* Food has no effect on the absorption of this drug.

Metabolism

¢ Venlafaxine is metabolized in the liver to a demetyhylated active metab-
olite, ODV, that has a 10-h half-life.

* Linear kinetics are observed between low doses of 25 to 75 mg/day.

* An exponential rather than a linear increase occurs for C,,,, and AUC for
the 150-mg dose.

* Venlafaxine and its metabolites are primarily renally cleared.

Therapeutic Levels
* Therapeutic levels have not been established.

NEFAZODONE

Absorption

» Nefazodone is rapidly absorbed after oral administration with an absolute
bioavailability of 20%.
* Food delays absorption by 20 min.

Metabolism

* Nefazodone is highly (>99%) protein bound, which may cause clinical
drug interactions with other medications that are highly protein bound.

* Nefazodone is extensively metabolized in the liver to three active metab-
olites: hydroxy-nefazodone (OH-NEF), triazole-dione, and m-chlorophe-
nylpiperazine (mCPP).

* Nefazodone exhibits nonlinear kinetics.

* No adjustments in dose are required in patients with renal insufficiency.

* In patients with severe but not moderate hepatic dysfunction, caution is
warranted due to the altered kinetics of nefazodone.
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MIRTAZAPINE

Absorption

» Mirtazapine exhibits ~50% bioavailability.

Metabolism

* Mirtazapine is metabolized in the liver primarily by demethylation and oxi-
dation with the metabolite demethyl-mirtazapine undergoing conjugation.

* The desmethyl metabolite is three- to fourfold less active than the parent
drug, and it is not yet known what the contribution of this metabolite will
have on the clinical outcome.

 Caution is indicated in administering mirtazapine in patients with com-
promised renal or hepatic function.

* Serum concentrations have been reported to be higher in elderly people
with an increased incidence of certain side effects such as dry mouth,
dizziness, and constipation; specific dosage adjustments have not been
suggested.

MOOD STABILIZERS

Table 9.6 presents the pharmacokinetic parameters of bioavailability, free fraction,
volume of distribution, and half-life of all the currently available U.S. mood stabilizers.

LiTHIum
Absorption
 Lithium is completely absorbed from the GI tract.

* Absorption takes place over the whole length of the intestine and is not
affected by food.

TABLE 9.6
Mood Stabilizer Pharmacokinetic Parameters
Oral Plasma Volume of
Bioavailability Protein Clearance Distribution
Drug (%) Binding (%) (ml/min/kg) (/kg) t,, (h)
Lithium 100 0 035 £0.11 0.66 = 0.16 22+ 8
Carbamazepine >70 74 +3 1.3+05 1.4+04 155
Valproic acid 100 = 10 93 +1 0.11 £ 0.02 0.22 +0.07 14+3

Source: Adapted from References 6 through 8.
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Distribution

* The volume of distribution is slightly less in patients >65 years, leading
to smaller daily dose requirements than in younger patients.

* Lithium is not bound to plasma proteins.

* Lithium crosses the placenta and fetal lithium concentrations equal mater-
nal levels.

Elimination

 Lithium exhibits first-order kinetics.

* Clearance varies in individuals from about 10 to 40 ml/min and is 20%
lower during the night than during the day.

* Clearance increases with peritonealdialysis and hemodialysis.

 Lithium is not metabolized, but almost completely eliminated from the
body by the kidneys.

* Changes in renal function or in sodium and fluid balance will significantly
affect serum lithium concentrations.

Half-Life

* In euthymic psychiatric patients it is estimated to range from 15 to 55 h.
* In manic patients with normal renal function, the half-life ranges from 8
to 64 h.

Formulations

* Table 9.5 contrasts the average pharmacokinetic values of various lith-
ium carbonate products derived from a single 900-mg lithium carbonate
dose.

* Formulations in the United States include lithium citrate syrup, lithium
immediate-release capsules and tablets, and two sustained-release
products.

* No clinically significant differences exist between lithium immediate-
release capsules and tablets, as they are 95 to 100% absorbed, regardless
of the manufacturer.

» Switching between the citrate, capsule, and tablet dosage forms should
not result in significantly different 12-h steady-state lithium levels.

* Sustained-release formulations, developed in an attempt to decrease the
adverse effects, are associated with peak and rapidly rising serum lithium
concentrations.

* If slow-release lithium carbonate preparations cause fewer adverse effects,
the difference may be restricted to a minority of patients.
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Sampling

¢ Therapeutic lithium levels are based on the serum sample obtained in the
morning 12 h after the last dose.

¢ Acutely manic patients require and tolerate higher lithium doses due to
an increased lithium clearance.

¢ Higher levels and doses are not tolerated once the manic episode abates.

 Frequent lithium levels, normally drawn twice weekly, are required in the
treatment of an acute manic episode because of the possibility of a rapid
rise in lithium levels as the episode begins to resolve.

Therapeutic Levels

Acute Mania — 0.9 to 1.4 meq/l

 Patients with concentrations >1.4 meq/l experience no greater improve-
ment in their manic symptoms than patients with lower serum lithium
concentrations.

 Patients with serum lithium concentrations <0.9 meq/l generally do not
experience complete remissions.

» To achieve this therapeutic range, interindividual variability is quite large
such that patients cannot be prospectively dosed simply on a mg/kg/day
basis to achieve this therapeutic range.

Prophylaxis

e (.45 to 0.59 meq/1 based on single daily dosing — This level is preferred
because fewer adverse effects at this level enhance compliance.

* A level of 0.8 to 1.0 meq/l is indicated for patients >65 years old.

* Clinicians should instruct patients that, because they may be at higher
risk of relapse at lower concentrations, they should increase their dose by
1.5 times at the first signs of any manic or depressive symptoms and then
slowly taper downward to the lower concentration several months after
the symptoms are resolved.

Lithium Prospective Dosing — Pharmacokinetic Method

* A linear relationship exists between concentration in serum or plasma at
steady state and a single lithium concentration at some time after a dose
of lithium carbonate.

* Equation 9.5 can be utilized to dose lithium prospectively for which C is
the steady-state lithium concentration at the 12-h postdosing period for
an 1800-mg/day dose, and C,,, is the 24-h serum lithium concentration
following an initial 1200-mg dose. The dosing nomogram in Figure 9.2
can be utilized in place of equations.

Copan = 0.13 + 3.3 (Cx 24) (9.5)
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FIGURE 9.2 Lithium dosing nomogram for predicting steady-state serum concentrations for
900 to 2400 mg/day maintenance doses. To use the nomogram, administer the patient a 1200-
mg lithium carbonate test dose and then determine the serum lithium concentration 24 h
following the test dose. To determine the predicted steady-state lithium levels for different
maintenance doses, draw a line from the observed 24-h test dose lithium level (right-side
vertical axis) through the maintenance dose point of interest (diagonal line) to the steady-
state lithium level (left-side vertical axis). (Adapted from Reference 16.)

Lithium Prospective Dosing — Nonpharmacokinetic Method

e There are two stepwise multiple linear regression analyses that have
derived a mathematical formula for determining a lithium dose based on
a number of dependent variables.

» The model was constructed incorrectly in that the true dependent variable,
the lithium level, was treated as an independent variable, whereas dose
should be an independent variable.

* The true amount of variance explained between dose and lithium serum
level is low enough to make these models clinically insignificant.
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CARBAMAZEPINE

Absorption

* Absorption of carbamazepine (CBZ) is slow and erratic as peak plasma
concentrations may vary from 2 to 24 h.
» The bioavailability of tablets is approximately 85 to 90%.

Metabolism

* CBZ is extensively metabolized by the liver to the primary active metab-
olite, 10,11-epoxide (CBZE).
* CBZE appears in the plasma at concentrations of 10 to 40% of CBZ.

Half-Life

* The single-dose half-life in patients with epilepsy ranges between 30
and 40 h.

* Multiple dose half-lives are reduced to 12 to 20 h due to enzyme induction.

* The half-life for CBZE after autoinduction is estimated to be 6 to 20 h.

* Maximal enzyme induction occurs within 1 week with CBZ daily doses
of 100 to 1200 mg/day in patients with bipolar affective disorder.

Formulations

e CBZis available as a 200-mg immediate-release tablet, 100-mg chewable
tablet, and a suspension.

* 100 and 200 mg dosage forms have comparable bioavailability and may
be exchanged without a change in the dose or dosing interval.

» The suspension results in a rapid absorption of drug, which may lead to
peak-related adverse effects.

* Tablets administered on a twice a day schedule and the suspension given
on a three times a day schedule yield similar AUCs as well as similar
minimum and maximum serum concentrations.

* Suspensions may be administered as an enema if the oral route is
unavailable.

* Patients started on a generic form of CBZ should continue to receive that
brand throughout treatment.

* For patients switched from a brand name to a generic product or from
generic to generic, the plasma concentrations should be monitored weekly
for 2 weeks to determine the effect, if any, of the substitution.
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Therapeutic Levels

Acute Treatment — Mania and Depression

* Therapeutic levels have not been established, but it is recommended that
a nonresponding patient’s CBZ dose be increased until initial adverse
effects occur.

» Adverse effects usually occur with levels of 10 to 12 mg/ml.

Maintenance Treatment — Mania and Depression
 Therapeutic levels have not been established.
e Levels of 4 to 7 mg/ml (mean 5.7 mg/ml) are effective in the majority of
patients, but the investigation was a naturalistic study.

VALPROIC ACID

Absorption

* Valproic acid (VA) is almost completely bioavailable.
» Food will delay the absorption of all oral products except the sprinkle
formulation.

Distribution

* VA is rapidly distributed within minutes into the central nervous system.

* As valproate concentrations exceed 100 mg/ml, there is a disproportionate
increase in the free fraction of drug.

e The distribution characteristics of VA may explain some dose-related
adverse effects (e.g., GI, neurological, hepatic).

Metabolism

e VA is primarily metabolized by oxidation in the liver, producing active
and inactive glucuronide metabolites.

* VA exhibits linear kinetics, so proportional increases or decreases in dose
should result in like changes in the serum level.

Formulations

* VA is available as a syrup, a soft gelatin capsule, an enteric-coated delayed-
release tablet, and as coated pellets in a capsule to be “sprinkled” on food.

» Syrup and soft capsules result in peak valproate concentrations within 0.5
to 1 h.

* Both the coated tablet and the sprinkle peak in 4 to 6 h.

* Enteric-coated tablets and sprinkle products are divalproex sodium, which
is a 50/50 combination of sodium valproate and valproate.
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* The above products reduce the GI adverse effects of valproate by reducing
mucosal contact, slowing the rate of absorption, and lowering the peak
valproic concentration.

» The absorption of an enteric-coated tablet may be so delayed that distri-
bution may still be occurring at 12 h after a dose.

* A true trough may not occur until 14 to 16 h after the last dose.

* The pharmacokinetics of the different dosage forms are similar.

* Dosage adjustments when switching from one product to another typically
are not necessary.

Therapeutic Levels

¢ Therapeutic levels have not been established.
* Uncontrolled reports recommend levels between 50 and 120 pg/ml.

BENZODIAZEPINES

Table 9.7 presents the pharmacokinetic parameters of bioavailability, free fraction,
volume of distribution, and half-life of all the currently available U.S. benzodiaz-

epines (BZD) and buspirone.

TABLE 9.7
Benzodiazepine and Buspirone Pharmacokinetic Parameters
Oral Plasma Volume of
Bioavailability Protein Clearance Distribution
Drug (%) Binding (%)  (ml/min/kg) (I/kg) t,, (h)
Alprazolam 88 + 16 71+3 0.74 +0.14 0.72 + 0.12 12+2
Buspirone 95 — — ? 1.3-6.6
Chlordiazepoxide 100 96.5+ 1.8 0.54 = 0.49 0.30 = 0.03 10.0 3.4
Clonazepam 98 + 31 86 + 0.5 1.55+0.28 32=+1.1 23+5
Clorazepate N/A N/A 1.8 £0.2 0.33 £0.17 20+£09
Diazepam 100 = 14 98.7+0.2 0.38 + 0.06 1.1+0.3 43 £ 13
Estazolam — 93 — ? 10-24
Flurazepam — 96.6 45+£23 22+7 74 + 24
Halazepam — ? — 1.0 14-16
Lorazepam 93 + 10 912 1.1+04 1.3+0.2 14+5
Midazolam 44 = 17 95+2 6.6+ 1.8 1.1 +£0.6 1.9+0.6
Oxazepam 97 £ 11 98.8 + 1.8 1.05 +0.36 0.60 = 0.20 8.0x24
Temazepam 91 97.6 1.0+£03 0.95 +£0.34 11+6
Triazolam 44 90.1 £ 1.5 5.6 2.0 1.1 £04 29+1.0

N/A = Not applicable.

Source: Adapted from References 6 through 8.
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ABSORPTION

e After oral administration, chlordiazepoxide, diazepam, lorazepam,
halazepam, and alprazolam are rapidly and completely absorbed, with
peak serum levels occurring at about 1 to 2 h.

* Clorazepate, itself inactive, is rapidly converted to the active metabolite
desmethyldiazepam, which reaches peak levels in 1 to 2 h.

* Absorption of oxazepam may require up to 8 h, although the average peak
is 2.7 h.

* Prazepam is slowly absorbed, as peak levels of the major metabolite
desmethyldiazepam are reached 6 h after administration.

 Sustained-release diazepam peaks about 3 h after a dose.

DISTRIBUTION

* All BZDs are highly protein bound.

* Differences in lipid and water solubility are used to explain the duration
of action of available BZDs after a single dose of the drug.

* Changes in distribution of the drugs as a result of aging or liver disease
may increase or decrease the therapeutic or ADRs of the drug depending
upon the direction of the change (Table 9.8).

METABOLISM AND ELIMINATION

¢ BZDs exhibit first-order (linear) kinetics.
* BZDs fall into two classes depending upon their biotransformation
pathways:

1. One group includes those that are transformed primarily by oxidative
(phase 1) pathways (N-dealkylation, N-demethylation, or aliphatic
hydroxylation) to active metabolites and then conjugated to inactive
metabolites.

2. The second group includes those that are metabolized only by conju-
gation to water-soluble glucuronides (subsequently excreted in the
urine), which are pharmacologically inactive (e.g., lorazepam and
oxazepam).

THERAPEUTIC LEVELS

* Therapeutic levels have not been established.

e The Cross-National Collaborative Panic Study found that alprazolam
plasma concentrations between 20 and 40 ng/ml produced significantly
greater decreases in panic attacks than lower concentrations, as well as
optimum improvement in symptoms of anxiety and dysphoria.



Psychotropic Agents 199

TABLE 9.8
Cirrhosis and Age Effects on BZD Pharmacokinetics
Volume of
Distribution Elimination Half-Life Plasma Clearance
Drug Cirrhosis Age Cirrhosis Age Cirrhosis Age
Alprazolam NI { NI T NI l
Chlordiazepoxide T T T 0 d l
Clorazepate NI T NI ™ NI IM
(as DD)
Diazepam T T T T d >
Lorazepam o l ) oor T o l
Oxazepam o o T o o o
Prazepam NI T NI TMandF NI I MandF
(as DD)

DD = desmethyldiazepam, M = male, F = female, 1 = decrease, T= increase, <> = no difference,

NI = no information.
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INTRODUCTION

Theophylline is one of the classical drugs, for which a pharmacokinetically guided
dosage optimization has been widely used in clinical settings in the last three
decades. This adjustment for dosage requirements to the individual needs of the
patient allowed for safe and effective therapy despite a narrow therapeutic range in
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the presence of high interindividual pharmacokinetic variability. The continued
benefit of therapeutic drug monitoring for theophylline substantially contributed to
its historical place in the management of inflammatory respiratory diseases as well
as its current role in clinical practice alongside with other new, powerful agents.

Although other xanthine derivatives similar to theophylline have been used in
therapy in the United States and other countries in the past, they have no or only
minor roles in contemporary pharmacotherapy and will not be considered.

PHARMACOLOGICAL ACTIVITY

Theophylline was initially classified as a bronchodilator; nonspecific inhibition of
phosphodiesterase isoenzymes was thought to be its major mechanism of action. It
can, for example, completely block exercise-induced bronchospasms at concentra-
tions in the upper therapeutic range. Because phosphodiesterase inhibition by theo-
phylline is only about 20% with clinical concentrations,' however, involvement of
other mechanisms of action is highly likely. The only other known molecular mech-
anism of theophylline at clinically relevant concentrations is a nonselective antago-
nism of specific cell-surface receptors for adenosine.

More importantly, the effects of theophylline are not limited to bronchodila-
tion, but also include immunomodulatory, anti-inflammatory, and bronchoprotec-
tive activity that substantially contribute to its usefulness as a prophylactic drug
in asthma and other respiratory diseases. Additional effects include an increase
in mucociliary clearance, a decrease of microvascular leakage into the airways,
and an improvement of respiratory muscle fatigue, especially that of the dia-
phragm. Theophylline furthermore acts centrally, blocking the decrease in ven-
tilation that occurs with sustained hypoxia. While some of these effects are the
rationale for its use in asthma, others form the basis for its effectiveness in chronic
obstructive pulmonary disease (COPD) or in the treatment of apnea in premature
newborns.

Although theophylline has extensive pharmacological actions in the respiratory
system, it has also central nervous system, cardiovascular, hepatic, digestive, and
metabolic activity.? Some of these activities contribute to the profile of adverse effects
that might be encountered during its use in clinical pharmacotherapy (Table 10.1).

THERAPEUTIC USE

Theophylline is used in three major areas of clinical pharmacotherapy.

ASTHMA

In chronic asthma, the main use of theophylline, is as adjuvant therapy according
to the “Guidelines for the Diagnosis and Management of Asthma” of the National
Heart, Lung and Blood Institute.? It is recommended to be used in combination with
anti-inflammatory therapy with inhaled corticosteroids as well as inhaled or oral
B,-agonist therapy, leukotriene modifiers, and cromolyn sodium or nedocromil,
particularly for controlling nocturnal asthma symptoms.? It is especially useful in
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TABLE 10.1

Pharmacologic Activity of Theophylline with Potential for Adverse Effects

Organ Adverse Effect
Central nervous system

Stimulation of respiratory center Tachypnea

Stimulation of vasomotor center Tachycardia

Stimulation of spinal reflexes Convulsion
Cardiovascular system

Increase in cardiac output Tachycardia

Increase of pulse Palpitation

Stimulation of ,-adrenoceptor Arrhythmia

Vasodilation Hypotension
Renal system

Increase of renal blood flow Polyuria

Increase of glomerular filtration rate Polyuria

Increase of the excretion of sodium and chloride Polyuria
Digestive system

Increase of gastric secretion Nausea, vomiting, peptic ulcer
Metabolic system

Glycogenolysis Hyperglycemia

Gluconeogenesis Hyperglycemia

Modified from Kawai and Kato.?

those patients with asthma who are not adequately controlled with conventional
doses of inhaled steroids. In addition, it might be used as primary therapy in cases
where the administration of an inhaled corticosteroid is cumbersome or difficult,
e.g., in young children, or in cases where the patient is more likely to adhere to oral
rather than inhaled pharmacotherapy.* Furthermore, low-dose theophylline has been
shown to reduce requirements for inhaled corticosteroid therapy in patients with
asthma, and this steroid-sparing effect may reduce overall treatment costs.’

In the management of acute asthma, theophylline appears superfluous for routine
treatment of acute exacerbations in patients who are receiving optimal therapy with
B,-agonists and corticosteroids.® It may be indicated, however, for patients with
severe acute symptoms who do not respond rapidly to these other measures.*

CHRONIC OBSTRUCTIVE PULMONARY DISEASE

In COPD, theophylline is recommended by the “Standards for the Diagnosis and
Care of Patients with Chronic Obstructive Pulmonary Disease” of the American
Thoracic Society as secondary therapy in addition to inhaled or oral B,-agonists and
anticholinergic agents.” Similar to the therapy of asthma, theophylline is of particular
value in those patients with COPD who are less compliant or who are less capable
of using inhaled drug therapy because they can readily take long-acting oral theo-
phylline once or twice daily.
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APNEA

Theophylline has also been used for the treatment of preterm neonatal apnea, but
recent evaluations of the available data suggest that caffeine is therapeutically advan-
tageous compared with theophylline in this indication.’

PHARMACODYNAMICS

Efficacy and toxicity of theophylline are closely related to its serum drug concen-
trations. The degree of bronchodilation® and the decrease in airway responsiveness
to exercise!® change in parallel with serum theophylline concentration. A similar
dependency on serum drug levels has been described for the frequency and severity
of asthma exacerbations and lung function parameters, as depicted, for example, in
Figure 10.1."" Pharmacokinetic/pharmacodynamic modeling of the concentra-
tion—effect relationship for the increase in peak expiratory flow rate (PEFR) by
theophylline in adult patients has provided mean estimates for E, ., the maximum
drug-induced PEFR increase, and ECy,, the concentration producing 50% of E,_,,,
of 344 1/min and 11 pg/ml, respectively.!?!3

Some clinical benefits of theophylline, including anti-inflammatory, immun-
emodulatory, and bronchodilatory effects, already occur at serum concentrations
above 5 ug/ml. Thus, these concentrations may be adequate for some patients. In
patients receiving theophylline as monotherapy for chronic asthma, however, doses
resulting in serum concentrations beyond 10 pg/ml have clearly been shown as
most likely to prevent asthma symptoms and decrease the occurrence and severity
of exacerbations.

Serum APEFR
Theophylline .
Concentration (I/min)

/ml
(ng/ml) 150
20 F

F o %

15 4100

10
=150

5 (n=31)

Py T T N I P

2 4 6 8 10 12 14 16
Time (h)

FIGURE 10.1 Relationship between serum theophylline concentration and improvement in
pulmonary function, measured as increase in PEFR, among 31 adult subjects with asthma
given 7.5 mg/kg of a rapidly absorbed theophylline formulation. (From Richer, C. et al., Clin.
Pharmacol. Ther., 31(5):579-586, 1982. With permission.)
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Similar to the clinical efficacy of theophylline, side effects are also closely related
to serum concentrations. No critical side effects have been observed at serum theo-
phylline levels up to 20 pg/ml. However, transient comparatively slight side effects
similar to those of caffeine, including nausea, vomiting, headache, diarrhea, and
insomnia, occur in some patients at theophylline serum concentrations below 20
uwg/ml. These side effects may be present in up to 50% of patients when serum
concentrations of 10 to 20 pg/ml are rapidly achieved, but they are usually much
less frequent when the initial dose is low and the final drug concentration is gradually
achieved by increasing doses in intervals of at least 3 days.

Nausea, vomiting, headache, insomnia, and tachycardia become more fre-
quent when serum concentrations exceed 20 pg/ml. Above 40 pg/ml, a frequent
occurrence of cardiac arrhythmias and seizures was reported.? Other adverse
events at high serum concentrations, especially after acute overdose, include
hyperglycemia, hypokaliemia, hypotension, seizures, toxic encephalopathy,
hyperthermia, brain damage, and death (Table 10.2). The risk of serious theo-
phylline-induced toxicity requiring hospitalization has been described as rare
with <1 per 1000 patient-years, but was reported five times greater among elderly
patients and those taking cimetidine.'*

Although a single overdose in a patient not previously taking theophylline is
unlikely to cause a seizure or encephalopathy unless the peak serum concentration
exceeds 100 pg/ml, these might occur at substantially lower concentrations in
patients regularly taking theophylline or after repeated excessive doses. These
adverse effects, however, have rarely if ever been reported at concentrations below
30 pg/ml.* Thus, as illustrated by Figure 10.2,"5 side effects are observed at
concentrations higher than 20 pg/ml, but generally only become serious at sub-
stantially higher concentrations. Although typically present when looked for, minor
symptoms of toxicity such as nausea and vomiting do not necessarily precede
severe toxicity and cannot be relied upon as dosing end point. Only theophylline
serum concentration measurements can reliably forewarn the clinician of impeding
life-threatening toxicity.

TABLE 10.2
Relationship between Serum Concentration and Effects of Theophylline

Serum Theophylline

Concentration (ug/ml) Effects
0-5 Not effective
5-10 Anti-inflammatory effect
8-15 Effective for many patients
15-20 Effective for most patients
Side effects appear in some patients
20-25 Side effects (abdominal symptoms)
25-40 Side effects for many patients (tachycardia, tachypnea, convulsion)
>40 Toxic dose (seizure, arrhythmias, etc.)

Modified from Kawai and Kato.?




206 Pharmacokinetics in Drug Discovery and Development

5 L 1]
50} Therapeutic Range ™ .

p<0.001

Serum Concentration (ug/ml)

L
No Toxicity Mild Potentially Severe

14.6+4 27.614.2 Serious 46.515.6
N=32 N=6 40.5+8.6 N=6
N=6

FIGURE 10.2 Toxicity related to theophylline serum concentration in 48 patients receiving
intravenous aminophylline. (From Hendeles, L. et al., Drug Intell. Clin. Pharm., 11:12-18,
1977. With permission.)

THERAPEUTIC RANGE

Based on the outlined relationships between serum concentration and therapeutic
effects and toxicity, theophylline is considered a drug with narrow therapeutic
index. Although generally well tolerated when appropriate serum concentrations
are maintained, theophylline has the greatest potential of all antiasthmatics for
serious toxicity at high serum concentrations. Individual patients might already
experience efficacy at serum concentrations above 5 pg/ml, but below 10 pg/ml.
The highest likelihood of optimal efficacy, however, is achieved at concentrations
beyond 10 pg/ml. Because an increased frequency of toxicity was observed
beyond 20 pg/ml, serum concentrations of 10 to 20 pg/ml are generally considered
the therapeutic range for theophylline in asthma therapy.*!® This range, however,
has recently come under discussion!®!” as the “Guidelines for the Diagnosis and
Management of Asthma” of the National Heart, Lung and Blood Institute recom-
mend a targeted theophylline steady-state serum concentration of 5 to 15 pug/ml.?
This approach accounts for the fact that some therapeutic activity of theophylline
already occurs at concentrations lower than 10 pg/ml and maintaining these
concentrations might be sufficient in some patients. In addition, as each dose is
not absorbed in an identical manner, peak serum concentrations near the upper
end of the therapeutic range may be associated with an increased risk of adverse
effects if absorption of some doses results in drug concentrations in excess of 20
png/ml. Furthermore, a target serum theophylline concentration in routine clinical
use not exceeding 15 pg/ml would provide an additional buffer zone to minimize
the risk of adverse effects from processes that might slow theophylline elimination
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during therapy,'® For the management of COPD, the American Thoracic Society
recommends targeting a similar theophylline serum concentration range of 8 to
12 pg/ml.”

For the treatment of preterm neonatal apnea, theophylline serum concentrations
of 5 to 10 ng/ml are being considered as effective in decreasing the number of apnea
episodes. The pharmacodynamics of theophylline in this situation, however, have
not well been studied, and theophylline in neonates is converted to caffeine to varying
degrees, which also is effective in suppressing apnea and thus confounds the con-
centration—effect relationship.

REQUIREMENT FOR DOSAGE INDIVIDUALIZATION

Theophylline is not only characterized by a narrow therapeutic index and distinct
relationships between serum concentration and therapeutic and toxic effects, but also
by a high interindividual pharmacokinetic variability. This variability is predomi-
nantly based on a high patient-to-patient variability in the metabolic clearance of
theophylline that is confounded by numerous additional physiological, pathophysi-
ological, and environmental factors. Intravenous theophylline (given as aminophyl-
line), for example, has been shown to result in considerable variations in serum
concentrations among patients despite the same dose,”” and theophylline dose
requirements to maintain serum concentration in the range of 10 to 20 ug/ml varied
from 400 to 3200 mg/day.?

Reports like these form the basis for the currently practiced approach to use
therapeutic drug monitoring based on serum drug concentration measurements for
optimizing theophylline dosing according to the needs of the individual patient. This
approach allows for individualized drug therapy by accounting for the interindividual
pharmacokinetic variability and thus assures that drug serum concentrations can
reliably be maintained within the therapeutic range thereby providing a safe as well
as effective therapy.

PRODUCT FORMULATIONS

Theophylline is most frequently used in intravenous or oral dosage forms. Several
so-called salts of theophylline have been used as an attempt to improve water
solubility without changing the pharmacological activity of theophylline. One of
them, aminophylline, a mixture of theophylline and the base ethylenediamine, is
still frequently used, especially as an intravenous dosage form. To assure compara-
bility between different dosage forms with regard to drug content, all dosage and
labeling should be in terms of anhydrous theophylline content. Theophylline mono-
hydrate, for example, contains 90.9% anhydrous theophylline; aminophylline dihy-
drate contains 78.9% anhydrous theophylline.

Oral dosage forms include solutions as well as immediate-release and slow-
release tablets and capsules. Since theophylline is cleared from the body relatively
rapidly, particularly in children, slow-release formulations have been developed that
minimize fluctuations in steady-state serum concentrations during an 8- to 12-h
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dosing interval. These slow-release products are designed to release theophylline at
an approximately constant zero-order rate over the dosing interval. This concept,
however, is rarely achieved clinically, and some formulations are hampered by erratic
drug delivery in certain individuals.

Slow-release formulations differ among themselves in the rate of release, and
most products require 8-h dosing intervals to prevent serum concentration fluctua-
tions greater than 100%. For formulations with very slow release, 12-h dosing
intervals are often possible.?! Products for once-daily dosing have to provide the
entire 24-h dose at one time. This entails the risk of toxicity that might occur after
erratic drug release from such products. Some 24-h dosage forms have shown erratic
absorption after fasting, and some have also exhibited dose dumping after food intake
leading to increases in the rate and extent of absorption.?>?3

PHARMACOKINETICS
ABSORPTION

Absorption after oral administration is rapid, consistent, and nearly complete when
given in solution or as immediate-release dosage form. Theophylline can be
detected in blood within 10 to 15 min after ingestion of a liquid formulation, and
food does not have any major influence when administered with these dosage
forms.?* Thus, oral bioavailability can be assumed as 100% in these cases.”> For
oral immediate-release dosage forms, peak serum concentrations are reached 1 to
2 h after administration.?®

For most sustained-release formulations, the extent of absorption is rather
complete, but some show incomplete absorption. Furthermore, the rate of absorp-
tion of many sustained release formulations is affected by the administration of
food and other factors delaying gastric emptying, but the extent of absorption
remains relatively unchanged except for some 24-h dosage forms as described in
the previous section. For the sake of switchability between dosage forms and
consistency in drug exposure, only those dosage forms with complete absorption
should be used clinically.*

Intrasubject variability in the extent of absorption has also been described. The
net result is large fluctuations in serum concentrations in some, but not all dosing
intervals, which may cause major problems in terms of interpretation of measured
serum concentrations.?”-?® Similarly, diurnal variations in theophylline absorption
with slower rates at night have to be taken into account.?

DISTRIBUTION

After absorption, theophylline quickly reaches equilibrium with peripheral tissues,
except for fat tissues. Serum concentrations follow an open mamillary two-compart-
ment pharmacokinetic model after intravenous administration. Because the early
distribution phase is complete within 35 to 45 min, however, theophylline serum
concentration profiles are adequately characterized by a one-compartment model
when given orally.



Theophylline 209

Theophylline is predominantly distributed throughout the extracellular water.
It freely crosses the placenta and passes into breast milk, although only minor
adverse effects have been reported in infants receiving the drug in this manner.
Theophylline also distributes into saliva, cerebrospinal fluid, and presumably other
body fluids.

In plasma, a moderate fraction of approximately 40% of theophylline is revers-
ibly bound to plasma proteins.*® In patients with hepatic cirrhosis and reduced serum
albumin concentration, binding is reduced to 30 to 35%.3! In full-term neonates,
approximately one third of theophylline is protein bound.* Microdialysis investiga-
tions revealed theophylline tissue exposures of 55% of serum concentrations in
muscle and subcutaneous tissue indicating equilibrium between unbound theophyl-
line concentrations in serum and tissues.*?

The volume of distribution V, averages 0.5 1/kg in healthy children and adults,*
and this value is not changed by age, gender, smoking habit, or disease. It is slightly
increased in premature newborns (0.7 I/kg)** and adults with hepatic cirrhosis, and
decreased in obese patients.?

ELIMINATION

Theophylline elimination is predominantly mediated by hepatic metabolism. The
liver metabolizes about 85 to 90% of the absorbed dose of theophylline; the
remainder is excreted unchanged by the kidneys.3%3” Therefore, dosage adjustments
for renal failure are almost unnecessary.’® Moreover, the hepatic extraction ratio
of theophylline is only 10%, indicating a negligible first-pass inactivation after
oral administration.3*

Hepatic metabolism is predominantly mediated via the cytochrome P-450
(CYP) isoenzymes CYP2E1 and CYP3A4 (8-hydroxylation to 1,3-dimethyluric
acid, 40 to 50%), and CYP1A2 (N-demethylation to 3-methylxanthine, 10 to
15%, and 1-methylxanthine). 1-Methylxanthine is further oxidized, by xanthine
oxidase, to 1-methyluric acid (15 to 20%).3*** Caffeine and 3-methylxanthine
are the only theophylline metabolites with pharmacological activity, but only
3-methlyxanthine may accumulate in end-stage renal disease to have relevant
pharmacological effects.

The pharmacokinetics of theophylline, and in particular its metabolic clearance,
are modulated by numerous aspects including physiological, pathophysiological,
and environmental factors as well as interactions with concurrently administered
drugs. Despite the resulting large interindividual variability in theophylline elimi-
nation among patients, however, variability in individual patients is usually relatively
small in the absence of confounding factors.

The average clearance Cl and resulting half-life values ¢, for theophylline
in various subpopulations and disease states are summarized in Table 10.3.
Although the metabolism of theophylline appears to proceed as a first-order
process, single metabolism pathways may already reach saturation within thera-
peutic concentrations, resulting in nonlinear elimination. Thus, increases in
theophylline dose may result in disproportionally larger increases in serum
concentrations.36:43.44
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FAcTORS AFFECTING THEOPHYLLINE PHARMACOKINETICS
Physiological Perturbations

Age. Theophylline undergoes age-dependent metabolism. In premature infants and
newborns, the N-demethylation pathway is not developed because of immaturity of
the metabolizing enzyme systems, and 50% of the theophylline dose is excreted
unchanged instead of 10% after 1 year of age.** Since renal clearance of theophyl-
line is dependent on urinary flow rate, dosage adjustments are necessary if urine
output in neonates is <2 ml/kg/h. At all ages, a small amount of theophylline is
N-methylated to caffeine. This minor conversion becomes clinically relevant only
in premature infants, in whom caffeine has an extremely long half-life (96 h), which
results in caffeine accumulation and pharmacological action.? During the first year
of life, drug-metabolizing enzyme systems gradually mature and clearance rates
normalized for body weight approach maximum values by 8 to 12 months of age.
This is followed by a gradual decline to the adult values during childhood and
adolescence. In parallel, elimination half-life gradually deceases in the first year of
life from 24 h in neonates to 4 h (range 2 to 10 h) in 1- to 9-year-old children, and
then progressively increases to 8 h (range 3 to 16 h) in adults.*’” As a result, children
beyond infancy require weight-adjusted doses of theophylline almost twice those of
adults, and the range of doses needed by both children and adults varies at least
fourfold. In elderly patients (>60 years), theophylline clearance may be decreased
by an average of 30% compared to healthy young persons.*®

Pathophysiological Perturbations

Obesity. The effect of obesity on theophylline clearance appears to be negligible.?
The loading dose administered to obese patients, however, should be based on the
volume of distribution for an ideal weight, since theophylline is only to a very
limited extent distributed into fat tissue.*-!

Hepatic Disease. Hepatic dysfunction may result in major changes in the meta-
bolic clearance of theophylline, especially in cases of decompensated cirrhosis, acute
hepatitis, and cholestasis.”> Theophylline clearance may be remarkably reduced
through impaired hepatic blood flow and injured hepatocytes to 50% or less of normal.
In addition, plasma protein binding is decreased, resulting in an increase in volume
of distribution and thus a prolongation of the elimination half-life up to 26 h.3!:33

Cardiac Disease. Theophylline clearance is reduced in congestive heart failure
(up to 50% of normal), especially in the decompensated state and if liver congestion
and associated damage develop secondary to congestive heart failure.>*

Pulmonary Disease. Theophylline clearance is decreased prominently (up to
50%) in patients with acute pulmonary edema induced by left ventricular failure,
but these changes differ among patients.>> Similarly, theophylline clearance is
decreased (80% of normal) and the elimination half-life prolonged in patients with
severe COPD with cor pulmonale.>®

Thyroid Gland Disorders. The elimination half-life of theophylline is markedly
prolonged in hypothyroidism.”” Conversely, clearance is increased in hyperthyroid-
ism,8 but reduces toward normal values after initiation of treatment for this disorder.>
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Infectious Diseases. Prolonged fever may also slow theophylline elimination
(up to 50% reduced Cl1).%° Although the level and duration of fever necessary for
this effect is not known, fever must be sustained to result in an appreciable theo-
phylline accumulation. Although this is unlikely for fever lasting less than 24 h,
dosage should be reduced in patients previously maintained within the therapeutic
range, if fever is high and sustained, e.g., >102°F for more than 24 h.

Cystic Fibrosis. Theophylline is more rapidly eliminated in patients with cystic
fibrosis than in healthy individuals. The observed theophylline clearance reaches
values twice that in healthy individuals.®'*? Although the mechanism for this increase
is unknown, clinicians should be aware of the increased dose requirements in this
patient population and serum concentration monitoring should be used as guiding
tool. In addition, the volume of distribution is also increased to approximately 0.6 I/kg.

Environmental Perturbations

Smoking. Cigarette or marijuana smoking, even if passive, significantly increases
the clearance of theophylline through induction of drug-metabolizing enzymes.5364
Theophylline clearance is increased 50 to 80% compared to nonsmokers, with a
similar increase in old and young smokers and half-lives of 4 to 6 h.® The magnitude
of increase correlates with the degree of smoking.® It is not clear how long this
enzyme induction persists after cessation of smoking. Although no change in clear-
ance was observed after 3 months since smoking cessation,’ a decrease compared
to active smokers was noted in patients 2 years after smoking cessation, but clearance
levels were still increased compared to nonsmokers.5’

Diet. Metabolic theophylline clearance is also increased by ingestion of a high-
protein, low-carbohydrate diet, presumably by increased liver enzyme activity.®
Theophylline half-life was consequently reduced from 8.1 to 5.2 h, but changed
again to 7.2 h when a high carbohydrate diet was initiated. Charbroiled beef was
also described as shortening theophylline half-life by approximately 22%, presum-
ably via a similar mechanism as smoking through enzyme induction by polycyclic
hydrocarbons formed during the roasting process over charcoal fire.%® Although this
effect is unlikely to be clinically significant, it visualizes the wide variety of
potential factors affecting theophylline clearance. Dietary intake of other methylx-
anthines, especially caffeine, prevents theophylline metabolism by competitively
interacting with drug-metabolizing enzymes. Elimination of caffeine from the diet
of patients consuming large quantities of coffee might thus result in reduced
theophylline serum concentrations.”

Drug-Drug Interactions

Numerous concomitantly administered drugs alter the pharmacokinetics of theophyl-
line, in particular its metabolic clearance. Table 10.4 summarizes the most relevant
of these drug—drug interactions that may result in altered theophylline serum con-
centrations; Figure 10.3 shows one representative example. It should be noted that,
although Table 10.4 is not intended to be conclusive and drugs might interact with
theophylline without being listed, most commonly used drugs do not interact
adversely with theophylline.
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Clearance [ml/kg/h]

60 -
w/o Mx w/ Mx
Patients [n] 342 6
Age [years] 69.8 71.3
Vg llka] 0.50 0.49
Cl [ml/kg/h] 40.1 23.2

(Mean data)

without Mx with Mx

FIGURE 10.3 Effect of concomitantly administered mexiletine (Mx; 200 mg Q8h) on the
clearance of theophylline (mean + SD, p < 0.05) as determined by a retrospective analysis
of theophylline pharmacokinetic data in 348 patients obtained from routinely performed
therapeutic drug monitoring. (Modified from Meibohm and Wegener.'?*)

Theophylline may also affect the pharmacokinetics of other concomitantly
administered drugs. Lithium serum concentrations may be decreased due to an
increased renal clearance of lithium induced by theophylline.”!7> This effect, how-
ever, may only be transient and may not be sustained during chronic theophylline
therapy. Theophylline furthermore inhibits phenytoin absorption when administered
together, resulting in decreased phenytoin serum levels.”

In addition to pharmacokinetic drug—drug interactions, pharmacodynamic effects
have been reported as well. Halothane increases the susceptibility to ventricular
arrhythmias under theophylline therapy as a result of increased sensitivity of the
myocardium to endogenous catecholamine release by theophylline.”* Ketamine
lowers the theophylline seizure threshold.” Benzodiazepines like midazolam, diaz-
epam, lorazepam, and flurazepam increase the central nervous system concentration
of adenosine, a potent central nervous system depressant. As theophylline also blocks
adenosine receptors, it counteracts benzodiazepine-induced sedation, resulting in
increased dosage requirements for these compounds.’®

THERAPEUTIC DRUG MONITORING

Treatment with theophylline requires consideration of its interpatient variability
in dose requirements, the relationship between efficacy and toxicity vs. serum
concentration, and its narrow therapeutic index. Thus, therapeutic drug monitoring
is generally applied for dosing individualization, using theophylline serum con-
centration measurements and simultaneous clinical assessments as guiding tools
for dosage adjustments.

Since unspecific routine performance of serum level measurements in all theo-
phylline-treated patients is cost-prohibitive, drug level monitoring should only be
performed where clearly indicated. Theophylline serum concentration measurements
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are recommended during the initial phase of therapy to guide final dosage adjustment
after titration. This will also provide a reference for future dose adjustments in the
particular patient. In addition, theophylline serum concentrations should be deter-
mined any time a patient on chronic theophylline seeks medical attention with an
exacerbation of the disease. This will provide a baseline level for any subsequent
therapeutic interventions during this exacerbation phase and evaluate whether theo-
phylline concentrations are subtherapeutic. Furthermore, theophylline drug level
monitoring is indicated in cases of suspected theophylline-induced toxicity and in
cases of suspected noncompliance. Although dosage requirements, once established,
generally remain stable for extended periods, additional individual situations might
make serum concentration measurements beneficial as well, for example, intercurrent
illness or drug—drug interactions.

SAMPLING TIME

Because the t,, for theophylline is approximately 8 h in nonsmoking adults,
meaningful steady-state serum concentrations cannot be obtained until approxi-
mately 24 to 48 h after initiation or change of therapys; i.e., approximately 3.3 to 5
times the assumed ¢,,, in the treated patient is needed for achieving 90% and >95%
of steady-state concentrations, respectively.”’ Corresponding adjustments to this time
period have to be made if ¢,,, is known to be increased or decreased in other patient
subpopulations.

In patients receiving multiple-dose regimens of immediate-release dosage forms,
blood sampling should be performed at the expected peak serum concentration 1 to 2
h after a dose. A trough concentration measurement at the end of the dosing interval
may lead to an inappropriate dose increase since peak concentrations can be two or
more times higher than trough concentration with an immediate-release formulation.
In patients receiving the clinically more frequently used multiple-dose regimens of
sustained-release formulations, timing is less critical as concentrations are presumably
relatively constant. Although trough concentrations are recommended for these regi-
mens, samples obtained at the midpoint of the dosing interval may also be acceptable.”®

DoOSAGE INDIVIDUALIZATION
Oral Dosing for Chronic Therapy

The steady-state peak serum theophylline concentration is a function of dose and
dosing interval that are controlled by the respective health-care professional, and
theophylline absorption rate and clearance determined by the dosage form used and
the individual patient treated. Because rate and completeness of absorption vary for
different formulations, only products with complete absorption should be preferred,
especially if switching between formulations. The formulation selected should be
capable of maintaining stable serum concentrations when taken no more often than
twice daily.

An oral theophylline dosage regimen should start with a low dose allowing
tolerance to develop to the minor caffeine-like side effects frequently associated
with the initiation of therapy. This dose should be increased stepwise until slowly
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approaching the recommended average dose for the population treated.*” The incre-
mental dosage changes should be made cautiously and in small increments because
of potentially dose-dependent pharmacokinetics. Furthermore, after each dosage
change, a waiting period should be followed allowing serum concentrations to reach
steady state before any additional dosage adjustments are performed. Table 10.5
illustrates the latest published revision of dosing recommendations for children older
than 6 months and adults who have no risk factors for altered theophylline clearance.*
If factors confounding the theophylline elimination are present in individual patients,
the recommended doses have to be adjusted accordingly.

TABLE 10.5

Dosage Guideline for Theophylline (based on anhydrous theophylline) in
Children Older Than 6 Months and Adults Who Have No Risk Factors for
Decreased Theophylline Clearance?

Variable Weight-Adjusted Maximal Dose Comments/Interventions
Initial dose ~10 mg/kg of body weight/day; If initial dose is tolerated, increase
maximum 300 mg/day the dose no sooner than 3 days later
to the first increment
First increment ~13 mg/kg/day; maximum 450 If the first incremental increase is
mg/day tolerated, increase the dose no

sooner than 3 days later to the
second increment
Second increment ~16 mg/kg/day; maximum 600 Measure an estimate of the peak
mg/day serum concentration after at least 3
days at the highest tolerated dose
Theophylline serum concentration interpretation, pg/ml

<10 Increase dose approximately 25%
10-15 Maintain dose if tolerated
15.1-19.9 Consider a dose reduction of

approximately 10%"

20-25 Withhold next dose, then resume
treatment with next lower dose
increment

>25 Withhold next two doses, then
resume treatment with initial dose
or lower dose

2 For infants 6 weeks to 6 months of age, the initial daily dose is calculated according to the following
regression equation: dose (in milligrams per kilogram per day) = (0.2)(age in weeks) + 5.0. Subsequent
increases in the dose in this age group should be based on peak serum concentrations measured no
sooner than 3 days after the start of therapy.

b This decreases the likelihood of side effects due to fluctuations in the absorption or elimination
rate that may result in serum concentrations above 20 pg/ml and is especially important for patients
who require doses higher than those used in the second increment.

Source: Modified from References 4 and 81.
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Maximum doses should never be maintained or exceeded unless a serum level
has been reliably obtained at steady state and confirms this dosage requirement.
Steady-state conditions can only be assumed if no doses have been missed in the
previous 48 h, no extra doses were taken, approximately equal dosing intervals were
used, and no other confounding factors have altered theophylline clearance. Although
patients with rapid theophylline metabolism may have low serum concentrations,
noncompliance, inappropriate sampling times, or erratic absorption of some slow
release formulations must be considered as alternative causes. With the use of the
guidelines specified in Table 10.5, one or two measurements of serum theophylline
are usually sufficient to determine the dose requirement, with annual checks there-
after unless clinical indications suggest the need for more frequent assessments. In
addition to this approach, Bayesian-based pharmacokinetic parameter estimation has
successfully been applied to support dosage individualization.’

Recent investigations on mean dosage requirements for different age groups
revealed a consistent decrease of approximately 25% for all of them over the last
12 to 18 years.?! The reasons for the related decrease in mean theophylline clearance
remains so far unknown, but were speculated to be related to reduced environmental
exposure to cigarette smoke due to social and societal changes. These decreased
population dosage requirements are reflected in lower recommended doses in the
guideline listed in Table 10.5,4% whereas previous guidelines” including the FDA
labeling guideline for theophylline®? are still based on the historically higher dose
requirements.

Intravenous Dosing for Acute Therapy

Although theophylline is not any longer considered a first-line therapy in the acute
management of asthma or COPD,37 it might be indicated if a patient is unresponsive
to other pharmacotherapeutic interventions. To achieve therapeutic serum concen-
trations rapidly in these cases, an intravenous loading dose (LD, in mg/kg) may be
given that is determined by the target concentration C,, (in [1g/ml) to be reached,
the measured predose serum concentration C,.,..q (in lg/ml) resulting from pre-

ceding theophylline dosing, and the volume of distribution V, (in /kg):

LD = Cmrg%cmeﬂmd (10.1)
d

Assuming a V, of 0.5 I/kg, each mg/kg theophylline results in an increase in
serum concentration of 2 pug/ml. Thus, for a patient who has not received theo-
phylline within the last 24 h, i.e., C, . .rwq 1S Negligible, a loading dose of 5 mg/kg
theophylline given as short-term infusion over 15 to 30 min (equivalent to 6 mg/kg
aminophylline) will result in a serum concentration of approximately 10 pg/ml.
A loading dose should not be given before obtaining serum theophylline concen-
trations if the patient received any theophylline in the previous 24 h. If measured
serum concentrations are unavailable, alternative agents should be used for man-
aging the patient’s condition.
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A serum concentration measurement obtained 30 min after the LD, when dis-
tribution is complete, can be used to assess the need for and size of subsequent
loading doses and for guidance of the continuation therapy. Once a serum concen-
tration of 10 to 15 pg/ml has been achieved by loading doses, a constant intravenous
infusion is started. The required infusion rate R, (in mg/kg/h) can then be determined
based on the target steady-state serum concentration C .. (in pg/ml) and the
estimated theophylline population clearance Cl (in 1/kg/h), taking any known
confounding factors into account.

pop

RO = Css, target Cl (10.2)

pop

For a healthy nonsmoker, an intravenous theophylline infusion of 0.4 mg/kg/h
(0.5 mg/kg/h as aminophylline) will result in a steady-state concentration of approx-
imately 10 pg/ml.

Theophylline serum concentrations should be monitored frequently and clinical
response carefully until steady-state concentrations have been reached after approx-
imately 24 to 48 h. Subsequent dosage adjustments can be performed based on serum
concentration measurements at this time (C ) through assessing the patient’s
individual clearance, Cl,

ss,measured

R,

Cl = (10.3)

Css, measured

and readjusting the infusion rate R, via Cl and Equation 10.2. To account for
potentially nonlinear pharmacokinetics of theophylline, increases in infusion rate
should not be higher than increments of 25%, regardless of the calculations.

Alternatively, the patient’s individual theophylline clearance CI can already be
assessed from two non-steady-state serum concentration measurements during con-
tinuous infusion by the method of Chiou et al.:®

2Ry | 2V (C=Cy)

Cl =
Ci+C, (Ci+Cy)-(t-1y)

(10.4)

where, Cl= Total body clearance for theophylline, in I/h
R,= Theophylline infusion rate, in mg/h
V,= Volume of distribution (0.5 /kg)
C,= First theophylline serum concentration, in pg/ml obtained at
time ¢,
C,= Second theophylline serum concentration, in jLg/ml obtained at
time f,, at least one estimated half-life from ¢,

The Chiou equation only provides accurate clearance estimates if the infusion
rate was constant, serum concentration sample drawings were separated by an
interval of at least one half-life, and measurements were performed with a reliable
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and precise assay technique. Lack of adherence to these stringent conditions can
result in substantial errors of clearance estimates and thus potentially serious theo-
phylline overdosing.

When the patient has been stabilized on an effective intravenous regimen, con-
version to oral therapy may be performed by dividing the 24-h intravenous theo-
phylline dosage into two or three equal doses of a sustained release formulation.

SUMMARY

Theophylline is a pharmacological agent with a narrow therapeutic index and high
interindividual pharmacokinetic variability. Pharmacokinetically guided dosage indi-
vidualization based on serum concentration measurements has been shown to con-
tribute substantially in ensuring a safe and effective pharmacotherapy with theophyl-
line despite these, for clinical practice, unfavorable properties. Thus, theophylline
is frequently considered a role model for successfully applied therapeutic drug
monitoring with relevant clinical benefit.
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INTRODUCTION

Approximately 1% of the population has epilepsy and the majority of the patients
will be receiving one or more antiepileptic drug (AED). The goal of therapy is 100%
seizure control; however, often a balance between adverse effects and seizure control
is necessary to improve the patient’s quality of life. The drug of choice is based on
the type of seizure disorder, patient tolerability of the AED, and other patient factors
(for example, age, concurrent disease, other medications). Prior to the 1990s, therapy
was largely limited to phenytoin (PHT), phenobarbital (PB), carbamazepine (CBZ),
valproate (VPA), and ethosuximide (ETH). Since 1992, eight new antiepileptic drugs
have been released; felbamate (FLB), gabapentin (GBP), lamotrigine (LTG), topi-
ramate (TOP), tiagabine (TGB), zonisamide (ZON), levetiracetam (LEV), and oxcar-
bazepine (OXC). The traditional AEDs have many limitations including lack of
efficacy in a subgroup of patients, similar neurotoxicity, the occurrence of idiosyn-
cratic reactions, and complex pharmacokinetics. The new AEDs have overcome
some of these limitations; they have improved efficacy and pharmacokinetics and
reduced adverse effects. However, their role is primarily as second-line for refractory
seizures or for patients intolerant to the first line AEDs.!

CARBAMAZEPINE

INDICATION

 Carbamazepine>* (CBZ) is FDA approved for the treatment of monother-
apy and adjunctive therapy of partial and generalized seizures. CBZ is
very effective in the treatment of generalized tonic-clonic and partial
seizures,® but is not effective against myoclonic and absence seizures.

* CBZ is the drug of choice for the treatment of pain associated with
trigeminal neuralgia.’

* Off-label use: Certain psychiatric disorders including bipolar disorders
and post-traumatic stress disorder, non-neuritic pain syndromes, restless
leg syndrome, management of alcohol, cocaine and benzodiazepine with-
drawal, and chorea in children.?

ABSORPTION AND DOSAGE FORMS

F=0.75to 0.85

* Dosage forms available: oral and chewable tablets, suspension, two con-
trolled-release formulations (Tegretol-XR, Carbatrol)

» Time to peak: 4 to 8 h (tablet, controlled-release), 1 to 2 h (suspension)

* No significant effect of food on absorption

* No parenteral formulation available due to low aqueous solubility

¢ Controlled Release Formulations:

* Can convert TID or QID dosing to BID dosing

» Tegretol XR product loses its sustained-release properties if broken or
chewed
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* Carbatrol: capsule can be emptied onto food and maintain sustained
release
* Humidity can reduce CBZ bioavailability by 50%; CBZ needs to be stored
in a dry place, i.e, not in the bathroom cabinets.’
* Generic substitution: Breakthrough seizures and/or increased side effects
with generic switching have been reported and therefore should be done
cautiously.'?

DISTRIBUTION

e V,=0.8t02.0l/kg
* Protein binding: 75% is bound to albumin and o-acid glycoprotein
(f,=0.25)

CLEARANCE

* CBZ is predominately eliminated by hepatic metabolism via CYP3A4 to
carbamazepine epoxide (CBZ-epoxide), an active metabolite. CBZ-
epoxide is eliminated by hepatic metabolism via epoxide hydrolase to an
inactive dihydrodiol metabolite. Minor metabolism via CYP1A2,
CYP2C8, and UGT.!

* CBZ-epoxide has equal anticonvulsant and potency to CBZ and has also
been shown to be effective against trigeminal neuralgia, a pain condition
in which CBZ is the drug of choice.'?

» CBZ-epoxide may be responsible for the neurotoxicity associated with CBZ.

* CBZ is a potent enzyme inducer and induces its own metabolism (auto-
induction), which affects how CBZ therapy is initiated.

* Requires 3 to 4 weeks to achieve maximum autoinduction.

Single dose:

T,,=33h (18 to 55 h) Cl = 0.26 to 0.50 V/kg/h
Chronic dosing:
T,,=15t025h Cl = 1.3 to 1.7 I/kg/day (adults, monotherapy)
T,,=3t015h Cl=109 to 3.1 I/kg/day(children, monotherapy)
T,,=5t0 13 h Cl=2.3to04.01/kg/day (adults, polytherapy with inducers)
DosING
* Loading doses are not recommended due to central nervous system and

gastrointestinal toxicity.
* Maintenance dosing: Initiate therapy at 100 to 200 mg BID.
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e Titration: Increase 200 mg daily every 3 to 7 days to seizure control or
toxicity until usual maximum doses = 800 to 1200 mg/day.

e TID to QID dosing is usually needed except with controlled release
formulations.

* Once daily is not tolerated and is associated with large fluctuations in
plasma levels.

THERAPEUTIC DRUG MONITORING

¢ Therapeutic range: 4 to 12 ng/ml
* Remember CBZ-epoxide is not clinically measured but does contribute
to efficacy and adverse effects.

DRuUG INTERACTIONS'3

e CBZ increases the clearance (Cl) of other drugs that are eliminated by
hepatic metabolism via CYP2C, CYP3A, and conjugation with glucuronic
acid resulting in decreased plasma concentrations and possible loss of
efficacy if doses are not adjusted.

* CBZ plasma concentrations will be increased with inhibitors of CYP3A4
(Table 11.1).

* CBZ plasma concentrations have also been reported to increase with
CYP2C19 inhibitors (Table 11.1). CBZ plasma concentrations will be
decreased and CBZ-epoxide concentrations will be increased with CYP
inducers (PHT, PB, rifampin).

e CBZ-epoxide plasma concentrations will be increased with inhibitors of
epoxide hydrolase (VPA).

SPECIAL POPULATIONS

¢ Children — The weight-adjusted Cl of CBZ is higher in children than
adults, which result in lower CBZ plasma concentrations in children given
equivalent mg/kg doses. Children may need approximately 50 to 100%
higher mg/kg doses than adults. Children have higher ratios of CBZ-
epoxide to CBZ.'*

* FElderly People — The weight-adjusted Cl and protein binding of CBZ is
lower in elderly people than in young adults. With patients older than 65
years, CBZ doses may need to be decreased by approximately 40%. Total
CBZ plasma concentrations underestimate unbound CBZ plasma concen-
trations. Monitor patients clinically for signs of toxicity and lack of
efficacy instead of relying on therapeutic drug monitoring (TDM).!5.16

 Liver Cirrhosis — Decreased hepatic metabolism and decreased protein
binding due to hypoalbuminemia with severe liver disease will require
decreased doses. Total CBZ plasma concentrations underestimate
unbound CBZ plasma concentrations. Patients should be monitored clin-
ically for signs of toxicity and lack of efficacy instead of relying on TDM.
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TABLE 11.1

Inhibitors of Cytochrome P-450 (CYP) Isozymes and UDP
Glucuronosyltranferase (UGT) Involved in Antiepileptic Drug Metabolism

Enzyme

CYP1A2
CYP2C9

CYP2C19

CYP3A4

UGT

Antiepileptic Drug

Carbamazepine
Carbamazepine
Phenobarbital
Phenytoin
Valproate

Diazepam
Phenobarbital
Phenytoin
Valproate
Carbamazepine
Diazepam
Ethosuxmide
Midazolam

Lamotrigine
Lorazepam

Inhibitors

Fluvoxamine
Sulfaphenazole
Ketoconazole
Fluconazole
Amiodarone
Miconazole
Propoxyphene
Valproate
Felbamate
Fluoxetine
Cimetidine
Ticlopidine
Erythromycin
Clarithromycin
Diltiazem
Fluconazole
Grapefruit juice
Ketoconazole
Troleandomycin
Verapamil
Valproate

* Pregnancy — No change in the metabolism of CBZ or CBZ-epoxide
occurs during the course of pregnancy; however, decreased protein bind-
ing results in decreased total plasma concentrations but not significant
changes in unbound CBZ concentrations. Patients are monitored clini-
cally for signs of toxicity and lack of efficacy instead of relying on

TDM."7

* Lactation — Reported infant plasma concentrations <1 pg/ml (lower limit
of assay sensitivity) when mothers are receiving therapeutic doses of CBZ.
Breast-feeding should not cause accumulation of CBZ in infants.'

INDICATION

ETHOSUXIMIDE

» Ethosuximide'>?® (ETH) has the narrowest spectrum of activity of any
of the AEDs. ETH is only effective in the treatment of absence seizures
and has no activity against partial and generalized tonic-clonic seizure

disorders.?!
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ABSORPTION AND DOSAGE FORMS

* F=1.00
* Dosage forms available: capsules, syrup
e Time to peak: <3 h

DISTRIBUTION

* V,=0.61t0 0.9 l/kg
* Protein binding: 0% (f, = 1.00)

CLEARANCE

* 80 to 90% of ETH is eliminated by hepatic metabolized via cytochrome-
P-450-dependent hydroxylation. The isozymes involved have not been
identified in humans.

e T,,: 40 to 60 h (adults); 25 to 35 h (children)

e Cl: 9.2 £ 1.9 ml/h/kg (monotherapy); 15.3 + 3.8 ml/h/kg (polytherapy)

* Time to steady state: 6 to 12 days

DosING

* Loading doses are not recommended.

* Maintenance dosing: Initial dose: 250 mg q d.

* Titrate dose over 1 to 2 weeks to 20 mg/kg/day to minimize gastrointes-
tinal toxicity.

* It is necessary to dose BID or TID to minimize gastrointestinal toxicity
in most patients.

THERAPEUTIC DRUG MONITORING
* Therapeutic range: 40 to 100 pg/ml
DRuG INTERACTIONS'3

* ETH plasma concentrations will be decreased when coadministered with
CYP-inducing drugs.
» ETH plasma concentration may be increased with coadministration with VPA.

SpeciAL POPULATIONS

¢ Children — The weight-adjusted Cl of ETH is higher in children than adults,
resulting in ETH plasma concentrations that are lower in children given
equivalent mg/kg doses. Therefore, children require higher doses (mg/kg).?
* Liver or Renal Disease — Not studied, but a significant effect is not expected.
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* Pregnancy — Cl may increase during pregnancy; monitor ETH plasma
concentrations and adjust dose as necessary.

* Lactation — Plasma concentrations of ETH in an infant are 30 to 50%
of those in the mother receiving ETH. Breast-feeding will result in clin-
ically significant plasma concentrations in the infant. The risk/benefit of
breast-feeding needs to be discussed with the mother.'

FELBAMATE

INDICATION

* Felbamate?-> (FLB) is FDA approved for monotherapy and adjunctive
therapy for partial seizures with and without secondary generalizations
and in the treatment of Lennox—Gastaut syndrome in children >2 years.

* FLB use is restricted for treatment of refractory epilepsy that has failed
other AEDs, due to a risk of aplastic anemia (estimated risk of 1 in
4000).

ABSORPTION AND DOSAGE FORMS

* F=09

* Dosage forms available: tablets, suspension
e Time to peak: 2to 4 h

* No effect of food on absorption

DISTRIBUTION

* V,=0.71t0 0.9 l/kg
* Protein binding: 25% bound to albumin (f, = 0.75)

CLEARANCE

» FLB is eliminated by renal excretion of unchanged drug (40 to 60%) and
hepatic metabolism, which occurs by hydrolysis and cytochrome P-450
isozymes, CYP3A4 and CYP2E1.%

e T,: 14 to 23 h; CL: 31 = 7 ml/h/kg

* Time to steady state: 5 to 7 days

DosING

* Loading dose is not recommended.

* Maintenance dosing: Initiate therapy at 1200 mg/day given TID or QID.

* Increase doses at 1 to 2 week intervals to minimize toxicity to a dose of
3600 mg/day.
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THERAPEUTIC DRUG MONITORING

* There is not good evidence for a concentration—effect relationship with
FLB. Therapeutic drug monitoring (TDM) is not routinely recom-
mended.

DRuUG INTERACTIONS2®

* FLB induces the metabolism of drugs hepatically eliminated by CYP3A4
(CBZ2).

* FLB inhibits the metabolism of drugs eliminated by CYP2C19 (PHT) and
glucuronidation (VPA).

» FLB plasma concentrations are increased by coadministration of VPA and
decreased by coadministration of enzyme-inducing drugs.

SPECIAL POPULATIONS

* Children — The weight-adjusted Cl1 of FLB is approximately 40% higher
in children than adults, resulting in FLB plasma concentrations lower in
children given equivalent mg/kg doses.!*

* Pregnancy — No data are available on the pharmacokinetics of FLB in
pregnancy. Adjust doses based on clinical need.

* Lactation — The moderate protein-binding profile of FLB suggests that
the infant may have measurable plasma concentrations if breast-fed. In
addition, safety issues regarding rare aplastic anemia associated with FLB
in patients with epilepsy may increase the theoretical risks of breast-
feeding.

GABAPENTIN

INDICATION

* Gabapentin®?” (GBP) is FDA approved for the adjunctive therapy of
partial seizures with and without secondary generalization in adults.
» Off-label use in neuropathic pain accounts for the majority of the GBP use.

ABSORPTION AND D0OSAGE FOrRMS

F = 0.6 at doses < 900 mg/day

* F=0.27 to 0.47 at doses 1200 to 4800 mg/day due to saturation of L-
amino transporter?

* Dosage forms available: capsules

* Time to peak: 2to 3 h

No significant effect of food on absorption
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DISTRIBUTION

e V,=0.7t0 0.8 I/kg
* Protein binding: 0% (f, = 1.00)

CLEARANCE

e GBP is eliminated predominately by renal excretion of unchanged drug
with minimal or no hepatic metabolism.

e T,,:5t07h

 CI/F is proportional to creatinine clearance (Cl,)%

Cl, (ml/min) CI/F (ml/min) T, (h)
>60 190 6.5
<30 20 52

DosING

* Loading doses are not needed.

* Maintenance dosing: Initial dose: 300 mg qd.

* Titrate to dose of 1200 mg over 1 to 2 days, increase doses prn until usual
maintenance dose of 900 to 3600 mg/day TID is reached.

* Decrease GBP doses for Cl. < 60 ml/min.

THERAPEUTIC DRUG MONITORING

* TDM is not used clinically; concentrations in clinical trials were 1 to
8 ng/ml.

DRUG INTERACTIONS'3
* No clinically significant drug interactions are apparent.
SpeciAL POPULATIONS

e Children — No pharmacokinetic data are available. However, the weight-
adjusted Cl would not be expected to be significantly different in children
compared to adults.

* Elderly People — GBP doses need to be decreased proportional to CI_.!>-1¢

* Renal Disease — BP doses need to be decreased proportional to Cl_.>

* Pregnancy — No data are available on the effect of pregnancy on GBP
plasma concentrations. Adjust doses based on clinical need (change in
seizure frequency or adverse effects).

* Lactation — No data are available, but based on the lack of protein
binding breast-feeding may result in clinically significant plasma con-
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centrations in the infant. The risks/benefits of breast-feeding need to be
discussed with the mother.

LAMOTRIGINE

INDICATION

¢ Lamotrigine?>* (LTG) is FDA approved in adults for monotherapy and
adjunctive therapy for partial seizures with and without secondary gener-
alization and as adjunctive therapy in children >2 years with Lennox—Gas-
taut syndrome.

* Off-label use has demonstrated that LTG has broad-spectrum antiepileptic
activity. In addition, LTG is used for the treatment of bipolar disease and
pain syndromes.

ABSORPTION AND DoSAGE FOrRMS

F=10

* Dosage forms available: oral and dispersible tablets
e Time to peak: 2 to 4 h

No effect of food on absorption

DISTRIBUTION

e V,=09to 1.3 I/kg
* Protein binding: 55% protein bound to albumin (f, = 0.45)

CLEARANCE

e LTG is predominately eliminated by hepatic metabolism as glucuronide
conjugates, which is a reaction catalyzed by UDP glucuronosyltranferase
isozyme, UGT1A4.3!

e T, 25 h; CI: 0.24 to 1.15 ml/min/kg (monotherapy)

e T, 13 h; CIL: 0.66 to 1.82 ml/min/kg (polytherapy with CBZ, PHT, or PB)

e T,,: 70 h; CI: 0.12 to 0.33 ml/min/kg (polytherapy with VPA)

* Time to steady state: 3 to 5 days (monotherapy); 2 to 3 weeks (polytherapy
with VPA)

DosING

* Loading doses are not recommended

* Maintenance dosing: Initial doses of 25 to 50 mg/day are recommended
if a patient is not receiving VPA concurrently or 25 mg q o d if a patient
is receiving VPA to decrease the risk of a rash.

* Titrate q 7 days until 300 to 500 mg given BID if not receiving VPA
concurrently or 100 to 150 given BID if currently receiving VPA
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THERAPEUTIC DRUG MONITORING

* There is not good evidence for a concentration—effect relationship with
LTG. However, TDM is not routinely recommended. LTG plasma con-
centrations usually range from 1 to 10 pg/ml.

DRUG INTERACTIONS!3

* LTG plasma concentrations are decreased by coadministration of enzyme-
inducing drugs.

* LTG plasma concentrations are increased by coadministration of VPA.
Higher incidence of rash occurs with the combination of LTG + VPA, and
the risk is significantly lower with low starting doses and a slow rate of
escalation of LTG.

SPeCIAL POPULATIONS

¢ Children — Weight-normalized Cl is one- to threefold higher in infants
and children than in adolescents and adults, suggesting that children need
a higher mg/kg dose.!*

* FElderly People — The Cl of LTG is not significantly different in elderly
patients. No dosage adjustment is necessary based on pharmacokinetic
changes.®

* Renal Disease — Renal disease has no effect on LTG pharmacokinetics.

* Liver Disease — The oral Cl of LTG is 1/2 to 1/4 the Cl of inpatients
with moderate to severe hepatic cirrhosis (Childs—Pugh classification of
B or C, respectively) compared to healthy control subjects.

* Pregnancy — There is little known regarding the effect of pregnancy on
LTG plasma concentrations. One case report found a decrease in total
lamotrigine plasma concentrations with pregnancy; however, no data were
reported regarding the unbound lamotrigine plasma concentration.?* Doses
should be adjusted based on clinical need (change in seizure frequency
or adverse effects).

¢ Lactation — Based on an LTG fp of 55%, infants would receive sufficient
LTG to obtain clinically significant plasma concentrations. One case report
documents an infant with plasma concentrations of LTG 25% of the
concentrations in the mother.** The risk/benefit of breast-feeding needs to
be discussed with the mother.

LEVETIRACETAM

INDICATION

 Levetiracetam3 (LEV) is FDA approved for the treatment of adjunctive
therapy in adults in partial seizures.
» Off-label use has demonstrated activity in generalized seizure types.
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ABSORPTION AND DOSAGE FORMS

e F=10

* Dosage forms available: tablets

e Time to peak: 1 h

* No significant effect of food on absorption

DISTRIBUTION

* V,=05100.7 l/kg
* Protein binding: <10% bound (f, > 0.9)

CLEARANCE

* LEV is eliminated by renal excretion of unchanged drug (66%) and
enzymatic hydrolysis, a noncytochrome-P-450- or UGT-dependent path-
way.

e T\):72%1.1h

* Cl =0.96 ml/min/kg

* Time to steady state: 2 to 3 days

DosING

* No loading dose is needed.

* Maintenance dosing: Initial doses = 500 mg BID.

* If needed, increase dose weekly by 500 mg BID to a maximum recom-
mended 3000 mg/day.

THERAPEUTIC DRUG MONITORING

* There is not good evidence for a concentration—effect relationship with
LEV. TDM is not routinely recommended.

DRUG INTERACTIONS33-36
* No drug interactions are reported.
SPeCIAL POPULATIONS
* Children — Weight-normalized Cl is 40% higher in children than in adults
suggesting that children need a higher mg/kg dose.
» Elderly People — Weight-normalized Cl is 38% less in elderly people

compared to young adults suggesting that elderly people need a lower
mg/kg dose.
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* Renal Impairment — Cl, of LEV is correlated with creatinine clearance.
Cl was reduced by 40% in patients with Cl, of 50 to 80 ml/min, 50% in
patients with Cl, of 30 to 50 ml/min, and 60% with Cl, < 30 ml/min.
Dosage of LEV should be reduced in renal impairment.

» Hepatic Disease — LEV has no effect on Cl.

* Pregnancy and Lactation — No data are available on the pharmacokinetics
of LEV in pregnancy. However, the low-protein-binding profile of LEV
suggests that an infant will have measurable plasma concentrations if breast-
fed. The risk/benefit of breast-feeding needs to be discussed with the mother.

OXCARBAZEPINE

INDICATION

» Oxcarbazepine?>*’ (OXC) is FDA approved for monotherapy and adjunc-
tive therapy of partial seizures in adults and adjunctive therapy for partial
seizures in children >4 years old.

* OXC is closely related to carbamazepine, but is a prodrug that is rapidly
and almost completely converted to 10,11-dihydro,10-hydroxycarba-
zepine (MHD), the pharmacologically active element. Therefore, the phar-
macokinetics of MHD are of more clinical importance than OXC.

* Off-label use has demonstrated that OXC has activity in generalized
seizure types.

ABSORPTION AND DOSAGE FORMS

F=096t 1.0

* Dosage forms available: Oral tablets

* Time to peak: 1 h for OXC and 7 h for MHD
No significant effect of food on OXC absorption

DISTRIBUTION

e V,=0.7t0 0.8 I/kg
* Protein binding: OXC is 60% protein bound (f, = 0.40) and MHD is 40%
protein bound (f, = 0.60)

CLEARANCE

e OXC is almost completed converted to MHD through a noncytochrome-
P-450-dependent reduction reaction in the liver. MHD is excreted in the
urine unchanged (50%) or conjugated with glucuronic acid (50%).
Approximately 9% of OXC is also metabolized to a glucuronide conjugate
with less than 1% excreted unchanged in the urine.

* OXC does not form carbamazepine epoxide, the active metabolite of CBZ.
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e T\, MHD =8to 12 h
* Time to steady state: 2 to 3 days

DosING

* Loading doses are not used.
* Maintenance dosing:
e Adults: 300 mg BID, increased q 3 to 5 days up to 1200 mg/day
e Children: 8 to 10 mg/kg/day given BID with a total starting dose not
to exceed 600 mg/day; increased to target maintenance doses of 15 to
60 mg/kg/day
* Replacement of CBZ with OXC: Multiply the CBZ dose by 1.5 to
approximate the equivalent maintenance dose of OXC. It is not necessary
to cross-taper the drugs, due to similar pharmacokinetic and toxicity
profile.
* If replacing CBZ with OXC in patients on other medications, increases
in the plasma concentrations of other CYP or UGT drugs will occur due
to de-induction (except for drugs metabolized by CYP3A4).

THERAPEUTIC DRUG MONITORING

* There is not a well-defined relationship between MHD plasma concen-
trations and effect. Routine TDM is not recommended. Clinically, MHD
plasma concentrations are 12 to 32 pg/ml, approximately ninefold higher
than OXC plasma concentrations at steady state.

DRuUG INTERACTIONS3>

¢ OXC does not autoinduce its own metabolism.

¢ OXC does induce the metabolism of CYP3A4 substrates, but not other
CYP isozymes.

* OXC and MHD are not significantly affected by other drug interactions.

SpeciAL POPULATIONS

¢ Children — The weight-adjusted Cl of MHD is higher in children aged
2 to 6 years. than in children age 6 to 12 years and adults; however, there
was large intersubject variability. Younger children may need higher
mg/kg doses of OXC.!

* FElderly People — The CI of MHD is reduced in elderly people compared
to a young adult population; however, only in patients with CI,, < 30
ml/min will OXC doses need to be significantly lowered to half the target
dose. However, the dose in all elderly patients should be titrated slowly
to the desired effect and not a target dose.®
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* Renal Disease — The Cl of MHC is reduced in patients with renal
disease; however, dosage reduction is necessary only when Cl, is less
than 30 ml/min.*

* Pregnancy — No information is available on the effects of pregnancy on
the pharmacokinetics of OXC or MHD.

* Lactation — No information is available on the effects of lactation. How-
ever, given the protein-binding profile of OXC and MHD, the infant may
have measurable plasma concentrations of MHD if breast-fed. The
risk/benefit of breast-feeding needs to be discussed with the mother.

PHENOBARBITAL

INDICATION

* Phenobarbital** (PB) is FDA approved for the treatment of partial and
generalized seizure disorders. PB is also frequently used for treatment of
neonatal seizures not due to proven superior efficacy, but to familiarity of
use.

* Due to sedative side effects and paradoxical hyperactivity in children and
elderly people, PB is used as third-line therapy.

ABSORPTION AND DOSAGE FORMS

* F=1.0

» Dosage forms available: capsules, tablets, elixir, injection

* Injection, which contains propylene glycol and intravenous administra-
tion, not to exceed 100 mg/min

e Time to peak: 1 to 4 h

* No significant effect of food on absorption

DISTRIBUTION

e V,=0.5to 0.6 I/kg (adults), 0.15 to 0.97 I/kg (neonates)
* Protein binding: PB is 50% protein bound to albumin (f, = 0.50)

CLEARANCE

* PB is eliminated by a combination of excretion of unchanged drug (25%)
and by hepatic metabolism to two main metabolites, p-OH-PB and PB-
N-glucoside. CYP2C9 and CYP2C19 have been identified as the cyto-
chrome P-450 isozymes involved in PB metabolism.*

e T\p: 72 t0 144 h

* Time to steady state: 14 to 21 days

e CI: Adults: 3.7 £ 0.7 ml/h/kg
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DosING

* Loading dose is 10 to 20 mg/kg (adults and children); 15 to 20 mg/kg
(neonates).

* If a loading dose is given by the oral route, the dose is divided by three
and given 1/3 q 24 h.

¢ Initial maintenance dose: 90 mg is administered every day or 1 to 3
mg/kg/day adults, 3 to 4 mg/kg/day for neonates and children.

e Usual dose: 180 to 300 mg/day.

» Take doses at bedtime to avoid excessive sedation.

THERAPEUTIC DRUG MONITORING
* Therapeutic range: 10 to 40 pg/ml
DRuG INTERACTIONS'3

* PB is a strong inducer of hepatic enzymes and will decrease the plasma
concentrations of drugs metabolized by CYP2C, CYP3A, and UGT family
of enzymes.

» PB plasma concentrations are significantly increased by VPA.

SPeCIAL POPULATIONS

* Children — Weight-normalized Cl (based on ratio of PB concentration
to dose) increases with increasing age, suggesting that children need a
higher mg/kg maintenance dose.'*

* Neonates — Weight-normalized Cl is lower in neonates than in adults,
suggesting that neonates need a lower maintenance mg/kg dose. Weight-
normalized V is higher in neonates than in adults, suggesting that neonates
need a higher mg/kg loading dose.?

 Elderly People — There is some evidence that the CI of PB is decreased
in elderly people compared with young adults, suggesting that elderly
people need a lower mg/kg dose.!>1°

* Hepatic or Renal Disease — No change in dose is needed.

* Pregnancy — There is not a significant effect of pregnancy on the phar-
macokinetics of PB.!"” The dose is adjusted during pregnancy based on
clinical need and not TDM.

¢ Lactation — Excess sedation and poor suckling occurs in infants whose
mothers are receiving treatment with PB. Reported infant plasma con-
centrations are 25 to 50% of the plasma concentration of new mothers.
The risk/benefit of breast-feeding needs to be discussed with the
mother.!8:44
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PHENYTOIN

INDICATION

Phenytoin*#¢ (PHT) is FDA approved for the treatment of partial and
generalized seizure disorders.

ABSORPTION AND DOSAGE FORMS

F=09t 1.0

Dosage forms available: capsules, oral and chewable tablets, suspension,
injection

Capsules and injection: Phenytoin sodium (92% phenytoin acid)

Tablets and suspensions contain phenytoin acid (100%).

Dilantin Kapseals are “extended” with a 6 to 8 h absorption phase allowing
once-a-day dosing.

Tablets and suspension have more rapid absorption and should be admin-
istered BID to avoid high peak concentrations with associated toxicity.
Beware of suspensions: Shake well to avoid inaccurate dosing.
Nasogastric feeding impairs absorption to a highly variable degree.
Saturable absorption: Time to reach maximum PHT plasma concentrations
after a single oral dose increases with the dose with doses >400 mg.*’
Take with food to decrease gastrointestinal adverse effects.

Phenytoin sodium injection: The injection can be safely mixed with 0.9%
NaCl, but will precipitate in dextrose. A maximum infusion rate of 50
mg/min is recommended.

Fosphenytoin is a phosphate ester of phenytoin and labeled as 100%
phenytoin acid equivalents (PE) and can be safely mixed with all diluents.
A maximum infusion rate of 150 mg/min is recommended.
Intramuscular use: Phenytoin sodium: erratic and painful, 7,,, = 3 to 5
days. Fosphenytoin: safe and effective with 7,,,, 1 to 2 h.

DISTRIBUTION

V,=0.6to 0.7 l/kg

Protein binding: 90% protein bound to albumin, f, = 0.1

Unbound phenytoin plasma concentrations correlate with effect and toxicity.
A decrease in protein binding occurs due to hypoalbuminemia or protein
binding displacement interactions.

Causes of hypoalbumiemia include age (neonates, elderly people), preg-
nancy, hepatic cirrhosis, burns, trauma, renal failure, and nephrotic
syndrome.

Displacement interactions can occur with valproate, sulfonamides, sali-
cylic acid, and hyperbilirubinemia.

249
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CLEARANCE

e PHT is predominately eliminated by hepatic metabolism via cytochrome
P-450 isozymes, CYP2C (major), and CYP2C19 (minor).*®

¢ Nonlinear (Michaelis—Menten) metabolism is observed with the PHT
doses that are used clinically.

¢ Clearance (Cl) decreases with an increase in PHT plasma concentrations
according to Equation 11.1:

V_.
= max 11.1
K, +C. (b

Cl

where V. is the maximum metabolic capacity, and K,, is an affinity
constant that is mathematically equal to the substrate concentration at
which the rate of reaction (metabolism) is one-half V..

* For adults, the average V,,, and K,, values are 6 to 7 mg/kg/day and 4 to
6 ng/ml.

* For children, the average V,,,, and K,, are 8 to 19 mg/kg/day and 2 to 8
ng/ml.

* Due to the saturable metabolism, the time to eliminate 50% of drug (7.,)
increases with increasing dose with an average T, of 22 h (7 to 42 h).

* Time to steady state therefore increases with increasing dose (7 to 28 days)

DosING
* Loading doses:

» If the PHT concentration is zero: A loading dose of 15 to 20 mg/kg is
recommended according to Equation 11.2:

V(I i (Cdesired - Cmeasured)

LD =
S-F
(11.2)
F =1 for IV and 0.9 for an oral dose
S = 0.92 for sodium phenytoin and 1.0 for fosphenytoin
 If subtherapeutic PHT concentrations are present (C,,.sureq)> Us€ Equa-

tion 11.2 to calculate the loading dose needed to produce a desired
PHT concentration (Cy...q)- If given by the oral route, divide the 400
mg doses so that each is given q 3 h to avoid saturable and prolonged
absorption.
* Maintenance doses: 3 to 5 mg/kg/day
* If a steady-state plasma concentration is reached, the dose is increased to
improve seizure control by one of the following two methods:
1. Method 1 — Graves method:#
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New Dose = First Dose - (C*"4)*? . (¢l 2 (11.3)

2. Method 2 — Privitera method:>° The following rule produces less than
10% PHT concentrations greater than 25 pg/ml:

If C is: Then:
<7 pg/ml Increase dose by 100 mg/day
7-11.9 pg/ml Increase dose by 50 mg/day
>12 pg/ml Increase dose by 30 mg/day

If steady states (i.e., dose—concentration pairs) are reached by two
subsequent doses and desired target concentration has not been
reached, it is possible to solve the Michaelis—Menten equation alge-
braically by using simultaneous equations or by use of a graphical
method to determine the patient’s K,, and V..
* Ludden method:>' A plot of dose (mg/day) vs. Cl or dose/C,, (I/day)

is constructed using both dose—concentration pairs. Based on Equation

11.4 and shown in Figure 11.1, the slope of the line obtained is —-K,,

and the Y-intercept is V,

max*

) Dose
C

D/t =V, Ky (11.4)

SS

* The new dose can then be calculated for the desired C using Equation
11.5:

D/t = —hx s (11.5)

D/t
(mg/day)

D/t

. (I/day)

FIGURE 11.1 Graphical illustration of the use of the Ludden method>! for which the slope
and intercept can be calculated yielding K,, and V,,,, respectively. Modified from Ludden,
T. H. et al., Clin. Pharmacol. Ther., 21:287, 1977.
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THeraPEUTIC DRUG MONITORING>2

* Therapeutic range: Total Phenytoin = 10 to 20 pg/ml; unbound phenytoin
=1 to 2 pug/ml. Estimation of normalized PHT plasma concentration in
situations with hypoalbuminemia can be done using Equation 11.6 when
unbound PHT plasma concentrations are not obtainable.>

[PHT ] measured
PHT alized = 11.
[ ]normdllzed 0.25 + [ALB] + 0.1 ( 6)

where [PHT],,.,cureq 1S in pg/ml; [PHT] is an estimate of the measured total
PHT under situations of normal albumin concentrations; and [ALB] is
serum albumin (mg/dl).

DRuG INTERACTIONS'3

e PHT induces the metabolism of other drugs that are eliminated by hepatic
metabolism via CYP2C, CYP3A, and/or conjugation with glucuronic acid
(UGT) resulting in decreased plasma concentrations and possible loss of
efficacy if doses are not adjusted.

* PHT plasma concentrations are increased with inhibitors of CYP2C9 or
CYP2C19 (see Table 11.1). PHT plasma concentrations will be decreased
with the addition of CYP inducers including carbamazepine, phenobar-
bital, and rifampin.

* PHT + Valproate (VPA) interaction: VPA displaces PHT from albumin
and inhibits PHT metabolism. Therefore, unbound PHT is measured TDM
or Equation 11.7 is used to estimate unbound PHT concentrations given
a measured PHT total and VPA plasma concentrations.>*

[PHT |uspouna = (0.095 +0.01 - [VPA]) + [PHT ], (11.7)
SpecIAL POPULATIONS

* Neonates and Elderly People — Decreased metabolism (J/Vmax) and
decreased protein binding result in a decreased weight-normalized,
unbound Cl. Total PHT plasma concentrations will underestimate the
unbound PHT concentrations. Unbound PHT is measured or normalized
PHT is estimated using Equation 11.6 for TDM.>

e Children — Increased metabolism (TVmaX) results in a higher weight-nor-
malized Cl in children than adults. Children will need higher mg/kg doses.'

* Pregnancy — Increased metabolism (TV,,.) and decreased protein bind-
ing will result in decreased total and unbound PHT concentrations. Total
PHT plasma concentrations will underestimate the unbound PHT concen-
trations. Unbound PHT is measured or normalized PHT is estimated using
Equation 11.6 for TDM.”
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» Lactation — Because of the high protein binding of PHT, an infant does
not have measurable PHT plasma concentrations if the mother is taking
therapeutic doses of PHT.!8

« Liver Cirrhosis — Decreased metabolism ({'V,, ) and decreased protein
binding result in a decreased unbound Cl. Total PHT plasma concentrations
will underestimate the unbound PHT concentrations. Unbound PHT is
measured or normalized PHT is estimated using Equation 11.6 for TDM.

* Renal Disease — Decreased protein binding is associated with changes
in affinity and decreased albumin. Total PHT plasma concentrations will
underestimate the unbound PHT concentrations. Estimating normalized
PHT is not useful with diseases associated with changes in affinity; con-
sequently, it is not necessary to measure unbound PHT for TDM.

PRIMIDONE

INDICATION

* Primidone’® (PRM) is FDA approved for the treatment of partial and
generalized seizure disorders either as monotherapy or adjunctive therapy
with other AEDs.

* Unlabeled indication: Benign familial tremor

* Along with its two metabolites, phenobarbital and phenylethylmalona-
mide (PEME), primidone is an active anticonvulsant.

ABSORPTION AND DOSAGE FORMS

F=10

* Dosage forms available: tablets and suspension
e Time to peak: 1 to 3 h

No effect of food on absorption

DISTRIBUTION

e V,=0.41t0 0.8 I/kg
* Protein binding: PRM is 20% protein bound (f, = 0.8)

CLEARANCE

* PRM is excreted unchanged in the urine (40%) and metabolized via
cytochrome P-450 to its two active metabolites, phenobarbital and PEMA.
e T,, = 5to 18 h for PRM
72 to 144 h for PB
10 to 25 h for PEMA
* Time to maximum effect is dependent on time to steady state of PB = 14
to 21 days.
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DosING

¢ Initial doses: 125 to 250 mg BID
* Maintenance doses: Adults: 750 to 1500 mg/day; children: 3.5 to 5.0 mg/kg
day given TID

THERAPEUTIC DRUG MONITORING
* Therapeutic range: 5 to 15 PRM and 10 to 40 PB
DRuG INTERACTIONS'3

* The clinically significant drug interactions with PRM are due to the effects
of and on PB (see PB in the section above).

* PB is a strong inducer of hepatic enzymes and will decrease the plasma
concentrations of drugs metabolized by CYP2C, CYP3A, and the UGT
family of enzymes.

* PB plasma concentrations are significantly increased by VPA, which
inhibits the metabolism of PB.

SPECIAL POPULATIONS

¢ Children — Weight-normalized Cl is higher in children than in adults,
suggesting that children need a higher mg/kg dose.??

* Neonates — PB is not recommended in neonates due to a lack of infor-
mation of the ability of the neonate to metabolize PRM to PB.??

¢ FElderly People — Weight-normalized Cl is decreased in elderly compared
to young adults, suggesting that elderly people need a lower mg/kg dose.>’

* Renal Impairment and Hepatic Disease — No change in dose is needed.

* Pregnancy — There is not a significant effect of pregnancy on the phar-
macokinetics of RM."

¢ Lactation — Excess sedation and poor suckling occur in infants whose
mothers are receiving treatment with PRM probably due to the accumu-
lation of PB. Lactation is potentially unsafe. The risk/benefit of breast-
feeding needs to be discussed with the mother.!®

TIAGABINE
INDICATION

* Tiagabine’®>° (TGB) is FDA approved for adjunctive treatment of adults
and children 212 years old with partial seizures.

ABSORPTION AND D0OSAGE FOrRMS

* F=0.90
* Dosage forms available: Oral tablets
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» Time to peak concentrations: <1 h
* No effect of food on absorption

DISTRIBUTION

e V,=0.81t 1.2 I/kg
* Protein binding: 96% of plasma concentrations of drug are protein-bound
to albumin and o,-acid-glycoprotein (f, = 0.04)

CLEARANCE

* TGB is extensively metabolized by the liver via CYP3A4 and UGT.
* T\, =7 to 9 h monotherapy; 4 to 7 h polytherapy with inducing AEDs

DosING

* Loading doses are not recommended.

¢ Initial doses: 4 mg/day is recommended and increased by 4 mg/day q 7
days until a usual maintenance dose of 32 to 56 mg/day; given BID to
QID if the drug is administered as add-on therapy with enzyme-inducing
drugs. Initiate move slowly if non-enzyme-inducing agents are used
concurrently.

THERAPEUTIC DRUG MONITORING

* There has not been a correlation demonstrated between TGB plasma
concentrations and clinical effect. Therefore, routine TDM is not rec-
ommended. TGB plasma concentrations in clinical trials range from 1
to 234 ng/ml.

DRuUG INTERACTIONS'3

* TGB does not affect the pharmacokinetics of other drugs.
* TGB metabolism is increased by coadministration of enzyme-inducing
drugs resulting in TOP 50 to 65% lower compared to TGB monotherapy.

SPeCIAL POPULATIONS

e Children — The weight-corrected Cl of TGB was twofold higher in
children than in adults not receiving concurrent enzyme-inducing drugs.
In children receiving enzyme-inducing drugs (CBZ, PHT), the weight-
corrected Cl of TGB was similar to adults.

* FElderly People — There is no difference in the pharmacokinetics of TGB
in elderly patients compared to young adults.®®

* Renal Disease — There is no effect of renal disease on the Cl of TGB.%!
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* Liver Disease — The ClI of TGB is reduced by 65% in patients with liver
disease and dosage reductions may be necessary.

* Pregnancy — There is no information on the effect of pregnancy on the
pharmacokinetics of TGB.

e Lactation — Based on the high-protein-binding characteristic of TGB,
infants may not have measurable plasma concentrations when the mother
is receiving doses of TGB. However, there are no data available.

TOPIRAMATE

INDICATION

» Topiramate36263 (TOP) is FDA approved for adjunctive treatment of
adults and children >12 years old for partial seizures or primary general-
ized tonic—clonic seizures.

ABSORPTION AND DOSAGE FORMS

* F=0.80

* Dosage forms available: oral tablets and sprinkles

e Time to peak: 3to 4 h

* Food delays the rate, but not the extent of absorption

DISTRIBUTION

* V,=0.610 0.8 l/kg
* Protein binding: TOP is 15% bound to proteins (f, = 0.85)

CLEARANCE

* TOP is eliminated by a combination of excretion of unchanged drug and
hepatic metabolism.
e T\p,=24h

DosING

* Loading doses are not recommended.

* Initial dose: 50 mg/day, increasing from 50 mg/day q 7 days to 200 to
400 mg/day. An even slower increase in the initial dose may improve
tolerability to central nervous system side effects (i.e., initial dose 25
mg/day and increased by 25 mg/day q 7 days).

THERAPEUTIC DRUG MONITORING

* There has not been a correlation demonstrated between TOP plasma con-
centrations and clinical effect. Therefore, routine TDM is not recommended.
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DRuUG INTERACTIONS!3

* TOP metabolism is increased by coadministration of inducing drugs.
Plasma concentrations are decreased by 50% and TOP doses need to
be adjusted.

* TOP increases the plasma concentrations of PHT in approximately 1/2 of
patients receiving the combination, presumably by inhibiting the
CYP2C19 minor pathway of PHT.

* TOP decreases the plasma concentrations of the ethinyl estradiol compo-
nent of oral contraceptives. Women should use an alternative method of
birth control or use an oral contraceptive with a higher estrogen content
(>35 ng of ethinyl estradiol).

SPeCIAL POPULATIONS

e Children — The weight-adjusted Cl of TOP is 50% higher in children
than in adults resulting in TOP plasma concentrations approximately 33%
lower in children than in adults.%*

 Infants — The weight-adjusted Cl of TOP is slightly higher than that
observed for children and significantly higher than in adults resulting in
a requirement for an increased dose (mg/kg). Titration to effect and not
dose is recommended.%

 FElderly People — There is not a significant effect of age on the CI of
TOP in the absence of renal impairment.

* Renal Disease — In moderate to severe renal disease, the T, of TOP is
approximately 50 to 100% longer. Dosage reduction is necessary in
patients with moderate to severe renal disease.

 Liver Disease — The Cl of TOP is decreased 25 to 30% in patients with
moderate to severe liver impairment. Moderate dosage adjustment with
liver disease may be indicated.

* Pregnancy — There is no information on the pharmacokinetics of TOP
in pregnancy.

» Lactation — Based on the protein-binding characteristic of TOP, infants
would be expected to have clinically significant plasma concentrations if
the mother is taking therapeutic doses of TOP. The risk/benefit of breast-
feeding needs to be discussed with the mother.

VALPROATE

INDICATION

* Valproate®®%” (VPA) is FDA approved for monotherapy and adjunctive
therapy in the treatment of simple and complex absence seizures, adjunc-
tively in patients with multiple seizure types including absence seizures,
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and as adjunctive therapy in the treatment of patients with complex
partial seizures.

* VPA is also FDA approved for the treatment of manic episodes associated
with bipolar disease and for use in prophylaxis of migraine headaches.

ABSORPTION AND DOSAGE FORMS

s F=1.0
* Dosage forms available: tablets, capsules, syrup, sprinkles, injectable
* Time to peak for various dosage forms:

* Syrup: 0.5to 1.0 h

» Regular capsules (Depakene, and generics): 1 to 2 h

* Enteric-coated tablets (Depakote): 3 to 8 h

* Depakote sprinkles: 3 to 8 h

DISTRIBUTION

* V,=0.09 to 0.17 I/kg
* Protein binding:
e Saturable, 85 to 93% bound
¢ [VPA] <50 pg/ml, f, =710 11%
¢ [VPA] 50 to 100 pg/ml, f, = 11 to 15%
¢ [VPA] 100 to 150 pg/ml, f, = 15 to 25%

CLEARANCE

* VPA is eliminated almost entirely by hepatic metabolism: glucuronidation
and P-oxidation are major routes along with CYP450-dependent oxida-
tions and desaturations via CYP2C9 and CYP2C19.

e T,,: Adults: 14 h (5 to 22 h); children: 11 h (5 to 15 h)

DosING

* Loading doses (intravenous only) for 15 to 20 mg/kg

* Maintenance doses: Initial dose: 125 to 250 mg BID or TID

* Increase doses 125 to 250 mg/day q 7 days until target maintenance doses
of 15 to 45 mg/kg/day (adults) or 15 to 60 mg/kg/day (children)

THERAPEUTIC DRUG MONITORING

* Therapeutic range: 40 to 100 pg/ml

* Increases in dose result in nonlinear relationship between total plasma
concentrations of VPA and dose due to saturable protein binding (plateau
effect); however, there is a linear relationship between unbound VPA
plasma concentrations and dose.

* Therapeutic range is the same for all indications.
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DRuUG INTERACTIONS!3

¢ VPA will increase the plasma concentration of drugs eliminated by glu-
curonidation (i.e., lamotrigine, lorazepam) and epoxide hydrolase (car-
bamazepine epoxide) (See Table 11.1).

e VPA will increase the plasma concentration of drugs metabolized by
CYP2C9 and CYP2C19 enzymes.

¢ VPA plasma concentrations are decreased with coadministration of drugs
that are inducers of UGT or CYP450.

SpeciAL POPULATIONS

e Children — The weight-adjusted clearance of VPA is higher in children
than in adults resulting in VPA plasma concentrations lower in children
than in adults.??¢8

* Elderly People — A decrease in protein binding results in total plasma
concentrations underestimating unbound (or active) VPA plasma con-
centrations. TDM using total plasma concentrations will result in
overdosing.!5:16.69

* Renal Disease — There is no effect due to renal disease.

 Liver Disease — VPA clearance is decreased 25 to 30% in patients with
moderate to severe liver impairment. Moderate dosage adjustment with
liver disease may be indicated. Decreased protein binding due to decreased
albumin will result in total VPA plasma concentrations underestimating
unbound (or active) VPA plasma concentrations. TDM using total plasma
concentrations will result in overdosing.”

* Pregnancy — There is very little effect of pregnancy on the pharmaco-
kinetics of VPA. Because of decreased albumin, total VPA plasma con-
centrations will underestimate the unbound VPA plasma concentrations.
The dose should be adjusted during pregnancy based on clinical need and
not TDM."

e Lactation — Infants of mothers receiving therapeutic doses of VPA do
not have measurable VPA plasma concentrations. '3

ZONISAMIDE
INDICATION

* Zonisamide*?%"! (ZON) is FDA approved for adjunctive treatment of
adults and children =16 years old with partial seizures.

ABSORPTION AND D0OSAGE FOrRMS

e F = not known; but “well-absorbed” as reported in the package insert
* Dosage forms available: capsules
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* Time to peak: 2to 6 h
* No effect of food on ZON absorption

DISTRIBUTION

* V,=1.451/kg
* Protein binding: 40% bound (f, = 0.60)

CLEARANCE

* ZON is eliminated by both renal excretion of unchanged drug (35%) and
hepatic metabolism. ZON undergoes N-acetylation and CYP3A4 cata-
lyzed reduction.

e T,,=63h

» Time to steady state achieved within 14 days

e Cl: 0.30 to 0.35 ml/min/kg on monotherapy or noninduced patients; 0.5
ml/min/kg on polytherapy with inducing drugs

DosING

* Loading doses not recommended

* Initial doses: 100 mg g/day, which is increased by 100 mg/day every 2
weeks until a maximum recommended dose of 600 mg/day given BID is
reached.

THERAPEUTIC DRUG MONITORING

* There is not good evidence for a concentration-effect relationship with
ZON. TDM is not routinely recommended. Plasma concentrations of 7 to
40 pg/ml have been reported in clinical studies. A target plasma concen-
tration of 20 pg/ml has been recommended by one investigator.

DRUG INTERACTIONS

* ZON metabolism is increased by inducers of CYP3A4 (CBZ, PHT, PB).
* ZON does not affect the pharmacokinetics of other AEDs.

SpecIAL POPULATIONS

* Elderly People — There is not an effect of age on the pharmacokinetics
of ZON.

¢ Children — Not known.

* Renal Disease — Severe renal disease (Cl,, < 20 ml/min) results in a 35%
decrease in ZON CL and requires decreased ZON doses.
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* Hepatic Disease — No information is available on the effects of hepatic

disease.

* Pregnancy — No information is available on the effect of pregnancy on

the pharmacokinetics of ZON.

* Lactation — Based on the protein-binding profile of ZON (f, = 0.60),

infants may have clinically significant plasma concentrations if breast-fed
by mothers taking therapeutic doses of ZON. The risk/benefit of breast-
feeding needs to be discussed with the mother.
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INTRODUCTION

The study of pharmacokinetics may be pursued at a number of levels. Considering
the detail of the mathematical models involved one may use a noncompartmental,
classical, or physiologically based approach. All three approaches require some
measure of mathematical description or assumptions with the classical, compart-
mental approach intermediate in complexity. This chapter describes the development
and use of compartmental models in pharmacokinetic research. Noncompartmental
and physiologically based pharmacokinetic models are discussed in Chapters 13 and
14, respectively.

COMPARTMENTAL MODELS

Classical pharmacokinetic modeling involves the representation of the subject’s body
as a collection of compartments.'->* Drug concentrations within each compartment
are considered to be in rapid equilibrium. That is, they are not necessarily equal
concentrations throughout the compartment but are in rapid equilibrium. Rapid is
defined empirically. Compartments are defined empirically. Rapid means that the
data collected do not support more compartments. The investigator starts with the
minimum number of compartments for the entities studied and the route of admin-
istration. Additional compartments are included only if the data suggest that they
are necessary.
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Drug
in Body

FIGURE 12.1 A one-compartment model with first-order elimination after an IV bolus dose.

From a pharmacokinetic point of view, the simplest route of administration
is the intravenous (IV) bolus dose. Thus, the simplest compartmental model is
the one-compartment model with IV bolus administration and first-order elim-
ination of the drug (Figure 12.1). This model includes an apparent volume of
distribution, V. This volume parameter is used to relate the amount of drug in
the body with the concentration measured in plasma, serum, or blood (Equation
12.1). As mentioned above, the one-compartment model does not require that
the concentration throughout the compartment be the same but that there is an
equilibration between the concentrations throughout the body. Therefore, the
volume of distribution is not a physical volume and may be many times larger
than the size of the subject in cases where the drug is extensively distributed
outside the blood.

_ Amount of drug in the body _ X
Concentration of drug C

Vv (12.1)

When elimination follows first-order kinetics, this model can be represented by the
differential equation, Equation 12.2.

%? — _ky % C with the initial condition C, = ‘9/ (12.2)

Using Laplace transforms or other mathematical techniques, Equation 12.2 can
be integrated to give Equation 12.3.

D —k Xt
C==<xe *

v (12.3)

This approach can be expanded to include other routes of administration such
as IV infusion (of duration 7) and extravascular administrations such as oral, intra-
muscular, subcutaneous, or topical. Schemes and equations for these models are
shown in Table 12.1. The integrated equations in Table 12.1 can be used to calculate
drug concentrations after a single IV bolus, IV infusion, or oral dose as shown in
Figures 12.2 through 12.4.
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FIGURE 12.2 Linear plot of C vs. time after an IV bolus dose.

DATA ANALYSIS AFTER A SINGLE DOSE — ONE COMPARTMENT

Data collected after a single dose can be analyzed using the equations in Table
12.1. Since these equations involve exponential functions, a logarithmic transfor-
mation will produce a straight line. The slope will provide information about the
value of the rate constants, and the intercept will provide information about the
apparent volume of distribution. This can be illustrated readily with data collected
after a single IV bolus dose. Taking the natural log of both sides of Equation 12.3
produces Equation 12.4.

InC = lnl‘—/) kXt (12.4)

1 /N

S
E / \
54 A
©
I3
(8] \
c 2

0

0 2 4 6 8 10 12

Time (h)

FIGURE 12.3 Linear plot of C vs. time after an IV infusion.
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FIGURE 12.4 Linear plot of C vs. time after an oral dose.

Thus, plotting In C vs. time on linear graph paper or C vs. time on semilog
graph paper should produce a straight line, as shown in Figure 12.5. The slope
provides a value for k, (Equation 12.5) and the intercept provides a value for D/V.
With D known, V can be calculated by Equation 12.6.

InC,-InC
ky= ————=2 (12.5)
=1
D
V== 12.6
o (12.6)
100: |
25.3 mg/l
g 10_\-\.\
3 ] \ » ﬁ
é \ “Residual’
o
E
g 1. :\
o ] \
o [ ]
ke|=[In 25.3-In 0.64]/ 12= 0.306 h-1 0.64 g/
V= D/CO=250/25.3=9.88 |
X 1 AN [ S N N —
0 2 4 6 8 10 12

Time (h)

FIGURE 12.5 Semilog plot of C vs. time after a 250-mg IV bolus.
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Analysis of data collected following a single IV infusion can be analyzed in a similar
fashion. Thus, a semilog plot of the postinfusion data should fall close to a straight
line. A value for k, can be determined using Equation 12.5. The calculation of V is
similar. However, the data collected after oral (or other extravascular) administration
involve more than one exponential term. When these exponential terms are suffi-
ciently different in value, the method of residuals or a curve stripping method can
be used to analyze the data. This method is derived from the equation for C vs. time

shown in Table 12.1. At later times, assuming k, is greater than k,, the k, term
becomes close to zero and disappears.
kg X1 FXxDxk,
Clater = AXe : N where A = m (127)

Plotting later C values vs. time on semilog graph paper should produce a
straight line from which k_ can be determined. Combining the original equation
with Equation 12.7, the difference between the early C values and C,,., values can
be determined.

k kg Xt

. kg Xt —kg, —k,xt
Residual = Cpo—C = Axe '~ axe™ Zaxe™ | = Axe

—k

" (12.8)

From Equation 12.8 a plot of C,,,, — C vs. time on semilog graph paper provides an
estimate of k,, the absorption rate constant. The technique of curve stripping or
method of residuals can be applied to equations involving multiple exponential terms
when they differ by at least fivefold.

These data may also be analyzed by nonlinear regression using a computer program
such as Boomer (http://www.boomer.org/), SAAM II (http://www.saam.com/), or Win-
NONLIN (http://www.pharsight.com/tools/wnl/index.htm). (Information about other
pharmacokinetic software can be found at http://www.boomer.org/pkin/soft.html.)
These programs are designed to adjust the parameter values until the sum of the
weighted square of the residual or difference between the observed and calculated
points (WSS) is minimized as shown in the example in Figure 12.5. The advantage
of these programs is that the model may be expressed as integrated or differential
equations. Multiple lines such as plasma and urine data sets may be fitted simulta-
neously. The lines are not required to be linear; therefore transformation of the data
is not necessary. Also, the data may be weighted to include information about the
statistical error in each data point. Nonlinear regression analysis also provides more
information in the form of final parameter values and their variability, statistical
measures of goodness-of-fit, and plots such as weighted residual plots.

MuLTipLE DOSE ADMINISTRATION

Compartmental models can be used to simulate or to analyze multiple dose data.
When uniform doses are given at uniform dosing intervals, 7, the concentration after
the fourth IV bolus dose can be calculated using Equation 12.9.
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C = ((DX —kele+D)X —ke]xT+D)x —kele+D
-\ v)"¢ V)< %

or

D BxkyxT D 2xkyxT D —kgxt D
=X + =X + =X += 12.
70 vl v % (12.9)

C

Equation 12.9 is the sum of a geometric series and can be simplified to Equation
12.10.

—nXkyxT
C = ‘g{%}ek ’ (12.10)
l—e el

Equation 12.10 provides the concentration at time ¢ after the nth IV bolus dose.
Similar equations can be derived for multiple, uniform I'V infusions or extravascular
doses given at uniform dosing intervals. When the regimen includes different doses
and/or dosing intervals, another approach is necessary. If the disposition processes,
distribution, excretion, and metabolism are first order, then, from using the super-
position principle, the concentrations from each dose can be added together to give
the total concentration from the drug regimen. For example, the concentration at 24
h after a 200-mg dose at 0 hours, 100 mg at 6 h , and 300 mg at 18 h can be given
by Equation 12.11.

200 o> 100 kexte 300 HKaxe (12.11)

Data collected after multiple dose administration can also be analyzed by
nonlinear regression if the data are collected at appropriate times. One or two sample
points during each dosing interval can be combined and fit simultaneously as long
as the dosing and sampling regimen are accurately recorded.

MULTICOMPARTMENT MODELS

Earlier in this chapter it was mentioned that the one-compartment model is useful
if there is a rapid equilibration between drug concentrations throughout the body.
For a number of drugs this is a valid assumption and the one-compartment model
can be quite useful. However, for other drugs there are significant observed deviations
from this simple model. Drugs given by rapid IV bolus or infusion exhibit concen-
tration—time curves that deviate from a straight line when plotted on semilog graph
paper. A “distribution phase” is present in the early data as shown in Figure 12.6.
Actually, distribution and elimination are occurring throughout the concentration vs.
time profile. It is the slower distribution with these drugs that requires the use of
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FIGURE 12.6 Semilog plot of C vs. time after an IV bolus dose.

Drug in
Compartment 2

Drug in
Compartment 1

FIGURE 12.7 A two-compartment model in which X, and X, represent compartments 1 and
2, V represents the volume of compartment 1 with k,, and k,, representing the first-order rate
constants entering and leaving the respective compartments, and k, representing elimination
out of the body.

multiple-compartment models. In this case, a second compartment can be included
in the scheme as shown in Figure 12.7.

This model can be described mathematically with the differential equation,
Equation 12.12.

VxdC
dt

= —(kg+kp) XX +ky XX, (12.12)

Equation 12.12 can be integrated to give Equation 12.13.
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C=Axe™™ +Bxe™ (12.13)
where
- ™
and
o+ B =ky+kpy+ ky
o X B =k, xky
or

_katkptky ”\/(kel+k12+k21)2_4><ke1><k21

a, B 3

(12.14)

Equations for drug concentrations after IV infusion or extravascular single or
multiple doses can be derived in a similar fashion. That is, design the model, write
the differential equations, and integrate the equations to give useful, working equa-
tions. With known values for the model parameters, concentrations after any regimen
can be calculated. Analysis of experimental data can be performed to estimate values
of these parameters using graphical and nonlinear regression methods. Curve strip-
ping or the method of residuals can be applied to data such as that shown in
Figure 12.6. Nonlinear regression analysis can be performed to provide more objec-
tive estimates of the parameter values.

SELECTION OF THE BEST MODEL

It is important to recognize that the number of compartments used to represent the
drug in the body is determined empirically and in accordance with the principle that
simpler is better. Thus, a one-compartment model will be used unless the data can
be shown to “require” a more complex model such as a two-compartment model.
In practice, there are both subjective and objective criteria for choosing the “best”
model. Subjective criteria include looking at the observed and calculated data,
weighted residual deviation plots, and variability in the estimated parameter values.
The observed and calculated concentration—time curve should be examined to see
if there are apparent deviations between the two curves. Systematic deviations
between these two curves would suggest another model should be considered. Plots
of the weighted residual deviations vs. time or vs. concentration are very useful. A
U shape or the appearance of a line through this plot is strong evidence that the
model should be expanded. All the nonlinear regression programs will provide
estimates of the uncertainty in the values of the parameters. These estimates include
standard deviations, coefficients of variation, and confidence intervals.
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When the uncertainty in the parameter values becomes too large, the analyst
should consider reducing the model. The correlation matrix between parameters can
be useful in selecting the parameters that can be removed to make the model smaller.
There are statistical criteria that can be used to select the better model. These include
the Akaike Information Criterion (AIC) value and the F-test. The AIC value is
calculated using the WSS, the number of parameters in the model, and the number
of data points. The model with the lower AIC values is usually selected as the better
model. The statistical F-test involves the calculation of an F value from the WSS
and degrees of freedom from two analyses. The calculated F value is compared with
the tabled values and a decision can be made whether the more complex model
provides a significant improvement in the fit to the data. The analyst using a com-
bination of subjective and objective criteria can make an educated decision about
the best model.

PARALLEL ELIMINATION PATHWAYS

The compartmental model approach can be used to include multiple elimination
pathways. For example, unchanged drug excretion and drug metabolism can be
accommodated with the addition of suitable components to the model. The diagram
shown in Figure 12.8 includes three elimination pathways, excretion of unchanged
drug, and two metabolism pathways. If these are the only routes of excretion the
overall elimination can be determined from Equation 12.15.

k

0=k, + ky + kp (12.15)

Thus, estimates of k, can be determined from a plot of concentration vs. time
on a semilog plot or by nonlinear regression. With information about drug in urine
and metabolite 1 in urine, and thus the fraction excreted unchanged or as a metabolite,
it is possible to determine k,, k,,,, and k,,,. The rate of excretion of unchanged drug
can be described using Equation 12.16. This equation can be integrated to give
Equation 12.17, which describes the cumulative amount excreted into urine vs. time

Drug . Drug
in Body in Urine

Metabolite
in Body

Metabolite 1
in Urine

FIGURE 12.8 A one-compartment model illustrating parallel elimination. The subscript e
represents elimination of drug, whereas m1 and m2 represent metabolites 1 and 2, respectively,
with mu representing excretion of metabolite from the body into urine.
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and can be used with nonlinear regression analysis of urine data. Straight-line
equations, more suitable for graphical analysis, can also be derived. These include
rate of excretion (Equation 12.18) and amount remaining to be excreted (ARE,
Equation 12.19).

dU
U _ kxCxvV 12.16
-k, (12.16)
k,x D .
U =22 o™ (12.17)
kel
v _ k,xCxXV = kexl—)xefk“wxv = k,xDxe &
dt \%
lnil—lt] = In(k, x D) —ky X 1 (12.18)

ko xt

ARE = U”-U = U’ xe *
In[ARE] = In[U"-U] = nU" =k, x 1t (12.19)

NONLINEAR COMPARTMENTAL MODELS

Compartmental models are not confined to linear systems. It is relatively easy to
include nonlinear processes such as saturable metabolism or protein binding. For
example, for some drugs one or more metabolism processes may follow Michae-
lis—Menten kinetics, shown in Equation 12.20. Elimination is described in Equation
12.20 with a nonlinear metabolism process with the parameters V,, (maximum veloc-
ity) and K,, (Michaelis constant).

dc V.xC
iy (12.20)

At high concentrations the denominator K,, + C approaches C and Equation
12.20 becomes zero order with dC/dt = —V,,. This can be seen in Figure 12.9. After
the high, 400 mg, dose the concentration follows along a straight line at earlier
times. In Figure 12.10 the high dose data fall below the straight line drawn at lower
concentrations. At concentrations much lower than K, the denominator K,, + C
approaches K,, and Equation 12.20 becomes a first-order equation with k¥’ =V, /K .
This can be seen in Figures 12.9 and 12.10. On the linear plot the low-dose data
follow an exponential decline, which is a straight line on the semilog plot indicating
a first-order process. Nonlinear compartmental models lead to more complex data
analysis and dosage regimen calculations. However, the compartmental approach
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FIGURE 12.9 Linear plot of C vs. time (MM elimination).
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FIGURE 12.10 Semilog plot of C vs. time (MM elimination).

allows these calculations to be made with good data or accurate estimates of the
parameter values.

Another example of nonlinear elimination is the case of saturable protein
binding. For some drugs, present at higher concentrations, the available binding
sites on plasma protein may be saturated. Thus, at high concentrations the
fraction free may be higher than at lower concentrations. This can lead to faster
elimination at higher concentrations when renal elimination by filtration is a
major route of elimination. This is shown in Figure 12.11 with more rapid
elimination at higher concentrations and slower, linear elimination at lower
concentrations. This phenomenon can be analyzed using compartmental models
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FIGURE 12.11 Semilog plot of C vs. time (saturable binding).

by modifying the elimination process as shown in Equation 12.21, an example
with one saturable binding site.

dc
TJTT = —ky X C; (12.21)
where
o - (K,X Cr=1-K,xP)+ J(K,x Cr— 1 =K, x P)* + 4K, x C;
L=

2xK,

In Equation 12.21, C; is the free drug concentration, K, is the drug-protein
association constant, C; is the total drug concentration, and P is the total protein
concentration.

CONCLUSION

Although compartmental analysis of pharmacokinetic data is empirically based,
it can be a powerful method for determining an appropriate dosage regimen, for
data analysis and for the investigation of drug disposition processes. Compart-
mental analysis provides a middle ground between noncompartmental analysis
and physiologically based pharmacokinetic analysis. Although the analyses are
more involved than noncompartmental analysis, the compartmental models devel-
oped can be useful in extrapolating dosage regimen calculations and in the
investigation of mechanisms of drug absorption and disposition. In Chapters 13
through 16 these methods will be extended to hybrid models and the modeling
of population data.
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INTRODUCTION

Large amounts of research data are often collected, and it is desirable to summarize
this information in a meaningful way to explain or understand these data. Mathe-
matical equations are fit to concentration vs. time and/or effect data in an attempt
to impart some order to the observations. This modeling is used to describe past
behavior. However, an additional very important benefit of modeling data is for
prediction of future behavior of the human—drug system interaction. Information
from the current data can be extrapolated to other situations by simulating the
processes that have been modeled.
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APPROACHES TO MODELING
PHARMACOKINETIC DATA

There are three basic approaches to modeling pharmacokinetic data: traditional
compartmental models!? (or classical modeling described in Chapters 1 and 12),
noncompartmental models3-7 (examined in this chapter), and physiologically based
models.? To understand when to use noncompartmental modeling, it is necessary
to know the assumptions of each approach and the desired objective of the phar-
macokinetic study.

TrADITIONAL COMPARTMENTAL MODELS

Compartments are chosen to represent the body based partially on an empirical
or a physiological basis. The number of compartments is determined from the
data. Usually a number of models are fit to the data to determine an optimum
number of compartments. The route of administration also determines the struc-
ture. The model must specify transfer between compartments, including the
direction of transfer and the order of transfer (first order, zero order, etc.). If
every compartment is connected to a central compartment, then it is referred to
as a mammalian model.® Structures can be kept very simple (one-compartment
instantaneous input), or can be made very complex, such as multicompartment,
dual input, or elimination from multiple compartments. A simple model is illus-
trated in Figure 13.1.

There are a number of assumptions with each approach. The assumptions, and
their justifications, for classical pharmacokinetic modeling include:

» Barriers exist between compartments.

» Transfer occurs in a certain direction.

* Transfer occurs at a certain order (e.g., zero order or first order).
* Compartment characteristics

» It is group of tissues.

* The drug is homogeneously distributed (In C vs. ¢ has the same slope for
each tissue), which does not mean that each tissue has the same concen-
tration, but that the rate of elimination from each tissue is the same.

* Drug is instantaneously distributed.

* Therefore, the compartment is “well-stirred.”

* Drug
* Elimination is only from the central compartment.
* There is no irreversible tissue binding.

NONCOMPARTMENTAL MODELING

This approach has been incorrectly described as structureless pharmacokinetics, or
model-independent pharmacokinetics. These references to noncompartmental mod-
eling really are misnomers. This approach is not “model-less”; instead, it uses a
simpler, more general model. Another term used to describe this process is nonpara-
metric pharmacokinetics because a structure with compartments and corresponding
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FIGURE 13.1 Classical pharmacokinetic modeling of a two-compartment open model. The
symbols C and P represent the central and peripheral compartments, whereas K represents
the first-order transfer constants between compartments. The subscripts, a and e, represent
absorption and elimination, whereas 12 and 21 represent transfer of drug between compart-
ments 1 and 2 (central to peripheral) or 2 and 1 (peripheral to central).

parameters is not modeled, but instead the response is modeled. The process is based
upon a linear systems approach to model the data and this is discussed in more detail
in Chapter 16. The simplified model, illustrated in Figure 13.2, assumes the drug is
input to a sampling compartment. Some drug irreversibly leaves the sampling com-
partment and leaves the system (body), whereas additional drug leaves the sampling
compartment and goes to the peripheral compartment where it irreversibly leaves
the body. For most drugs this is negligible. However, for inhalation anesthetics and
drugs with high biliary excretion this is not the case. Some of the drug leaves the
sampling compartment and later returns to the sampling compartment after passing
through the peripheral system.

The drug is distributed through stochastic (random) processes — convection
(drug carried through the blood) and diffusion (through various membranes and
tissues). There are two main assumptions inherent to this approach.

Linear Kinetic System

Peripheral
Kinetic
Space

C tral y
Central Generalized
Elimination

f@
Input

Space

c()*h()

Distribution

FIGURE 13.2 Noncompartmental modeling.
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Superposition

This assumption states that if one input is given followed by a certain response and
another input is given and another response is obtained, then under the circumstances
when both inputs are given together, the response becomes the sum of the individual
responses. For example, if an IV dose and an oral dose were given and the response
to each was known, then when both are given simultaneously, the response would
be the sum of the two separate responses. This is the principle that is used to
determine the response following multiple doses.

Time Invariance

This assumption is that if a certain dose is given, and a certain response obtained,
then if that dose is given at any other time, the same response should be observed.
For most drugs this is true, but there are some drugs that have time-dependent
pharmacokinetics and do not obey this assumption. In these situations, a dose given
in the morning may not produce the same result as when it is given at night. Also
it is possible that the elimination rate will change if hepatic elimination becomes
saturated. Time invariance assumes that a dose given now should have the same
response any time later.

PHysioLOGICALLY BASED MODELS

For these models, compartments are chosen to represent physiological compart-
ments of the body. Figure 13.3 is an oversimplification of this approach. All
physiological compartments should be included in the model. For convenience,
just three physiological compartments are illustrated, but there are many more:
gastrointestinal tract, lungs, central nervous system, muscles, bone, etc. Many of
the same assumptions for the compartments of the traditional models apply here
as well. In addition, blood flow must be known or estimated through each
compartment. The amount of drug entering and leaving the compartment should
be determined.

* Each organ system forms a separate compartment.
* Drug is homogeneously distributed (In C vs. 1).
* Drug is instantaneously distributed.

Heart

FIGURE 13.3 Simplified physiologically based modeling.
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* Therefore, the compartment is “well-stirred” and the concentration of
the drug leaving an organ is in equilibrium with the concentration of
the drug in the organ. Thus, an equilibrium constant or partition coef-
ficient can be determined from the concentration of the drug in the
tissue compared to the concentration in the blood.

 Barriers between compartments (physiological systems):

» Transfer is dependent on the rate of blood flow through the physiolog-
ical compartment.

* Each compartment has a characteristic clearance rate.

* Therefore, it is necessary to know or determine the rate of blood flow
in each organ or tissue system in the model.

* Drug

* Elimination is only from certain compartments that are specified in the
model, for example, the liver and kidneys.

» There is no irreversible binding of the drug to the tissue.

CHoICE oF MODEL

The choice of which approach to use to model pharmacokinetic data depends pri-
marily on what the study objectives were. However, knowing the assumptions of
each modeling approach, the answer to the following questions could also influence
the selection of approach.

1. What was done experimentally?
2. What data have been obtained?
3. Can the assumptions of the model be validated from these data?

STUDY OBJECTIVES

There are four main study objectives for analysis of pharmacokinetic data: (1) to
summarize the kinetics of the drug (descriptive pharmacokinetics), (2) to quantify
one or more kinetic processes of the drug, (3) to explain the pharmacokinetics, or
(4) to make pharmacokinetic predictions. The objective of the study will determine
which of the three modeling approaches to use. The advantages and disadvantages
of each approach are discussed to see how they would fit with these objectives.

TRADITIONAL COMPARTMENTAL MODELS

Generally, these models are simple to deal with conceptually, mechanistically, and
mathematically. Equations describing very complex models can be derived in a
routine manner using simple “cookbook procedures.”!® One of the difficulties with
this approach is to assign structural relevance to the model and the resulting param-
eters of the model. There is little physiological or anatomical relevance of the
compartments. The parameters determined mathematically account for the net effect
of the drug distribution, but do little to address the specific structure of the kinetic
process. In addition, many of the assumptions are very difficult to verify.!' This
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approach can be used to develop descriptive pharmacokinetics for a drug. However,
it is not meaningful to summarize in terms of structure-specific parameters that do
not have physiological or anatomical significance. Parameters that are not structure
specific (T, Chax AUC, etc.) can be calculated from the fitted model-specific
equations. In spite of that, such parameters are more readily obtained by the use of
suitable empiric equations in a noncompartmental approach.

A study objective to quantify a pharmacokinetic process or to explain the phar-
macokinetics can be accomplished with this approach. However, because the relevant
assumptions or the lack of a relevant structure are difficult to verify, these objectives
become impractical with this approach. For example, when trying to elucidate
hepatic clearance, the classical modeling approach would not be the best choice.

Pharmacokinetic predictions can be easily and more accurately done using the
model-independent approach when the structure of the model is not important.
However, often a classical modeling approach can be used when model limitations
(verifying assumptions, etc.) are met. For example, for gentamicin and vancomycin
dosing, a peak and a trough are often measured. For simplicity and clinical
practicality, it is assumed that over that sampling interval the drug is eliminated
by one-compartment pharmacokinetic behavior. The elimination rate and volume
of distribution are calculated for those two levels and are used to make dosing
adjustments.'> However, if adjusting the dose of a cancer chemotherapeutic agent
could be accomplished with the use of the area under the curve, then using a more
general model-independent approach with fewer verifiable assumptions would be
more appropriate. '3

NONCOMPARTMENTAL MODELING

Utilization of this simplified modeling technique allows problems to be approached
in a more general way. This means there are fewer assumptions that usually can be
verified easily with a well-designed study. It is also possible to focus on a specific
kinetic process (e.g., absorption, distribution, or elimination). When a problem can
be approached in a more general way, then stronger predictions about future events
can be made. Because this approach attempts to model the response rather than the
structure of the process, it does little to explain why the drug exhibits a certain
kinetic profile. The mathematical approaches used are slightly different and conse-
quently there are no “cookbook” solutions to problems.®!#1¢ The mathematical and
computational approaches are not contained in concise packaged software programs
that address all the potential concerns. The total effects of individual kinetic pro-
cesses are lumped together in functions, such as the unit impulse or characteristic
response, the distribution function, and the elimination function. As a result, the
individual kinetic processes are not described.

If the study objective is to summarize kinetics, quantify a pharmacokinetic
process, or make pharmacokinetic predictions, this approach can be useful because
of the more general nature of the approach and the fewer, more readily verifiable
assumptions. If the study objective is to explain the pharmacokinetics, then this
approach is not very useful. The lumping together of the various kinetic processes
does not make it convenient to understand the overall mechanism of the kinetics of
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the compound studied. Compared to the more structured classical modeling
approaches, the degree of complexity and structural differentiation in this approach
tends to be a more realistic balance with the quality and quantity of the data typically
obtained in pharmacokinetic studies.

PHYsIoLOGICALLY BASED MODELS

Physiological models overcome some of the limitations of the traditional compart-
mental models.® Because blood flow, distribution, and elimination from individual
organs and tissue groups are included, the model is more realistic and meaningful.
Consequently, the theoretical basis for quantifying and predicting the pharmacoki-
netic effects is improved. The compartments as well as the model parameters that
are determined, such as blood flow, elimination rate, and partitioning coefficients,
have a physiological or anatomical meaning. However, it is very difficult to determine
many of the physiological or anatomical parameters. The models tend to be overly
ambitious or complex and rarely are sufficient data collected. More than urine and
blood data is required. It is necessary to know tissue concentrations and it is
necessary to know organ blood flow rates.

Because of the complexity of this approach, many parameters and assumptions
cannot be verified. As a result, if the study objective is to summarize kinetics,
quantify a pharmacokinetic process, or determine pharmacokinetic predictions,
this approach is not very useful. However, it is the most useful approach to explain
the pharmacokinetics of a compound. Typically, massive sample collection is
required and many validation experiments need to be done. As a result, its main
application is in the drug discovery process to identify the kinetics and action of
a new compound.

The choice of modeling should be dictated primarily by the objective of the
study. Sometimes what was actually determined experimentally, as well as what data
have been obtained, can influence the choice of modeling approach. Also, if certain
assumptions of the model cannot be validated, this may influence the choice of
modeling approach. It is important to plan studies appropriately so that the correct
data are collected and the appropriate assumptions can be verified.

NONCOMPARTMENTAL MODELING ANALYSIS

This approach is frequently utilized for descriptive pharmacokinetics, to quantify a
certain pharmacokinetic process, or to make predictions. The more general nature
of this approach and the fewer, more readily verifiable assumptions make it very
useful. Drug distribution generally occurs by two stochastic (random) processes:

1. Convection — as the drug is carried through the blood or other fluid with
the current
2. Diffusion — as the drug moves through various tissues and membranes!'’

Drug distribution would be nonstochastic if competitive interaction with endogenous
substances occurs, or if there is physiological feedback, or if there are biochemical
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changes. The two assumptions that must be verified for this approach are superpo-
sition and time invariance.

Input Response
Superposition
If: Ji0) —> a(®
And: JA0) — > e0)
Then: [+ f(0)  —— () + (D)
In general: i B . DI
Time Invariance
If: fH —) 20
Then: fit=T) B . c(t-T)

An experiment can be designed to verify the assumption of superposition by
giving each subject at least two different doses. The time invariance assumption is
validated by giving the same dose at two different times, for example, now and again
in the evening, assuming preliminary studies indicate there is a sufficient washout
of the drug in that time frame. This would help to verify diurnal changes pertaining
to the rate of elimination. The same dose could also be given now and again after
a significant washout period. Phase I study results should give an approximate idea
of elimination half-life so that a washout of at least five half-lives can be designed
into the study.

This noncompartmental approach seeks to model the response, not a model
structure, so a curve-fitting program is used to fit the data to an appropriate response
model. The simplified structure in Figure 13.2 has input occurring into a sampling
compartment, with all other activity lumped together in the peripheral system. There
is no attempt to describe or ascribe what is happening to the drug outside the
sampling compartment. The model for this is shown in the following equation:

c(r) = f(1) * cs(1) (13.1)

where c(?) is the concentration response function, which is the result of a mathe-
matical convolution of two functions, an input function f(r) and a function that is
characteristic of the sampling compartment, c;(f). This latter function is known as
the characteristic response or the unit-impulse response. The input function f(f) is
not the rate of the release of the drug, but is a composite of at least two processes:

1. Rate of release of the drug
2. The extent of degradation and biotransformation before the drug reaches
the sampling compartment

Chapter 16, detailing linear systems analysis, demonstrates the potential for
utilizing the characteristic response and the input function to analyze thoroughly the
distribution characteristics of the drug.
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Pharmacokinetic data that have been collected can be analyzed by fitting the
data to a sum of exponentials. A curve-fitting program is used to find the optimal
number of exponentials, and the response will be of the form:

i =Y ce™ (13.2)

i=1

The pre-exponential terms, C,, and the exponential terms, A, are used in the non-
compartmental analysis to calculate a number of descriptive pharmacokinetic terms
that describe the disposition of the drug. Each exponential term has a half-life
associated with it.

In2
t,, = ;_ (13.3)

1

When the drug response is polyexponential, with elimination only from the
central compartment, it is possible to calculate area under the curve (AUC) and the
area under the moment curve (AUMC) as follows!8:

oo

AUC = jc(r)dt =Y C/M (13.4)

0 i=1
AUMC = jtc(t)dt = Z“C,-/k,.2 (13.5)
0 i=1
And the initial concentration (C,) is
C, = z C, (13.6)
i=1
These terms are used to compute the model-independent pharmacokinetic descriptors

that follow. Total body clearance, Cl, which is the rate of drug transfer out of the
body, is defined as:

Cl == (13.7)

In addition, several peripheral bioavailability terms can be calculated to describe the
extent to which the drug is distributed out of the sampling compartment.



292 Pharmacokinetics in Drug Discovery and Development

PERIPHERAL BIOAVAILABILITIES

V. volume of distribution of the sampling compartment

Vi volume of distribution at steady state

Fuyc or AUC peripheral bioavailability is the ratio of the amount of drug
RTPC,, at steady state in the peripheral system to the amount in the

sampling compartment; this is also referred to as the residence
time partition coefficient

FD
v, = 2 13.8
<= T (13.8)
v, = LD AUMC (13.9)
AUC
RTPC,,, = Faye = %i*—l = t;f (13.10)

With the noncompartmental model, there are two kinetic spaces of interest, the
sampling or central kinetic space and the peripheral kinetic space. The average length
of time that all drug molecules spend in a specific kinetic space is the mean residence
time of that kinetic space.

MEeAN TIME PARAMETERS

t,(MRT,) mean residence time for the drug in the body — the average total
length of time that all molecules spend in the body

t,(MRT,) mean residence time for the drug in the sampling compartment
— the average total length of time that all molecules spend in the
sampling compartment before being eliminated from the body

t,(MRT,) mean residence time for the drug in the peripheral system — the
average total length of time that all molecules spend in the periph-
eral kinetic space

The mean times of these kinetic spaces can be calculated as follows when the drug
is input into the central kinetic space and the drug leaving the system (body) from
the peripheral kinetic space is negligible.

N c/A
MRT, = 7, = 2UMC _ - (13.11)

AUC "
Y G/

i=1
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MRT, = 7, = AUC (13.12)
C,
MRT, = i, = 7,1, (13.13)

Please note that the clearance term and the volume of distribution terms include the
dose. If the drug is given by an extravascular route and no intravenous dose is given,
the bioavailable fraction of the dose, F, will not be known. Consequently, the
resulting calculations from Equations 13.7 through 13.9 determine ClI /F, V_/F, and
V., /F, for which F is not known. Half-lives, mean time parameters, and the residence
time partition coefficient are bioavailability independent.

Some pharmacokinetic software packages perform noncompartmental analysis
without fitting the entire response curve. These programs compute the elimination
rate constant (A) for the terminal elimination phase of the data, and then use a
trapezoidal rule with this elimination rate constant to compute AUC and AUMC.
With these terms, the total body clearance, the steady-state volume of distribution,
and the mean residence time in the body can be calculated. Without C,, it is not
possible to calculate the volume of distribution of the central compartment or the
mean residence time of the sampling compartment. The latter term is therefore
critical in accurately determining these parameter values and depends on an unbiased
and close fit of the data to Equations 13.2 and 13.6.

The descriptive pharmacokinetic terms illustrated above only begin to touch the
surface of the analysis that can be done. When the rate of change of the response
function is evaluated, the derivative of C(f), then other clearance terms, peripheral
bioavailabilities, and mean time parameters can be computed. These will be exam-
ined in Chapter 16 describing linear systems analysis. In addition, it is possible to
use intravenous results and extravascular results to deconvolve the input function
from the characteristic response function to assess various mean time parameters
that examine the arrival of the drug into the sampling compartment.
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INTRODUCTION

Pharmacokinetics is the study of drug transport, drug distribution, and drug elimi-
nation in biological systems. Its roots are in the area of chemical kinetics, which
utilize differential equations to describe chemical reactions, typically on a timescale.
As depicted in this section, Research Applications, of this text, there are a handful
of data analysis and pharmacokinetic modeling approaches that might be applied to
any given data set to generate characteristic pharmacokinetic parameters. Physio-
logically based pharmacokinetic (PB/PK) modeling might be considered a unique
approach because it has a singular focus of investigating drug disposition in tissues.

The origins of PB/PK models may be traced to Teorell,"? Bellman,? Bischoff
and Brown,* and Dedrick and Bischoff.> The combined investigations of these
individuals established the idea of characterizing drug distribution to specific
organs in terms of relevant anatomical and physiological variables. In contrast
to classical compartmental modeling, tissue compartments represent specific
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anatomical volumes connected by the blood circulation. Drug uptake into organs
is a function of both thermodynamic (i.e., tissue-to-blood partition coefficients,
drug protein binding) and membrane transport (i.e., mass transfer coefficient)
properties, rather than simple first-order transfer rate constants as used in com-
partmental models. The PB/PK model parameters are cast into differential mass
balance equations that are solved numerically to provide predicted drug concen-
trations for each organ and compartment.

Individual organs usually have either a blood flow—limited or membrane-limited
model structure (Figure 14.1). How any organ is represented depends on the drug
and animal that the model depicts. There are three distinct anatomical regions of
any organ: vascular, interstitial, and intracellular spaces. The organ structure in a
PB/PK model could vary from a single compartment to a three-subcompartment
structure depending on the extent of lumping (see Figure 14.1). Any compartment,
whether it is a subcompartment or the whole-tissue compartment, is assumed to be
a well-mixed homogeneous space yielding a single drug concentration.

1 <
e ! 0:,C
—i i Vascular C,‘1 5 Vi1 —
12
A
Interstitial C,'2 , Viz
+ ni23
Intracellular C,‘S s Vi3
1
0,C; 2%
l Cl b ‘/l
* nllz
v 2 2
Ci Vi
C;
& PR
. i C
i Ci, Vi 2ioCe

FIGURE 14.1 Individual organ representations for a three-subcompartment (A), two-sub-
compartment (B), or typical membrane-linked and blood flow—limited (C) PB/PK model. See
text for definition of symbols.
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A single-compartment tissue structure is referred to as blood flow limited
because it assumes blood flow is the rate-limiting step to drug uptake into the
tissue. In essence, the vascular barrier presents little resistance to drug uptake and
only the rate of blood flow influences tissue drug concentrations. Highly lipophilic
drugs and organs of low blood flow would more likely contribute to blood
flow—limited organ models.

A membrane-limited organ structure normally is comprised of two homogeneous
subcompartments, either an extracellular—intracellular configuration or a vas-
cular—extravascular configuration. In either case, drug transport is rate limited by
membrane transport rather than by blood flow to the tissue. A vascular—extravascular
arrangement is useful for representing blood-brain barrier transport, whereas extra-
cellular—intracellular arrangements are typical for tissues other than brain. In an
extracellular—intracellular organ representation, vascular and interstitial spaces form
the extracellular compartment, and thus it is assumed that drug is instantaneously
equilibrated between the vascular and interstitial spaces. Vascular—extravascular
arrangements lump intracellular and interstitial spaces into a single homogeneous
compartment based on the assumption there is no concentration gradient between
these milieus. Three-subcompartment organ structures, depicting vascular, intersti-
tial, and intracellular compartments, have also been presented in the PB/PK model
format.® The level of organ complexity will depend on the number of discrete tissue
spaces that can be identified along with the associated drug transport parameters.
Division of an intracellular compartment into subcompartments representing differ-
ent cell types, one possibly serving as a receptor binding site for the drug, is possible
in the PB/PK modeling approach. Alternatively, the intracellular compartment could
describe free and receptor-bound drug concentrations. Figure 14.2 illustrates some
potential organ representations in PB/PK models.

Representation of the whole body by individual organs connected anatomically
through the blood circulation is referred to as a “global” PB/PK model. A “hybrid”
PB/PK model focuses on a single organ or small group of organs. The organ
models are analogous to those found in a global model; yet, the blood concentration
of drug entering the compartment is described by an exponential equation or
forcing function. The forcing function is normally attained by fitting a polyexpo-
nential equation to observed plasma drug concentration—time data, justifying the
descriptor hybrid. Advantages of hybrid models are that fewer model parameters
have to be estimated, and comprehensive tissue drug concentration—time data,
somewhat requisite in the global approach, are unnecessary, yet the organ of
interest maintains a physiological representation.

Objectives for development of a PB/PK model can be varied. Historically, the
end point of model development is subjective or graphical agreement between
observed and predicted concentrations, although statistical evaluation of the model
is becoming standard. Acceptance of the model implicitly characterizes drug dispo-
sitions as linear or nonlinear with respect to clearance, membrane transport, and
protein binding. Although this end point is valuable, the models also provide a
springboard to enable PB/PK models to reach their full potential as a predictive tool.
Model predictions can be conducted under numerous conditions with a driving force
to answer “what if ” questions (e.g., “What are target tissue drug concentrations if
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FIGURE 14.2 Possible blood circulation connections in a PB/PK model: (A) venous return
incorporated into lung mass balance quation; (B) separate venous blood compartment. See
text for definition of symbols.

blood flow or protein binding is altered?”). This type of probing question can be
useful in both preclinical and clinical cases that could assist the drug development
process. For example, quantitative structure—pharmacokinetics relationships based
on PB/PK model parameters have been pursued,’® and could expedite the drug design
and discovery processes.

Another application of PB/PK models would be to assess novel drug delivery
systems because of their ability to characterize drug disposition at the tissue or cell
level. Since tissue uptake and cellular interactions of the drug delivery system will
be crucial to successful drug targeting, a PB/PK model capable of characterizing
carrier and drug transport can furnish feedback on the design of the delivery system,
and can be used as a quantitative tool to evaluate the delivery system.

A hallmark of PB/PK models is the ability to scale up animal-based models to
human, thus allowing tissue drug concentrations to be predicted in the absence of
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data that are difficult or impossible to collect. Initial efforts to apply interspecies
extrapolations to anticancer drugs have been extended to chemical risk assessment
based on PB/PK models.® Empirical allometric equations based on animal body
weight have been the mainstay to scale organ weights and blood flow, as well as
macropharmacokinetic variables such as clearance and volume of distribution.!%-!2
Few have endeavored to study scale-up relationships for drug transport and thermo-
dynamic parameters. This can be attributed to the uniqueness of these parameters
for each drug and tissue, and also to the perception, possibly unfounded, that large
quantities of data are required to develop scale-up relationships. Utilization of in
vitro systems from different species to measure metabolic rates, partition coefficients,
and membrane transport parameters could lead to scale-up relationships, and
decrease the number of animal experiments. A shift from global to hybrid PB/PK
models will reduce the magnitude of the scale-up effort, and may lead to new
paradigms for extrapolating from animal to humans. Establishment of optimized in
vivo study protocols across different animal species may also limit the number of
animal studies necessary to develop allometric or scaling relationships. Extrapola-
tions of PB/PK model to humans is an untapped benefit that should provide a basis
for future research.

In summary, PB/PK models should be viewed as a powerful means to represent
drug disposition based on mass transport principles, and should be considered as a
modeling approach when the emphasis is on understanding the pharmacokinetic
properties of the drug in tissues.

FEATURES OF PB/PK MODELS

¢ Mass balance approach to characterize drug disposition

« Utilize differential equations to describe model systems

 Rationale to consider PB/PK approach if focus is on understanding drug
disposition in tissues

e Offer greatest potential to predict drug concentrations under different
physiological and pharmacological conditions

* Can be scaled-up from animals to humans

MATHEMATICAL FORMULATION

Figure 14.1A illustrates a non-eliminating tissue compartment, i, divided into three
anatomically relevant subcompartments, each homogeneous with respect to drug
concentration. The corresponding differential mass balance equations are

Vel = 0.(C,-Ch-nf (14.1)

d
Tdt

12 23

V:ECh = n-n” (14.2)
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d

3 23
" C = n” 14.
1 't 1 nl ( 3)

1%

where C

; = concentration (amount/volume) in compartment 1 of tissue i

QI\J
I

concentration (amount/volume) in compartment 2 of tissue i

C; = concentration (amount/volume) in compartment 3 of tissue i

C, = blood concentration entering tissue i

n;” = net mass flux from compartment 1 to 2, amount/time
n?z = net mass flux from compartment 2 to 3, amount/time
V} = volume of compartment 1 in tissue i
V? = volume of compartment 2 in tissue i
V? = volume of compartment 3 in tissue i

Compartment 1 represents the vascular space of the tissue and can be identified
as a blood, plasma, or serum space. Compartment 2 is the interstitial space and
compartment 3 the intracellular tissue volume. Assuming first-order or linear mem-
brane transport for the drug, the flux terms can be expanded as

2

n’ = hjz[cj_%) (14.4)
R,
2 3

n = h”(%—%] (14.5)
R R;

where h,-12 = mass transfer coefficient (volume/time) characterizing drug transport
from compartment 1 to compartment 2; h?3 = mass transfer coefficient (vol-
ume/time) characterizing drug transport from compartment 2 to compartment 3;
R,! ? = f »]/ f i ; R,~23 =f z/ f f, and f, = the unbound fraction of drug in compartment
1, 2, or 3.

The mass transfer coefficients may also be expressed in units of time™! by multi-
plying by the appropriate compartmental volume term. Irreversible drug elimination
from the tissue requires an expression added to the differential equation representing
the subcompartment in which elimination occurs. For example, hepatic drug elimina-
tion would be described by a linear or nonlinear expression added to the intracellular
liver compartment mass balance equation because this compartment represents the
hepatocytes. Formal drug clearance terms are given below for certain models.

The three-compartment tissue model is ordinarily simplified by lumping either
all three subcompartments, lumping subcompartment 1 and 2, or lumping
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subcompartments 2 and 3. These simplifications result in the blood flow—limited
(i.e., lumping all three subcompartments) and the membrane-limited (i.e., lumping
any two subcompartments) tissue models. Differential mass balance equations for a
non-eliminating membrane-limited compartment are

videl = 0(¢,~chy-n! (14.6)
2d 2 12
= C; = n, 14.
Vl dtCl nl ( 7)

where all terms have the same basic definitions as above. Combining the vascular
and interstitial subcompartments defines subcompartment 1 as the extracellular com-
partment and subcompartment 2 as the intracellular compartment. Lumping inter-
stitial and intracellular subcompartments, as might be done for a brain compartment,
defines compartment 1 as the vascular space and compartment 2 as the extravascular
compartment. Under conditions of linear membrane transport,

1

2
n’ = h}z(C}—%) (14.8)

1

Nonlinear or saturable membrane transport is represented as

n_ aC a(C//R)

n, = - — > (14.9)
b;+C; b;+(C;/R)

where @, = maximum transport rate, amount/time, and b, = drug concentration at
one-half a,, amount/volume.

Membrane transport of drugs by both linear and nonlinear mechanisms is rep-
resented by addition of Equations 14.8 and 14.9.

Drug elimination from a membrane-limited tissue compartment requires sub-
traction of the rate of elimination, ¢,, from the appropriate mass balance equation,
typically from subcompartment 2.

For linear or first-order drug elimination,

q; = kifof (14.10)
and for nonlinear elimination,

V,(C/R)

= el (14.11)
km + (Cl /Rz)
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where k; = first-order elimination rate constant, time™!
V,, = maximum elimination rate, amount/time
k,, = Michaelis constant, equal to the concentration at one-half V,,

Lumping compartments 1, 2, and 3 into a single homogeneous tissue compart-
ment implies the blood flow—limited model. The tissue mass balance equation for a
non-eliminating organ is

d C
Vg€ = Qi(C,,—E) (14.12)

where R, = C,/C,, with C, the effluent venous blood drug concentration.
Drug elimination terms are now

q; = k;V.C; (14.13)

Vm(ci/ Rz)

L= m T 14.14

U= T+ (C/R) (11

for linear and nonlinear elimination, respectively. Equation 14.13 is frequently rep-
resented as

g = =i (14.15)

where Cl! = total intrinsic organ clearance.

A complete or global tissue distribution model consists of individual tissue
compartments connected by the blood circulation. In any global model, individual
tissues may be blood flow limited, membrane limited, or more complicated struc-
tures. Connection of the venous and arterial blood circulations can be done in a
number of ways depending on whether separate venous and arterial blood com-
partments are used, or if right and left heart compartments are separated. The two
most common methods are illustrated in Figure 14.2 for blood flow-limited tissue
compartments. The associated mass balance equations for Figure 14.2A are,

d . Qici Q1C1
—C = Yy =z = 14.1
Vizi© “~'R R (14.16)
d 0,C
Vy7Cy = TleTI_Qbe (14.17)

where 1 and b subscripts refer to lung and arterial blood compartments, and n equals
the number of compartments providing venous return. For Figure 14.2B the equations are
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n

d 0,C;
Zc, = ¥Y=Z_9,.C, 14.1
V.G 2 xR 26 (14.18)
d . _ C,
Vig.Cr = QV(CV—R—I) (14.19)
d 0,C
Vy7.Cy = 3 '-0,C, (14.20)

where the subscript v indicates the venous blood compartment. Whatever represen-
tation is used for the venous-arterial system, balance of blood flow has to be
maintained, thus above

ZQi = 0, (14.21)

i=1

Y0, =0=0, (14.22)

for Figures 14.2A and 14.2B, respectively.

Membrane transport of drugs by passive diffusion, although a function of free
or unbound drug concentrations, is most often expressed in terms of total drug
concentration, as presented in Equations 14.8 and 14.9. Casting these equations in
terms of total drug concentrations requires reparameterization of the flux expressions
using unbound drug concentrations.'* For example, Equation 14.8 is arrived at by

nl = n(c-cl) (14.23)
¢’ = Ccl/R! (14.24)
¢l = C/R} (14.25)

where superscript frefers to the free drug, R,.l =1/f ,', and R,.2 =1/f i . Substituting
Equations 14.24 and 14.25 into 14.23 gives

n' = p¥(Cl/R - CP/RY) (14.26)

Setting h; = h,-lzf/R,-1 and R,-12 R,-Z/R,-1 permits Equation 14.26 to be written as
n> = hy(C; - C;/R}) (14.27)

which is equivalent to Equation 14.4.
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Although drug fluxes and tissue concentrations are for practical purposes pre-
sented in terms of total drug concentrations, division into unbound and protein-
bound concentrations is possible. This approach may be beneficial for a drug that
undergoes nonlinear protein binding over the concentration range of interest or when
pharmacodynamic issues are of concern. Problems encountered in representing free
and bound drug mass balance equations have been discussed and center on the use
of an effective protein fraction capable of binding drug in tissues.!*

Input functions, i.e., I(f), describing the rate the administered dose enters a
compartment, may have various forms depending on the administration schedule.
The input function I(¢), is added to the appropriate mass balance equation and can
describe any drug administration pattern. First-order absorption may be expressed as

I(t) = (F Dose k,)e " (14.28)

where F = fraction of the administered dose entering compartment
k, = first-order absorption rate constant

Constant rates or zero-order infusions are

I(t) = kou(t) (14.29)
I, for (t<T)
u(t) = ( ) (14.30)
0, for (t>T)
where k, = zero-order infusion rate constant, amount/time

T = duration of infusion

Bolus administration is usually characterized by a normalized injection function
that effectively inputs the dose in a bell-shaped curve manner. Since bolus admin-
istration is not instantaneous, this approach is considered more realistic. I(¢) for
bolus administration is

I(H) = Mg(1) (14.31)

where M = dose
g(f) = normalized injection function and is 30A(A)%(1 — Ar)?
A = reciprocal of the injection duration

System analysis techniques have been used to generate input functions for PB/PK
models. Oral administration of carbon tetrachloride in different vehicles was suc-
cessfully described by absorption input functions obtained by deconvolution and
disposition decomposition methods.!>16

Comparisons of predicted and observed drug concentrations are ordinarily
based on total drug concentrations in the tissue because most analytical methods
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make use of total tissue homogenates. Differentiation of cellular and extracellular
drug concentrations is not possible with the destructive tissue sample homoge-
nization procedures routinely employed. Measurements of subcompartment drug
concentrations will become more realistic as noninvasive quantitation methods
become refined and accessible. A volume-averaged total tissue drug concentra-
tion is calculated from predicted subcompartment drug concentrations to allow
comparisons to observed total tissue drug concentrations. For a three-sub-
compartment organ structure as depicted in Figure 14.1, the predicted total tissue
concentration C, is

_ViCi+V.CI+ V(]

C
t V,

(14.32)

where V, = total tissue volume. Total drug concentrations in a two-subcompartment
structure are

VG +ViC]

c
' v,

(14.33)

Tissue volumes may be expressed in mass or volume units. When volume
units are used, a tissue density of 1 is normally assumed. Predicted concentra-
tions from a blood flow-limited compartment may be compared directly to
observed values.

Representation of a hybrid model structure employs features of both classical
compartmental models and PB/PK models. The target organ or organs in a hybrid
model can assume any PB/PK structure, such as depicted in Figure 14.1. The differ-
ential mass balance for the target organ or organ systems would be analogous to
those presented above. The key difference in the hybrid approach is that the incoming
blood drug concentration is characterized by an empirical function. This function is
readily characterized by a polyexponential equation as

Cc=Yae" (14.34)

i=1

where C = blood or plasma drug concentration
A, = y-axis intercepts
A; = disposition rate constants for ith compartment

The function describing the input drug concentration (i.e., Equation 14.34), C,
as a function of time is substituted into the target organ mass balance equations for
C,, as in Equation 14.1, permitting the target organ equations to be solved analyti-
cally or numerically. The input function is referred to as a forcing function since
predicted target organ drug concentrations will be highly dependent on the nature
of the forcing function.
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MODEL DEVELOPMENT

No doubt one of the most important and controversial issues connected to PB/PK
modeling is parameter estimation. The often large number and diverse types of
parameters certainly has contributed to the problem of parameter estimation.
Another source of concern, and in part a philosophical one, is the question of
whether parameter estimates should be based on in vitro or in vivo data. An
idealistic, and perhaps historical, perspective would utilize in vitro methodologies
(i.e., partition coefficients, protein-binding parameters, mass transfer coefficients)
and literature or tabulated values (i.e., organ blood flows and volumes) to estimate
model parameters. Thus, model predictions can be made in lieu of extensive animal
experimentation. One would be left with the task of validating or verifying the
model predictions. The alternate model development strategy, and the one currently
used most often, relies on in vivo data. In vivo studies in which tissue drug
concentrations are measured serve two purposes: parameter estimation and model
validation. There has been no consensus on how in vivo studies should be conducted
for these purposes. Detractors of this model development strategy would indicate
that a single in vivo study in which tissue drug concentrations are measured serves
not only to build the model but also to claim it as a validated model. A pitfall is
that collection of drug concentration—time data at one dose level cannot possibly
depict nonlinearities that might occur at different doses, doses at which model
predictions could be made. It would be sounder to develop the model based on data
collected at different doses, and then to use a unique data set to compare to the
predicted concentrations. Of course, the limitations or difficulties with this type of
approach are related to the rigor of collecting the large amount of tissue concen-
tration—time data. It would seem that strategies that make use of both in vitro and
in vivo investigations may prove advantageous in terms of both model development
and model validation.

In summary, although improvements in model development and validation pro-
cedures would be beneficial, it is unlikely that a universal protocol will be adopted
due to the diversity of PB/PK models. As with any modeling endeavor, the modeler
should have a clear idea of which parameter estimation procedures will be employed
so that experiments may be designed properly. Methods to estimate specific model
parameters are given below.

ORGAN BLooD FLows AND VOLUMES

Numerous compilations of organ blood flows and volumes in different animals are
available.'720 Organ blood flows may be measured by radioactive test substances,
microspheres, or from the organ clearance of highly extracted compounds.?'-?* For
example, renal plasma flow can be equated to the clearance of para-aminohippurate.
Quantitative autoradiography has been used to measure organ blood flow as well as
capillary permeability using standard radiolabeled markers.?* This method has been
particularly useful to obtain regional measurements in brain and brain tumors.
Total tissue volumes are simply determined by weight, assuming a density of
1, and fractionated into subcompartment volumes depending on the model struc-
ture.* There are tables available to estimate blood and water volumes of organs to
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permit corrections of blood contamination and to assist in determining effective
protein-binding fractions.!”?%25 There have been sufficient independent investiga-
tions of organ blood flow and volumes to develop allometric relationships based
on animal body weight.?® Most PB/PK modeling investigators choose to use liter-
ature estimates for organ blood flows, in particular, and at times for tissue volumes.
Total tissue volumes can be readily obtained from experiments in which drug
concentrations are measured. One should realize that estimates for these parameters,
particularly organ blood flows, vary greatly, and should not be overlooked as sources
of error in the model.

PARTITION COEFFICIENTS

Estimation methods for tissue-to-blood partition coefficients (i.e., R;) have been the
most prolific, no doubt, due to the need for this parameter in most organ models.
Both in vitro and in vivo parameter estimation techniques are available.

Lin et al.?’ derived an equation for blood flow—limited compartment partition
coefficients based on in vitro equilibrium dialysis binding studies of a diluted tissue
homogenate. Assuming Langmuir-type drug-protein binding, and equality of
unbound plasma and tissue drug concentration, the partition coefficient, R,, is

I+
;= —— (14.35)
Y(I+o,)
where 0, = bound to free drug concentration ratio in tissue i or plasma

A = ratio of whole blood to plasma drug concentration

The authors found that estimates of R obtained by their in vitro method agreed with
estimates obtained by an in vivo technique for the drug ethoxybenzamide.

Chen and Gross?® derived equations to calculate partition coefficients for blood
flow—limited compartments from either constant-rate infusion (i.e., steady-state con-
ditions) or from intravenous bolus regimens. For a non-eliminating organ under
steady-state conditions,

e
R = — (14.36)
CP
and following an intravenous bolus dose,
Ko
Ro= G (14.37)
0,C,+aV,C;
where C;" = steady-state drug concentration in tissue i

Q
I

steady-state drug concentration in plasma
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C? = terminal phase y-axis intercept from tissue drug concentra-
tion—time plot

0

Cp

o = terminal phase slope from tissue drug concentration—time plot

= initial plasma drug concentration at t = 0

Gallo et al.?® have developed the area method for calculation of partition coefficients
for both blood flow—limited and membrane-limited compartments. Following intra-
venous bolus administration, the partition coefficient for a non-eliminating blood
flow—limited compartment is

AUC;
R = d 14.38
= XOC. (14.38)
where AUC, = total area under the tissue drug concentration—time curve
AUC, = total area under the drug concentration—time curve
Under the same conditions for a membrane-limited compartment, R; is
V(AUC), V,
R, = ~’§—l -= (14.39)
ViAUC, V;
where V, = total tissue volume

V} , V? = subcompartment 1 or 2 volumes for tissue i

Both the Chen and Gross?® and the Gallo et al.? methods have been applied to
eliminating compartments. Both methods are derived from the specific mass balance
equations for the given model structure. Monte Carlo investigations demonstrated
that both methods provide reasonably accurate and precise estimates of partition
coefficients from concentration—time data sets containing error, data one is likely to
encounter from in vivo studies.

Mass TRANSFER COEFFICIENTS

Mass transfer coefficients (i.e., k) may be obtained from in vitro experiments
utilizing various membrane permeability methodologies.’® These include rapid mix-
ing and separation, cell volume, and spectroscopic techniques. A general approach
is to add the drug to a cell suspension, rapidly mix and separate the cells, and
measure drug concentration in the suspending medium after different mixing times.
This experiment is designed to measure the rate of influx into the cell, and if linear
bidirectional membrane transport is assumed, the rate of drug efflux would be equal.
Specific efflux rates could be obtained by performing the study with drug-loaded
cells. Different starting drug concentrations should be used to examine the possibility
of nonlinear membrane transport.
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Another in vitro method was demonstrated by Shah et al.*' who used a
donor-receptor compartment apparatus separated by a cell monolayer to estimate
membrane transport parameters. Permeability coefficients, P, were calculated as

_ KV
P = ic, (14.40)
where K = flux rate of solute, amount/volume

V = volume of donor chamber
A = cross-sectional area of cell surface
C, = initial solute concentration in the donor chamber

The flux rate is obtained from the slope of receptor chamber solute concentration
vs. time plot. The mass transfer coefficient, A, is equal to PA, where A is the surface
area of the membrane separating the two subcompartments.

Mass transfer coefficients can also be estimated from in vivo experiments. Under
the condition of steady-state drug concentrations in blood, a method was derived to
estimate a linear mass transfer coefficient.> Another method, referred to as the
moment method, was derived by Gallo et al.3? to estimate linear mass transfer
coefficients for non-eliminating organs. By using Monte Carlo methods it was
demonstrated that the method was both accurate and precise.

CLEARANCES

Organ clearances are usually based on in vivo rather than in vitro studies. Knowl-
edge of total drug clearance and the contribution each elimination pathway has to
the total clearance readily allows calculation of organ and intrinsic drug clearances.
In general,

Cl, = £Cl (14.41)

where Cl; = organ clearance
f; = fraction of dose eliminated by organ i
Cl = total systemic clearance

For many drugs, this information is available in the literature, and independent
studies may be unnecessary. Intrinsic organ clearance, Cl) , as presented in Equation
14.15, is obtained from

Cl.0;
Ccl = —=L 14.42
= o—al ( )
Drug metabolic parameters, V,, and K,

. can be estimated from in vitro hepatic
enzyme and hepatocyte preparations.’
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PROTEIN BINDING

Protein-binding parameters are normally obtained from in vitro experiments utilizing
filtration, centrifugation, and dynamic dialysis or equilibrium dialysis methods.
These techniques have been reviewed elsewhere.3*3

MISCELLANEOUS

Forcing function methods may be used to estimate any parameters associated with
the system mass balance equations.’?36-3 The procedures may be applied in the
context of either a hybrid or global PB/PK model. The method requires nonlinear
regression analysis based on tissue and blood drug concentration—time data. The
blood or plasma concentration—time data would serve to obtain a forcing function,
usually a polyexponential equation, which is then used as an input function in the
mass balance equation for the tissue. The model describing the drug disposition of
the individual tissue is then fit to the observed tissue concentration—time data with
one or more parameters to be estimated. The forcing function procedure would be
particularly useful for estimating parameters in which literature estimates are
unavailable. Application of the method to a global PB/PK model would require
sequentially fitting individual organ models to obtain parameter estimates, and then
reconstructing the global model. For a hybrid PB/PK model, the model-fitting pro-
cedures result in the final model.

A modification of the forcing function approach makes use of linear systems
analysis for individual tissue compartments.*® Parametric or nonparametric functions
are fitted to observed blood drug concentration—time data, and then combined with
tissue drug concentration—time measurements deconvolved to obtain a disposition
function for drug kinetics in the tissue. From the tissue disposition function, certain
parameters for blood flow—limited organ models can be obtained.

Another approach uses Monte Carlo simulations**#! to estimate various model
parameters. By defining a range of parameter values, the parameter space can be
examined in a random fashion to obtain the best model and associated parameter set
to characterize the experimental data. This method avoids difficulties in achieving
convergence through an optimization algorithm, which could be a formidable problem
for a complex model. Each set of simulated concentration—time data can be evaluated
by a goodness-of-fit criterion to determine the models that predict most accurately.

DISTINGUISHING BETWEEN BLoOD FLOW—LIMITED AND MEMBRANE-LIMITED
ORGAN MODELS

A membrane-limited two- or three-subcompartment organ model is indicated if
tissue drug concentrations do not decline in parallel to drug concentrations in plasma
or blood. A formal criterion has been given by Dedrick and Bischoff,> such that if

1
%<(1 LV ) (14.43)
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then the organ can be represented as blood flow limited. If this condition is not true,
then the organ is best represented as being membrane limited. Equation 14.43 can
be approximated as Q/h; << 1, since VI/R, V? is much less than 1. Thus, deter-
mining whether a blood flow—limited or membrane-limited compartment is compati-
ble with the data requires estimates for R; and A, Often, it is assumed that a blood
flow—limited representation is correct in the absence of a formal analysis.

MoODEL VALIDATION

Two issues present themselves when the question of PB/PK model validation is
raised. The first issue is the accuracy with which the model predicts actual drug
concentrations. The actual concentration—time data have most likely been used to
estimate certain model parameters. Quantitative assessment, via goodness-of-fit tests,
should be done to assess the accuracy of the model predictions. Too often, model
acceptance is based on subjective evaluation of graphical comparisons of observed
and predicted concentration values.

Goodness-of-fit tests may be a simple calculation of the sum of squared residuals
for each organ in the model,'¢ or calculation of a log likelihood function.’ In the
former case,

N
SSR = Y (¢! -}y’ (14.44)
i=1
and in the latter case,
N
n; (C;-CD)
LL = ;511{1 + T} (14.45)
where SSR = sum of squared residual
N = number of observations
C; = mean of the observed drug concentration
C? = predicted drug concentration
n; = number of experimental repetitions
Sf = variance of the observed concentrations at each data point

LL = log-likelihood function

Lower values of SSR and LL indicate closer agreement between observed and
predicted concentrations for that organ.

The second model validation issue relates to confirming or accepting prospective
model predictions when either limited or no data may be available. The ability of
PB/PK models to predict drug concentrations under conditions different than those
used to generate the experimental data unleashes the predictive power of PB/PK
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modeling. However, it may be warranted to confirm such predictions with limited
data, particularly if the model was originally derived from a less than optimal data
set. Evaluation of the PB/PK model should include an examination of the model
assumptions and whether the data can differentiate between linear and nonlinear
kinetic processes, and between blood flow—limited or membrane-limited organ struc-
tures. Favorable responses to these types of questions at least provide a rational basis
to accept inferences made from model predictions.

DeveLopMENT OF PB/PK MODELS

* Both in vitro and in vivo techniques are available to estimate PB/PK model
parameters.

* Well-designed studies and consistency of approach will likely yield a more
robust model.

* Model validation techniques have not been applied rigorously.
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INTRODUCTION

Relative to the field of pharmacokinetics itself, population pharmacokinetics is in
its infancy. Its origin, which can be traced to the mid-1970s, was largely the result
of the efforts of Sheiner and Beal of the University of California, San Francisco
(UCSF). Many more academic, industrial, and regulatory scientists have since con-
tributed to this field. Some of the more notable events in the evolution of population
pharmacokinetics have been captured in a recent review article.! The term population
pharmacokinetics has been defined in several settings and should not be confined
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to pharmacokinetic responses alone, as the field, depending on the agent of interest,
may encompass pharmacodynamics as well. Population pharmacokinetics can be
defined as the study of the sources and correlates of variability in drug concentrations
among individuals who represent the target population that ultimately receives rel-
evant doses of a drug of interest.? Its advantages over more traditional pharmaco-
kinetic characterization include the actual study of the population of interest (as
opposed to healthy volunteers or special populations only), better estimates of
population means and variance, opportunities to assess multiple factors that may
influence drug disposition, and at least a theoretical cost-benefit advantage. Its value
as a distinct field of study can be measured indirectly from the regulatory acknowl-
edgment provided with the recent FDA guidance on population pharmacokinetics,
the increased frequency by which drug manufacturers submit population pharmaco-
kinetic studies/analyses with their NDAs, the increased frequency in publications
describing population pharmacokinetic theories and applications, and the emergence
of contract research organizations (CROs) that specialize in population pharmaco-
kinetics itself or related technologies that depend on population pharmacokinetics,
such as clinical trial simulation (CTS).

The settings in which population pharmacokinetics or, more generally, nonlinear
mixed effect modeling can be employed vary greatly and span all phases of drug
development from discovery through Phase IV. Specifically, these techniques have
been employed to screen compounds for selection as drug candidates, analyze
toxicokinetic data, assist with interspecies scaling, pool data from preclinical, non-
clinical human, or clinical trials as with a meta-analysis, guide special population
trials, examine bioequivalence, provide guidance for dosing regimens for pivotal
trials or labeling, and assist with pharmacokinetic/pharmacodynamic (PK/PD) anal-
ysis of Phase I, II, III, or IV trials. Although some of these areas are highlighted in
the section that follows, the conceptual and statistical framework is defined based
on the population pharmacokinetic characterization of data obtained from clinical
trials.

CONCEPTUAL AND STATISTICAL FRAMEWORK

Population pharmacokinetic analysis proceeds in stages. The most successful efforts
have the benefit of prospective study designs, clearly defined objectives, and data
analysis plans that are defined prior to study initiation. Although some deviation in
the order of the analysis plan is possible, there is a typical sequence that is followed:

» Exploratory analysis: Distribution analysis of covariates under investiga-
tion, covariate correlation analysis, and investigation into disease process
time course if necessary.

* Structural model definition: Comparison of all potential model represen-
tations based on available data and parameter identifiability, sensitivity
analysis to determine data elements that may affect parameter identifi-
ability (missing values, data collection errors, etc.), and simulations to
estimate predictive performance prior to covariate analysis.
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* Parameter distribution analysis: Determination of Bayes individual
parameter estimates from structural model to examine parameter covari-
ance, estimate functional expressions of each parameter, and explore
variance model expressions.

* Covariate selection: Examine covariate addition to model using gen-
eralized additive modeling (GAM) or equivalent stepwise insertion
techniques.

* Population PK refinement: Obtain population pharmacokinetic parameter
estimates, determine influential covariates and outliers, and address “rea-
sonable” residual random error.

* Validation: Determine predictive performance of the population pharma-
cokinetic model.

* Projection and application: Examine the usefulness of the population
pharmacokinetic model to describe pharmacokinetic and relevant covari-
ate relationships for regulatory submission or query, answer “real-world”
questions about the data, and propose additional studies based on findings.

The remainder of this chapter discusses the components of each of these stages
in an attempt to give the reader more than a cursory glance at the details. Although
the full scope of this field deserves a separate text, the material is presented in an
abbreviated format with attention to key elements. Those areas that require additional
description have been referenced to provide the reader a road map for further study.
Although software and estimation methods are discussed in a separate section, the
nomenclature used to define structural and error models is consistent with the
parameterized, maximum likelihood approach utilized with the NONMEM algo-
rithm developed at UCSF by Beal and Sheiner.3-'3 Given the historical place of
NONMEM and its current prominence in population-based PK/PD analyses, some
attention has been given to NONMEM solutions and representations. These have
been clearly identified.'+"

INDIVIDUALS VS. THE POPULATION

The very nature of research involves, at some point, the collection of data. Individual
data elements are organized into common groupings to examine the diversity within
and across groups. In the pharmaceutical research context, such experiments typi-
cally involve the measurement of responses of interest at several selected or randomly
observed values of a related variable (or covariate). More specifically, in pharma-
cokinetic studies we are interested in examining repeated measures (i.e., drug con-
centrations) over the variable time following administration of a drug to an individual
animal, volunteer, or patient. Each subject in this setting belongs to a population of
such individuals. The collective responses of this population are believed to be related
to the covariate in a similar manner, but with some measure of variation across
individuals.

The study of pharmacokinetics has provided many techniques to analyze com-
plex responses within an individual. From a classical statistical reference, we then
seek to make inferences about the central tendency of the collective individual data.
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Population pharmacokinetics seeks not only to understand the mean population
response profile but also to derive information about an individual, which cannot
necessarily be obtained from direct measurement of repeated measures within a
well-defined study. This necessitates modeling that incorporates the structural detail
necessary to define the individual profile and the manner in which variation of these
individual profiles exists about the mean population profile.

The history of pharmacokinetics is laden with attempts to explain biologic
processes with mathematical expressions. Current practice for the pharmacoki-
netic characterization of new chemical entities from well-defined, sufficiently
sampled studies usually involves the noncompartmental or systems analysis
approach presented previously. Modeling with parameters that can be related to
physiological, demographic, and pathophysiological variables can be especially
important when analyzing patient data as these parameters may be useful in the
guidance of initial dosing as well as maintenance regimens. Also, given the
increased interest in stochastic simulation to plan future studies and examine the
effects of dose and frequency on concentration—time profiles, such models (those
that require structural and statistical components) are often required for the
identification of patient subgroups.

MoODELING, MODEL BUILDING, AND DATA SUMMARIZATION'319

Prior to initiating a population pharmacokinetic analysis, an accurate representation
of the underlying pharmacokinetics, the so-called “structural model,” must be made.
Kinetic phenomena can be described by differential equations or via implicit or
explicit integrated forms, typically with time as the independent variable. As with
the estimation of any model, we are concerned with identifying the “best” values
for parameters 0, 0,, ..., 6, of a model by minimizing or maximizing some objective
function. For example, some function y that is expressed in terms of several 0 terms
and an independent variable X, such as

y=0, ¢ exp—[6, ¢ X] 5.1

which is “fit” to the observed data via an objective function. The objective function
quantifies the difference between the observed and predicted responses for a given
parameter set. There are several versions of these functions that differ based on our
understanding and assumptions about how random error in the response changes
with the response and the manner in which we choose to account for this relationship.
Common objective functions utilized for structural model determination are shown
in Table 15.1. Some software packages accommodate all three objective functions.
Techniques such as weighting allow the minimization of relative errors as opposed
to absolute errors or adjust for heteroscedasticity. A more detailed explanation of
statistical modeling, optimization algorithms, and measures of association for judg-
ing lack-of-fit can be found in most statistical texts that discuss nonlinear regression.
The general approach involves the estimation of the partial derivatives of the objec-
tive function with respect to each of the parameters (0). Minimization or maximi-
zation of the function is determined by setting the partial derivatives equal to zero.
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TABLE 15.1
Objective Function Alternatives
Objective Function Assumptions about Random Error
Ordinary least squares, OLS Assumes a homoscedastic error structure (common or
n homogeneous variance regardless of response). The random error
Y Yo =Y cull)z is the same for all observations.
i=1
Weighted least squares, WLS Assumes a heteroscedastic error structure (variance changes with
n the response). The random error is assumed to be some function
Z [Wi(Y gps, — Ycal,)z] of the observed data (i.e., if w; = 1/Y,,, the variance is
i=1 proportional to the response).
Extended least squares, ELS Assumes a heteroscedastic error structure. The variance is
(Yo — Yoy )2 expressed as a model parameter in conjunction with the structural
z “‘—zca’ + ln(c;f) model parameters. ELS is designated as a maximum likelihood
i=1 Oi (as opposed to least squares) if the random effects are assumed

to be normally distributed.

The 0 terms that fulfill this condition are obtained through an iterative process that
solves the system of partial derivatives through numerical integration.

All the objective functions shown in Table 15.1 are derived from a least-squares
regression approach as previously described, whereas the estimation method more
commonly used in population pharmacokinetics and nonlinear mixed effect model-
ing in general is based on a maximum likelihood (ML) approach. ML is an alternative
to the least-squares objective function; it seeks to maximize the likelihood or log-
likelihood function (or to minimize the negative log-likelihood function). In general
terms, the likelihood function is defined as

L = F(Y,Model) = H{p[yl-, Model Parameters (x;)]} (15.2)

i=1

By this relationship, the probability (now called L, the likelihood) of the specific
dependent variable values to occur is predicted in the sample data, given the respec-
tive regression model. Provided that all observations are independent of each other,
this likelihood is the geometric sum (I1, across i = 1 to n cases) of probabilities for
each individual observation (i) to occur, given the respective model and parameters
(6) for the x values. The geometric sum means that we would multiply out the
individual probabilities across cases. As it is customary to express this function as
a natural logarithm, the geometric sum becomes a regular arithmetic sum (Z, across
i = 1 to n cases). Given the respective model, the larger the likelihood of the model,
the larger is the probability of the dependent variable values to occur in the sample.
Therefore, the greater the likelihood, the better the fit of the model to the data. If
all assumptions for standard multiple regression are met, then the standard least-
squares estimation method will yield results identical to the maximum likelihood
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method. If the assumption of equal error variances across the range of the x vari-
able(s) is violated, then the weighted least-squares method will yield maximum
likelihood estimates.

The main focus of the pharmacokineticist or data analyst at this stage is the
identification of ill-conditioned states and assessment of the reliability of the param-
eter estimates. Many software packages offer diagnostic capabilities that assist in
the identification of the appropriate structural model. The initial steps in structural
model selection typically involve the plotting (linear and log scale) of individual
subject concentration—time profiles (or effect—time profiles in the case of pharma-
codynamics) with some assessment of individuals who deviate for the main data
trend. Plots may suggest different models for different subjects. All individual subject
data should be fit to every model under consideration. Generally, in a data-rich
environment, the more complex model is chosen to fit all subjects under evaluation
in the model selection phase. This may not be appropriate, however, in a sparse
sampling paradigm where sufficient sampling may not have occurred to detect a
compartment or phase defined by the more complex model. Table 15.2 provides a
list of procedures and diagnostics commonly employed during the structural model
definition phase when dense sampling is employed in homogeneous volunteers
participating in well-defined trials (i.e., a setting where population approach meth-
odologies would not be required).

The typical structural model is chosen from one of several compartmental
models, which incorporate the route of administration as a fixed input into the model
with certain assumptions (i.e., linear or zero-order input). Of course, greater flexi-
bility in drug input can easily be accommodated with most algorithms. Compart-
mental models are, for the most part, empirical even though they may incorporate
some mechanistic assumptions so they appear more realistic. Numerically, they are
generally easier to handle as opposed to mechanistic models. Complex mechanistic
or highly parameterized structural models can be accommodated if there is no
requirement for a closed-form expression to define the model. Assumptions and
assumption testing are discussed from the standpoint of the broader pharmacostatis-
tical model in the next section.

In a setting in which sampling is not an issue, as in the case of most Phase I
studies, the estimation of the unique parameters for each subject or patient repre-
sents the first stage in the so-called two-stage approach to population analysis. In
the second stage, the mean and standard deviation for each parameter in the
structural model is estimated. A third stage may be employed to examine the
distribution of these parameters within common groupings (fixed effects) and
across other observed factors or subject characteristics (covariates) using a statis-
tical model built with an ANOVA/regression approach. The two-stage approach is
difficult to criticize when data are relatively dense for each individual and the
model does not involve time or dose dependencies. The usual criticism for the
two-stage approach is that it inflates the intersubject variability. However, for the
traditional, well-defined pharmacokinetic study with many samples and a simple
structural model, this problem is unlikely to be important. This is particularly true
for clearance, which is almost always well estimated in traditional pharmacokinetic
studies. In any event, the mean and standard deviation for each parameter generated
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TABLE 15.2

Model Comparison Procedures and Diagnostics Used in the Assessment
of Structural Pharmacokinetic Models

Procedure/Diagnostic

Objective function (OF)

Akaike information criteria

(AIC)

Model selection criteria
(MSC)

Shwartz criteria (SC)

Residual analysis

Parameter errors and
confidence intervals (CI)

Description and Interpretation

OF measures the difference between observed and predicted

responses ~ information content (see Table 15.1 for expressions).
Smaller values are better (unadjusted for the number of parameters).

AIC = ne 1{2 Wi(Y g Yca,,)zJ +2p
i=1

Representation of the information content of a given set of
parameter estimates by relating the coefficient of determination
to the number of parameters (p). AIC is dependent on the
magnitude of the data and the number of observations (n). The
most appropriate models will have smaller AIC values. Models
being compared must have the same weighting scheme. AIC is
relative measure only (i.e., comparison among models; not an
absolute measure of goodness-of-fit).

2 W,(Yobs,. - yom)z
MSC = In|Et | 2P
S wi¥ o, ~ Yeu)’
i=1
Scaled version of AIC so that it is unaffected by the magnitude of
the data. The most appropriate models will have larger MSC values.

SC =ns ln{Zw,-(Yobg,— Y)} 22l

i=1
Used in a manner similar to AIC (same restrictions apply).
Residual = Y, — Y,

Residuals vs. concentration may suggest that a weighting scheme is
warranted (e.g., model overestimates large concentrations and
underestimates smaller concentrations.

. . Residual
Relative residual = Predictod value
Normalized residuals, interpreted as above. Residuals vs. time may
reveal regions of disposition not well explained by the model.
Standard error

V%) = Parameter Estimate

Large CV values are generally not favorable, but may imply
inadequate n or inappropriate sampling times.

Univariate CI = estimate * Standard error e #(0/2, df)

Planar CI takes into account the correlation among the parameters
and is always larger than the univariate CL.

(continued)
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TABLE 15.2 (CONTINUED)
Model Comparison Procedures and Diagnostics Used in the Assessment
of Structural Pharmacokinetic Models

Procedure/Diagnostic Description and Interpretation

Correlation analysis Observed vs. predicted values

A good fit will generally have high r values; the inverse is not
necessarily true (i.e., high r values may not signify a good fit).

Between parameters
Provides an estimate of the extent to which parameters depend on
each other (changes in one parameter could be explained or
compensated by changes in another). May or may not be indicative
of poor estimation precision. May suggest insufficient information
to determine both parameters accurately.

from the stage two analysis can be utilized as estimates of the population mean
and variability, respectively. The two-stage method is generally not applicable in
a clinical setting involving large numbers of patients where there are ethical or
practical constraints with the frequency and number of samples taken for phar-
macokinetic or pharmacodynamic analysis.

The framework for the mixed effect modeling approach to population pharma-
cokinetic analysis can be defined from the same two/three-stage approach perspec-
tive. For the i = 1, ..., n individuals in a population of interest, let X J = 1, ..., n;
represent the design points on which the y; responses are observed. In the pharma-
cokinetic setting, x; are typically the sampling time points and y; are the observed
concentrations in the biologic matrix of interest (usually plasma or blood). Hence,

the pharmacokinetic response can be described by
Yij = fe, xij) + € (15.3)

where the function f denotes the structural model; 0, is the p x 1 parameter
vector for the ith individual and g; are the independently and identically distrib-
uted (i.i.d.) error terms assumed to be normal random variables with a zero mean
and a variance that may depend on the mean concentration, N(O, 0.). The €;
accounts for the intraindividual variability and may incorporate model misspeci-
fication or other unresolved (or incorrect) error partitioning. In most population
pharmacokinetic software packages the structural model is chosen from a library
of compartmental models (ADVAN and TRANS subroutine combinations within
the NONMEM $PK block), expressed as a closed-form system of equations or
defined via differential equations. Using the same nomenclature, we can define
the probability density function that accounts for the within-individual variability
only as

P()’ij |ei’ Xij (15.4)
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The intraindividual variation about the ith individual is completely defined when
the model for the distribution ¢, is specified. This is expressed in NONMEM nomen-
clature by the SERROR block, Y= f(F, €;).

The second stage model defines the between-individual variability in the param-
eters as follows:

0,=0+nm;, (15.5)

where 0 is the mean parameter vector for the population and n; are the individual
deviations assumed to be i.i.d. and normal with zero mean vector and covariance
matrix . The expression of 8, shown (additive) is one of numerous ways that
individual 0 can be defined. In addition, the population 0 can be expressed as
a function of covariates (J3;). The integration of covariates into the pharmaco-
statistical model and the covariate selection process are covered in detail in a
later section.

The covariate matrix € captures both the variances and covariances among the
1 terms, for example, a model with three 1 terms.

©; @y O3
Q= )y Wy Wy
)3 W3 W33

The covariance among the 1 terms is related to their correlation (say, p,, for
the correlation between m, and mn,) by cov(n, Mn,) = p;, ® ®,; ® ®,,. If the
parameters are assumed to have zero covariances, €2 reduces to a diagonal matrix
whose elements correspond to the variances of the individual deviations from
each of the population parameter means. Although this assumption is often
employed during early stages of model development, it seldom reflects the true
relationship among the parameters and can contribute to the inflation of the m;
terms. Covariance among parameters from well-defined studies can easily be
obtained from general linear modeling (GLM) routines within SPLUS or SAS
and can be employed to obtain preliminary estimates of the off-diagonal elements
of Q. The estimation of parameter covariance, when appropriate, often improves
convergence and the final parameter estimates. The density of the second stage
model can then be defined as

p(616,Q, B) (15.6)

where [3; represents the individual patient covariate data (i.e., age, sex, race, etc.).
The third stage of the mixed effect model approach would represent a Bayesian
analysis in which the model would contain the prior distributions of the population
parameters.
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ASSUMPTIONS AND ASSUMPTION TESTING

Population pharmacokinetics is defined on a backbone of assumptions about the
data, the underlying biologic processes that determine the pharmacokinetics, the
pharmacokinetic representations of the data, the complete pharmacostatistical model,
the statistical methodology chosen to fit and test the model, and the estimation
methods chosen to handle the computational aspects of the analysis. The choices
made in each of these categories interact to form a unique response surface, which
ultimately represents an analyst’s version of the truth. It is not possible to avoid
assumptions as they allow us to advance the analysis. The complete details of many
of the assumptions listed above can be found in classical texts on pharmacokinetics,
statistics, and modeling. What follows is a brief description of assumptions common
to most regression-based procedures and a manner of assumption testing in a pop-
ulation pharmacokinetic setting largely derived from the work of Karlsson et al.?!

Davidian and Giltinan?® have listed the assumptions implicit in a nonlinear
regression framework along with the typical application of these assumptions in
nonlinear models with repeated measures data. More importantly, they discuss how
departures from this classical setting are accommodated in the generalized hierar-
chical nonlinear model approach as defined in the previous section. Table 15.3 lists
the classical assumptions for a nonlinear regression framework along with their
applicability in a population pharmacokinetic setting.

In general terms, the violation of these assumptions is accommodated via the
modeling of variance in the response and across individuals and through the defini-
tion of correlation among variance partitions. For example, the constant variance
assumption in Table 15.3 is handled via the specification of the intraindividual error
function ($SIGMA block in NONMEM nomenclature) that incorporates potential

TABLE 15.3
Classical Nonlinear Regression Assumptions with Application in a
Population Pharmacokinetic Setting

Assumptions: Nonlinear Regression Population Pharmacokinetic Reality

The errors, e, have a mean of zero Ensures that the model for the population
response is correctly specified — reasonable for
population pharmacokinetics

The errors, ¢;, are uncorrelated Serial concentrations measured from an

individual are likely to be correlated

The errors, e have a common variance, 62
(var(e;) = 62), and are identically distributed for
all X; (independent variable; time in the
pharmacokinetic situation)

The errors, e, are normally distributed

Constant intraindividual variance is frequently
violated and typically accounted for with error
models that specify the 62 vs. concentration
relationship; the distribution of 62 over x; (time)
is defined by the underlying structural model

Historical requirement for inference; unrealistic
for nonlinear models particularly with biologic
data
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heteroscedasticity both by its functional form and the magnitude of the overall
precision in the response. A by-product of this flexibility in the variance expression
is the relaxation of the distributional requirements in the classical nonlinear regres-
sion model framework. For example, the application of the common constant coef-
ficient of variation model describes a Poisson-like variance structure. In any event,
the violation of classical statistical assumptions associated with nonlinear regression
has been thoroughly evaluated for both parametric and nonparametric nonlinear
mixed effect model approaches.

Karlsson and Sheiner?! have provided excellent examples of the varied assump-
tions that come into play during population pharmacokinetic analysis. The decom-
position of the assumptions into common categories and application of assumption
testing to actual data sets are important concepts to grasp, and the manuscript itself
is an excellent reference. Table 15.4 summarizes the assumptions discussed in Karls-
son et al.?? and lists testing procedures to examine the validity of these assumptions.

The descriptions of several proposed techniques for assumption testing are
covered in later sections (i.e., graphical and diagnostic techniques). Discussions on
software validation have not been included here. Although others contend that there
are no procedures available to validate a nonlinear regression algorithm, this clearly
does not address the industrial and regulatory requirement for validation of critical
computer systems particularly if the outcomes of the population pharmacokinetic
analysis are used to support labeling or dose modifications.

ESTIMATION METHODS AND SOFTWARE

The NONMEM package continues to be the most widely used software for pop-
ulation-based PK/PD analysis. Its limitations lie mostly with its user interface,
which, despite the numerous modifications to the code including the NM-TRAN
preprocessor, remains a warehouse of FORTRAN 77 subroutines. Several alter-
natives to NONMEM are currently available and others are still under develop-
ment. It is beyond the scope of this chapter to compare the details of the software
itself, nor is it practical given short lifetime of each release. Aarons?>?* has recently
reviewed and critiqued the currently available software for population pharmaco-
kinetic analysis.

All software alternatives and methods are based on a hierarchical nonlinear mixed
effects model approach described in the previous section. The programs can be
grouped into three main categories: parametric and nonparametric maximum likeli-
hood and Bayesian. They differ in the manner in which they estimate the parameters
of the nonlinear mixed effect model. Although general descriptions of each of the
estimation methods are provided, a more rigorous description of these methods can
be found in work of Davidian and Giltinan.?° The selection of software will necessitate
a corresponding estimation method and the subsequent assumptions and conditions
that will be carried forward in the analysis. Some of these are discussed in the next
subsection. In addition, the selection of software will likely dictate that the user
become familiar with a pseudo-language to express the structural and error compo-
nents of the pharmacostatistical model. Although libraries of structural models exist
in some packages and error models may be specified from a palate of predefined
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choices, the analyst will ultimately be obliged to examine more complex models
requiring the mastery of a fourth generation (i.e., SAS, SPLUS, Nonlin, NM-TRAN,
or Pred file syntax) or a formal (Visual Basic, FORTRAN) language.

Tables 15.5 and 15.6 provide an updated summary of the currently available soft-
ware for population-based PK/PD analysis.>* Most of the software listed in Tables 15.5
and 15.6 can be installed and run from a variety of platforms. All can be run from a
PC/Windows environment, although some require other programs to operate (i.e., FOR-
TRAN or Visual Basic compiler, SAS, SPLUS, etc.). The most current information can
be obtained directly from the manufacturer or parties responsible for code distribution.
In any event, software development of population-based PK/PD algorithms appears to
be very active relative to the previous 20+ years and the available tools will, hopefully,
be superior and more user-friendly than the original NONMEM source code.

COVARIATE ANALYSIS

Covariates may be thought of as factors that explain the variability of specific
parameters defined within the context of a population-based pharmacokinetics or
pharmacodynamics model. They typically fall into demographic, pathophysiological,
or study-specific categories. Based on the recent literature, examples of the most
commonly identified covariates and the parameters for which they are related are
shown in Table 15.7. The utility of covariate identification lies in the observation of
potential differences in patient subgroups that may correlate with observed clinical
outcomes, the recommendation of dose or regimen adjustment in certain subgroups
based on pharmacokinetic differences, or the support for warning or precautions
with dose administration in certain subgroups based on PK/PD differences in certain
subpopulations. Many such findings are contained within the package inserts of
recently approved medicines.

The primary demographic characteristics (age, gender, and race) defining a trial
or collection of trials are necessarily considered in all population-based analyses as
they either support or define the “Special Population” section of many package
inserts. The most difficult covariates to define and examine are those relating to the
pathophysiology of the disease state and the patient population. These may indirectly
identify subpopulations at greater risk from a drug safety perspective or those who
may benefit to greater extent than the patient population as a whole. Of great concern
is the assignment of “meaningful” to a covariate as opposed to “statistically signif-
icant” or “clinically relevant.” Although such distinctions are best defined a priori,
this does not often occur given the still exploratory manner in which many of these
analyses are undertaken.

Prior to the actual covariate identification procedure, the distribution of all covariates
under consideration should be known. The designation of variables as categorical,
ordinal, or continuous should be assessed to determine if the existing representation is
optimal. Also, variable transformations should be considered prior to modeling. If a
continuous variable is to be converted to categorical, the assignment of cutpoints should
be justified by statistical, clinical, or practical arguments. Data sets should be evaluated
for similarities in demographic characteristics between sampled and target populations.
The range of a covariate may impact its likelihood of entering a model.
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TABLE 15.7

Common Covariates Identified in Population PK/PD Models

Covariate

Gender

Renal function

Hepatic function

Age

Total body weight

Race

Formulation

Migraine

Smoking

Parameter

Cl

Cl

Cl

Cl

Cl

Cl

Va

Cl

Example Relationships?

Nevirapine in patients infected with HIV®

Cl = 0, ® exp(0, ¢ gender)

Bisprolol in renally impaired patients
CRE)"

Cl = (W) 0,

Bisprolol in hepatically impaired patients?®

AST\*
cl= (T) .0,

AST = serum aspartate transaminase activity (IU/ml)

Bisprolol in patients with hypertension?
el
cl = (—AS_%E) .0,
Warfarin in adult patients?’
eI
Cl= (]%\/) 0,
Zidouvine in patients with HIV?
Vi = 0,+6,e(TBW -70)
Lamotrigine in patients with epilepsy?®
Cl = 6, +RACE o 6,
RACE = 0 if Caucasian; 1 if non-Caucasian
Naratriptan in patients with migraine?
V,=0,¢(1+RACE *6,)
RACE = 1 if Black; 0 otherwise
Tiludronate in normal volunteers®
K, = 6,+FORM o6,
FORM = 1 if test; O if reference
Naratriptan in patients with migraine?

Separate 0 for K, if drug given during nonmigraine period or

migraine attack (theorized to correlate with gastric emptying

changes)
Warfarin in adult patients?’

Cl = SMOKE e 6,
SMOKE = 1 if smoker; 0 otherwise

2 Prototypical examples for each covariate—parameter pairing have been separated and expressed as
unique relationships when they may be part of a more complicated expression in the original citation.
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One of the techniques commonly used to aid the selection of covariates in the
model-building stage and reveal the data structure in general is GAM, which is an
extension of multiple linear regression. A multiple linear regression model for a

9

dependent variable Y and a set of “p” predictor variables X|, ..., X, is defined as

P
Y =a+ Y BX+e (15.7)

j=1

where Bj is a linear regression coefficient, o is a constant, and € is a variance
term that is normally distributed about a zero mean with constant variance.
Additive models replace the linear function X, by a smooth nonlinear function,
obviating the assumption about the linear dependence of Y on each of the
predictors.

P
Y=o+ ) fi(X)+e (15.8)

j=1

Thus, linear regression models are a subset of additive models where f; = B,.
The procedure begins by the determination of the structural population pharma-
cokinetic model without covariates. No covariance is initially assumed between
the M at this stage. Empirical Bayes estimates for each parameter are obtained and
utilized as the “data” or Y in the previous expressions. A stepwise, generalized
additive modeling procedure can then be used to identify covariates most useful
in explaining the variability in the parameter of interest. This is accomplished by
examining a combination of models of the covariates (X;) in a stepwise fashion.
Model discrimination can be made by comparison of the AIC (or similar statistic).
For each covariate, a hierarchy of possible models can be examined. The S-PLUS
algorithm is the most common venue to run GAM calculation. There is great
flexibility in the functional expression of f(X;) and each covariate can enter the
model in any of several functional forms. In each step, for each covariate, the
models within the hierarchy are applied with the model decreasing the AIC statistic
the most retained to the next step. The search is terminated when no model can
decrease the AIC any further or when a predefined boundary is attained. In the
final stage, mixed effects models describing the relationship between covariates
identified using GAM and the parameters are built and covariance among param-
eters is examined.

NONMEM itself can be utilized to perform covariate selection without GAM.
In this setting, the structural model is utilized as the “base” model and single
covariates are added in any manner and examined for their effect on the parameter
of interest via a drop in the objective function. Each covariate is ranked against the
base model by the change in OF, and ranked covariates (highest to lowest) are
introduced onto the base model in a stepwise manner with only “significant” cova-
riates added. Upon completion of the fully saturated model, a backward deletion
procedure can be utilized to remove redundant covariates.
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As there are no formal bounds on the number of models tested in the model-
building process, criteria are necessary to differentiate between useful and redundant
models. Grevel et al.?¢ have offered the following list:

* The difference in the values of the objective function (OF). Based on the
NONMEM OF as interpreted by Sheiner, a difference of eight units is
assumed to be significant between two models of which the restricted
model has one fewer regression parameter than the complete model.

* A minimum correlation between parameters
* Small standard errors of the parameter estimates

* Weighted residuals that are randomly scattered around zero when plotted
against predicted concentrations.

* A minimum in the estimates of the interindividual variances

TiME DEPENDENCIES AND INTEROCCASION VARIABILITY

Time-dependent changes in pharmacokinetic parameters can occur for a variety of
reasons (transient changes in binding proteins, changes in pathophysiology such as
renal function or disease state, or age-related changes in metabolism and elimination
in general as might be seen with neonates). Although normally assumed to be
constant across all observations within an individual, covariates that change during
an observation period may imply that the regression parameters (8) are not fixed
over all observations within an individual. Depending on our knowledge of the time
dependency, these changes may be explored in a variety of ways including data
splitting, structural models that accommodate changes in the relevant 6, and mod-
eling interoccasion variability.

Data splitting is fairly straightforward and covered in detail in the next section
on validation. It simply implies that data to be modeled are partitioned based on
differences in sampling (i.e., windows where suspect 0 are believed to be con-
stant). The most common data splits to explore pharmacokinetic time dependen-
cies would be single-dose, chronic non-steady-state, and steady-state conditions.
Data subsets are modeled individually with all parameters and variability esti-
mates along with any relevant covariate expressions compared in a manner similar
to a validation procedure (see next section). Data can be combined in a leave-
one-out strategy (see cross-validation description) to examine the uniformity of
data “windows.”

If the nature of the time dependency is well understood and sampling is sufficient
to identify model parameters, which define such expressions, a modification to the
typical structural model can be explored. Specifically, as in the case of enzyme
induction, changes in clearance may be expected to occur over typical time windows.
By allowing the initial value of clearance, CI(0), to increase in a monoexponential
manner until an asymptotic value, Cl(ss), is reached, the clearance at any time, f,
can be expressed as a function of these boundary conditions and an induction rate
constant, k,. Such a function (shown below) was proposed by Levy et al.3' and
utilized by Rostami-Hodjegan et al.3> with certain assumptions to model methadone
pharmacokinetics in opiate users.
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CI(#) = Cl(ss) — [Cl(ss) — CI(0)] ® exp[k, ® 7] (15.9)

Hence, models with and without time dependencies can be compared to evaluate
their predictive performance and ability to explain sources of variation. Rostami-
Hodjegan et al.> compared induction models and data-splitting techniques in their
evaluation of adaptive changes in methadone kinetics.

More commonly, time dependencies are explored by modeling interoccasion
variability (IOV). In this approach individual parameters (8;) incorporate terms for
intersubject (1,) and interoccasion (i) variability. As mentioned previously, there
is great flexibility in the ways these terms are expressed. Equations 15.10 and 15.11
illustrate additive and proportional expressions, respectively:

0, = 6 + M, + x; (additive) (15.10)
0, = 0 e exp[n; + K;] (proportional) (15.11)

where 0 is the typical or population parameter and 1, and K; are zero-mean sym-
metrically distributed variables. Correlation between the 1 and k can be accommo-
dated as well.

This structure can be defined in NONMEM nomenclature by creating an occa-
sion index (for example, three dummy variables OCI, OCII, and OCIII) over which
the parameters of interest can be examined. Hence, in the $PK block the value for
clearance (Cl;) could be defined by an expression:

Cl = TVCL*EXP(ETA(l) + ETA(2)*0OCI + ETA(3)*0CII +
ETA(4) *OCIII)

The distribution of the Kk — ETA(2) though ETA(4) in the expression above —
is preserved by using the SAME option in the $§OMEGA block.

SOMEGA BLOCK (1) 0.1; IIV

$OMEGA BLOCK(1) 0.05; OCI

SOMEGA BLOCK (1) SAME; OCII

SOMEGA BLOCK (1) SAME; OCIII

Additional details on NONMEM implementation of interoccasion variability are

provided in the NONMEM user guides and help files.

VALIDATION AND MODEL CREDIBILITY

One of the most difficult tasks facing a pharmacostatistical analyst is that of dem-
onstrating whether a model is an accurate representation of the actual system being
studied — whether the model is valid. If this cannot be shown, conclusions derived
from the model will have little value.?3** When a model and its results are accepted
by the scientific community as valid and are employed in decision-making processes,
it can be called “credible.” Validation along with verification can occur at several
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System

Validation / establish credibility

Experimentation and
Data collection

Conceptual Model

Verification

VR

l Coding/programming and
Data checking

Model Building
and Refinement

Validation
regulatory submissions and/qr

l Incorporate results into
publish

J

Implement
Results

Sell to management Establish Credibility

\V

FIGURE 15.1 Schematic of timing and relationship of verification, validation, and model
credibility.

places during the establishment of model credibility. In this context, verification is
the examination of the translation of the conceptual model into a correctly function-
ing algorithm (i.e., debugging, data checking, etc.). Figure 15.1 is a modified version
of Law and Kelton’s proposal for the timing and relationship between validation
and verification toward the establishment of model credibility.

Specifically, model validation examines the performance of the population
analysis predictions through the projection of the population parameter space onto
a new or “different” data set. Model validation is generally divided into internal
and external validation categories based on the source of data used to “validate”
the model. The data set used to develop the model is called the “index” or “learning”
set, whereas that used to examine the performance of the population model is
referred to as the “validation” or “test” set. Internal validation relies on subsetting
the total data set to be analyzed with the majority of data used in the model-building
and refinement stage, whereas external validation implies an external data source
(i.e., new experimental study and data). Several techniques useful in the employ-
ment of validation strategies are shown in Table 15.8. To some extent, the choice
of validation technique is arbitrary but may be constrained by the available data
and/or target population.

While the abbreviated details of specific validation techniques are discussed
here, these do not represent our total experience with validation and performance
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TABLE 15.8

Strategies for Validation of Population Pharmacokinetic Models

Validation Strategy

Data splitting

Cross validation
resampling

Bootstrapping
resampling

External validation —
separate study data

Posterior predictive
check (PPC)

Typical Setting(s)

Large N: single trial;
common trials of
similar populations;
pooled data from
Phase I trials
(assuming comparable
characteristics
between index and
validation data)

Small data sets (small
overall subject N); no
test data

Small data sets (small
overall subject N); no
test data

Whenever a separate
study is available to be
utilized for validation

The simulated posterior
distributions of one or
more nonsufficient
statistic(s) (NSS,) are
compared with the
observed statistics
derived from the actual
data

Description and Implementation

Randomly divide data into two (or more) splits with
the significant portion assigned to the index data
set.

Obtain population parameters from index data set.

Examine the “closeness” of index-derived
population pharmacokinetic parameters on
validation data set (plots of observations vs.
predictions, residuals vs. covariates, etc.).

Build model with entire data set.

Divide data into k subsets; on k occasions, leave
one subset from the data and compare the k
replicate estimates (may be inefficient because of
variation in accuracy estimation).

Build model with entire data set.

Divide data into k subsamples. Each subsample is
a simple random sample with replacement.
Compare performance of k subsamples.

Alternatively, population estimates from the entire
data set can be used with Monte Carlo techniques
to simulate a large number of subjects from which
bootstrapped subsamples can be analyzed and
compared as above.

Build model with data from one or several studies
that will serve as the index data.

Project population parameters onto data set from a
separate trial (validation data set).

Compare “closeness” of index-derived population
pharmacokinetic parameters on the validation data
set as above.

Select one or more nonsufficient statistic(s) (NSS;)
from the actual data.

Obtain posterior distributions of all fixed and
random parameters, which typically requires a full
Bayesian method as with POPKAN or BUGS, but
can be accomplished with NONMEM under
certain conditions and assumptions. Alternatively,
posterior distributions can be simulated using a
parametric bootstrap.

Compute posterior distribution of statistic of
interest.

Compare NSS from replicates derived from
posterior parameter distribution with that from
original data set.
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measures in general. Although the pharmaceutical literature is generally limited in
this area, there are many sources of information in the simulation modeling arena.
Balci and Sargent® present a comprehensive, albeit somewhat dated, bibliography
on validation techniques for simulation models. For example, in a pediatric study
setting, the available patient population is likely to be small and the opportunities
for additional studies few. Model validation, in this case, is almost exclusively limited
to resampling techniques such as bootstrapping or posterior predictive check (see
Table 15.8). In both instances, the original data set in conserved and simulation or
resampling is used to generate additional data sets for subsequent comparisons.

DATA SPLITTING

As the name implies, data splitting involves the partitioning of the data available for
population analysis into data subsets for model building and validation (the index and
test data sets, respectively). Typically, this is accomplished by assigning random numbers
to each subject in the data set (i.e., a subject’s records are kept intact in a particular data
set assignment) and then allocating subjects to the appropriate data partition based on
predefined percentages (typically 1/3 for validation and 2/3 for the index data in a two-
way split). Excel (RAND worksheet function), SAS (normal, rannor, or ranuni functions;
others can be expressed), SPLUS (Data menu, then Random Number option in SPLUS
2000 for interactive dialog or use runif, rnorm, or rexp when coding), and many other
packages can be used to accomplish this using a variety of distributions. Several of the
new software packages (WinNonmix and Kinetica 2000) offer data-splitting routines as
well. Once a final model has been built from the index data set, parameter estimates are
fixed and then applied to the validation data. Goodness-of-fit is examined and compared
to the index data fit. Additionally, the importance of covariates identified as significant
in the model-building stage is reexamined with the validation data.

BoOOTSTRAPPING AND CROSS-VALIDATION

Bootstrapping and cross-validation are both methods for estimating generalization
error based on “resampling.” The resulting estimates of generalization error are often
used for choosing among various models. In the context of validation, these estimates
are used to assess the generalizability of model predictions. The term bootstrapping
is derived from the idea of pulling oneself up by one’s own bootstraps and refers to
the process of starting something with no foundation. Bootstrapping is a general
technique for estimating sampling distributions. Although we strive to determine the
exact sampling distribution of an estimation procedure for computing confidence
intervals and for making inferences, we seldom accomplish this and are forced to
use asymptotic methods for interval estimation and hypothesis testing. Bootstrapping
provides a simple means of obtaining an approximate sampling distribution of a
statistic of interest conditional on the observed data. The distribution is approximate
and similar to the asymptotic distribution although often preferred (over the asymp-
totic distribution) as it is based on the observed data. Because of the computational
nature of the procedure (computer-generated pseudorandom numbers), the same
situation may yield similar, but possibly different results.



340 Pharmacokinetics in Drug Discovery and Development

Both nonparametric and parametric bootstrap approaches can be pursued
depending on whether we are willing to assume we know the “true form” of the
distribution of the observed sample (parametric case). The parametric bootstrap is
particularly useful when the sample statistic of interest is highly complex (as one
might expect when trying to bootstrap a pharmacokinetic parameter derived from a
nonlinear mixed effect model) or when we happen to know the distribution, since
the additional assumption of a known distribution adds power to the estimate.

The basic procedure for the parametric bootstrap is as follows:

* Determine the “true” distribution for the parameter of interest, i.e., N(0,1),
exponential, poisson, etc. This is actually accomplished by assuming the
estimates calculated from the data are the “true” values.

* Use one of many computer algorithms to randomly generate a set of values
from this distribution (it should be the same number of observations as the
original data set). This set of numbers is referred to as the bootstrap sample.

» Evaluate the statistic of interest (typically, the sample mean, variance, or
correlation).

¢ Construct a confidence interval if desired (two methods shown).

1. Normal approximation method: 8+1.966 , where 8 is the mean of the
parameter of interest (actual data), B is the number of bootstrap sam-
ples, and 6 is the estimate of the standard error computed by

B
N 1 ~ 2
6 = m;(ei-e) (15.12)
where
1 B
6=2>06 (15.13)

2. Percentile method: Order the 0, values. The bounds for the (1 — o) e
100 confidence interval are defined as follows

Lower Bound = ((0/2) e B)th value
Upper Bound = ((1 — (0/2)) e B)th value

The nonparametric bootstrap is useful when distributions cannot be assumed as
“true” or when the sampled statistic is based on few observations. In this setting,
an observed data set, for example, X|, ..., X,, where X could be vector-valued (i.e.,
concentrations at fixed sampling times) can be summarized in the usual way by a
mean, median, and variance. An approximate sampling distribution can be obtained
drawing a sample of the same size as the original sample from the original data with
replacement, for example, X', ..., X,, where i is the index of the bootstrap sample
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that extends through the total number of bootstrap samples (B) to be drawn (typically
around 1000 or higher). The statistics of interest can be calculated across the B
bootstrap samples and confidence intervals can be constructed as above.
Cross-validation is a “leave-one-out or leave-some-out” validation technique in
which part of the data set is reserved for validation. Essentially, it is a data-splitting
technique. The distinction lies within the manner of the split and the number of data
sets evaluated. In the strict sense a k-fold cross-validation involves the division of
available data into k subsets of approximately equal size. Models are built & times,
each time leaving out one of the subsets from the build. The k models are evaluated
and compared as described previously, and a final model is defined based on the
complete data set. Again, this technique as well as all validation strategies offers
flexibility in its application. Mandema et al.*® successfully utilized a cross-validation
strategy for a population pharmacokinetic analysis with oxycodone in which a
portion of the data was reserved for an evaluation of predictive performance.
Although not strictly a cross-validation, it does illustrate the spirit of the approach.

EXTERNAL VALIDATION

In an external validation, data from a study other than that used to build the model
are used as the validation or test data. The FDA guidance states that this is the most
stringent means of validating a population pharmacokinetic model. Indeed, the
performance of the final model developed on a given data set when projected onto
data from a separate study goes a long way toward the establishment of a “credible”
model and the confidence in the recommendations based on such models.

The procedure may require modifications to the data sets, which, on the surface,
may appear heavy-handed, but are necessary to confer a valid projection of a parameter
space onto a new data set. Specifically, the design points of both studies need to be
compared. The comparability of sampling locations and their densities should be
assessed along with dosing frequencies and regimens. The goal is to evaluate whether
the detail/complexity of the structural model can be accommodated by the new study
data. Of course, the converse is true as well. A second check involves the comparability
of the study demographics and the covariate data space in general. Specifically, the
ability to project a model containing expressions for parameters, which are dependent
on certain covariates, requires those covariates to be present in the new data set. This
is not always a guarantee, based on differences in study collection procedures, and
may be precluded completely because the new data set is based on a study population
in which these covariates are not prevalent. Again, the converse situation in which the
new study population may be defined by suspect covariates not previously evaluated
in the model-building data set can occur as well. By assuming these issues are solvable,
the actual comparison (index to validation) proceeds as with internal validation pro-
cedures (see Diagnostics, Graphical Techniques, and Outliers section for details).

PosteriOR PReDICTIVE CHECK

Few published studies exist in which a posterior predictive check (PPC) has been
employed as a validation technique for a population pharmacokinetic analysis.
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Despite this, PPC is inherently suited for nonlinear mixed effect modeling of
pharmacokinetic data as it utilizes the posterior distribution of parameter estimates
to examine whether the salient features of the original data are observed in the
derived (replicated) data. Berin and Rubin?®” applied this approach to mixture models
of reaction time based on visual tracking experiments conducted in patients with
and without schizophrenia. Their application of PPC was directed in the model-
building stage and not implemented to “validate” their final model per se. This
technique has appeal in both settings as it can serve as a metric in the establishment
of a “credible” model.

The general approach requires the identification of one or more features/statis-
tics of the data that are relevant but would not necessarily be fit by the proposed
model. These have been defined as nonsufficient statistics (NSS) in the FDA
guidance. Examples of NSSs would include C,,,,, T, trough levels, and baseline
or trough effects depending on the pharmacodynamic model — basically, any
parameter or pharmacokinetic or pharmacodynamic metric that is observed in the
data but not defined in the structural model. Depending on the data density within
subjects, it may be possible to interpolate or otherwise estimate these metrics within
an individual for the purpose of the PPC. Multiple NSSs are preferable as salient
data features are seldom captured by a single metric. The chosen NSSs should also
be relevant to the overall modeling objectives. For example, maintaining trough
concentrations of antiviral agents above the IC,, for resistance development repre-
sents a major hurdle for these agents and a measure of effectiveness by which they
are compared.

Once the NSSs have been identified, the next step is to generate replicate data
sets from the posterior distribution of parameters used to define the model. The
number of data replicates is arbitrary but can be guided by the sample size of the
original data set (i.e., more replicates for smaller “n” values). Once the replicates
have been generated, the NSS can be calculated for each replicate and the distribution
of each NSS can be compared to those of the original data. Attention should be paid
to the extremes of each NSS (i.e., does the 90th percentile of the original data
compare to that of the generated data?). Histograms of the NSS from replicate data
are helpful in this regard.

Simulating posterior distributions via bootstrapping can be accomplished in the
following manner:

» Simulate a new set of observations (Y*) using parameter and variability
estimates (THETA and ETA in NONMEM) from a multivariate, normal
distribution (0, OMEGA) with errors sampled from a multivariate normal
distribution (0, SIGMA).

« Fit the final model to the new set of observations and obtain new estimates
of THETA, OMEGA, and SIGMA (THETA*, OMEGA*, and SIGMA¥*).

e Simulate a new set of observations (Y**) using THETA* and ETAs
sampled from a multivariate, normal distribution (0, OMEGA*) and errors
sampled from a multivariate normal distribution (0, SIGMA*).

e Compute S(Y**).

* Repeat first four steps many times (at least 100).
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DiAGNOsTICS, GRAPHICAL TECHNIQUES, AND OUTLIERS

Diagnostic tests including graphical representations are used during the model-
building process and as criteria for validation. The more common tests and proce-
dures are discussed below, along with methods and criteria for outlier identification.

Regression analyses are typically judged by the degree of bias and precision in
model outcomes. Bias assesses the degree to which the typical prediction is either
too high or too low, and precision is a measurement of the typical magnitude of the
error about a true value. Other diagnostics more suited for population pharmacoki-
netics can be derived from these conceptual metrics. The estimated precision of a
population parameter estimate can be expressed in general terms by Equation 15.14.

_ /Estimated variance

CV =
True parameter value

e 100% (15.14)

where CV represents the coefficient of variation of a parameter estimate, and its
estimated variance is calculated based on a large sample or simulation approach.
The bias of a parameter estimate can be generally expressed as shown in Equation
15.15.

(Mean parameter value — True parameter value)

Bias =
True parameter value

¢ 100% (15.15)

Prediction error can be calculated to examine how well the population model
predicts the mean response. The log prediction error for a specific measurement is
defined in Equation 15.16.

LPE; = log (¥}) - log(C,) (15.16)

where Y is the jth measured concentration in the ith individual and C, is the
population mean concentration predicted from the population pharmacokinetic
model. C, at each time point is typically calculated via Monte Carlo simulation as
the logarithmic mean of all simulated concentrations using the parameter estimates
from the final model. The population model prediction error (pe;) for each parameter
can be defined when estimates of the individual parameters are obtained (as with
the POSTHOC option when using NONMEM). The pe; for a parameter 6 would be

defined as shown in Equation 15.17.

Ope;(%) = (Gjéi. 100 (15.17)

J

where 6, is the empirical Bayes estimate of the jth individual true parameter based
on population parameters and observed concentrations of individual j.
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Graphical analysis techniques are extremely valuable in the examination of the
sampling distributions of response and covariate data, the inspection of model fits
during the model-building phase, and the examination of covariate correlation with
structural model parameters and other covariates.

Table 15.9 lists the common graphical representations with the typical usage and
interpretation in a population approach setting. Some specific examples of represen-
tative plots are shown in Figures 15.2 through 15.5. Ette and Ludden?® have provided
an informative example of how these and other diagnostic techniques are integrated
into the data analysis plan of a population pharmacokinetic analysis.

MISSING VALUES

One of the most common difficulties in the analysis of population pharmacokinetic
data is that of missing data. Missing patient identifiers or details of drug adminis-
tration including compliance occur frequently and are best handled via prospectively
defined procedures when possible. Typical solutions to this problem include
case/subject deletion and imputation (inserting sample mean or median or estimation
via linear regression or an EM procedure). Each of these approaches carries meth-
odological requirements and potential limitations given the observed pattern of the
missing data. Analytical limitations in conjunction with sample collection errors can
also yield missing observations.

The handling of data that are below the quantification limit (BQL) of the assay
is a subject of much discussion. Disparity in the density of observed concentrations
across patients can result in a biased estimate of the mean prediction error. Discus-
sions on the treatment of BQL data can be found in the NONMEM network archive
at http://www.phor.com/nonmem/nm/index.html. The approach to handling BQL
data should be guided by the value of data near the quantification limit (QL) in
general. Current analytical methodologies are typically extremely sensitive and often
capable of detecting drug levels close to background. Such levels may not be
pharmacologically relevant or represent a significant contribution to the underlying
pharmacokinetic structural model. In these instances, case deletion is an easy choice
for data handling. When this is not the case, more thought must be given to the
procedure. After all, the true value of the BQL observation is less than the QL but
greater than 0. As such, the distribution of the BQLs is truncated or left censored
and hence is not normal. The method proposed by Sheiner (Table 15.10) is simple
and preserves the information that may be obtained from such data without modi-
fying the likelihood (based on a NONMEM analysis). Although more heavy-handed
approaches have been proposed, these often affect the stability of the objective
function. Careful simulation should be employed to test the sensitivity of the objec-
tive function to elaborate BQL rules especially when discontinuities are introduced.

Strategies for handling missing values are varied and can depend on the nature and
reasons for the missing information. It should be appreciated that missing values do
not mean missing information, and the most common and simplest approach, dropping
subjects or observations, is the least informative. Table 15.10 lists some typical scenarios
for missing data occurrences in a population pharmacokinetic setting as well as possible
strategies for data handling. Although compliance can be thought of as missing data,
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TABLE 15.9

Common Graphical Representations, Usage, and Interpretation Utilized during
Various Phases of a Population Pharmacokinetic Analysis

Plot Type

Population predicted vs.
observed response (PRED vs.
DV):

Individual predicted vs.
observed response (IPRED
vs. DV)

Observed, predicted vs. time
(PRED, DV vs. TIME)

Residuals vs. predicted
response (RES vs. PRED)

Weighted residual vs.
predicted response (WRES
vs. PRED)

Residuals vs. time (RES vs.
TIME)

Weighted residuals vs. time
(WRES vs. TIME)

Correlation between
parameters

Correlation between 1

Correlation between
covariates

Correlation between
parameters and covariates

Histogram of covariates

Histogram of parameters
Histogram of individual 1
Histogram of partial residuals

Usage and Interpretation

Scatter Plots

Goodness-of-fit; data points should be clustered uniformly and closely
around the line of unity throughout the range of data if fit is good (see
Figure 15.2A)

Goodness-of-fit (should appear better than PRED vs. DV as IPRED
incorporates 1 necessary to fit individual data); data points should be
clustered uniformly and closely around the line of unity throughout the
range of data if fit is good (see Figure 15.2B); can aid in identification
of IOV and appropriateness of structural model

Goodness-of-fit; predicted data should be consistent with observed data
(i.e., shape and amplitude of data signature should be captured by
predicted data)

Residual Plots

Examination of residual error model; shape of distribution about residual
=0 line can suggest error model representation (i.e., additive for uniform
distribution; proportional for cone shape)

Examination of residual error model; weighted residuals have unit variance
and are uncorrelated so that the shape of distribution about residual = 0
line should be uniform if error model is adequate; WRES scale can be
viewed as an approximate SD scale (i.e., outside the +3 unit range should
be further explored as a potential outlier, see Figure 15.3)

Goodness-of-fit and examination of time dependencies; can be used to
discern tolerance or induction phenomenon

Goodness-of-fit and examination of time dependencies; residuals should
be randomly dispersed about the residual = O line

Correlation Plots
Evaluation of structural model; parameters should not be highly correlated

Diagnostic for need to specify covariance between parameters

Determination of covariate correlation; can determine covariate ranking
or support inclusion or omission of certain covariates

Evaluation of functional relationship between parameters and covariates;
can assist in model expression

Distributional Plots
Evaluation of functional form of covariates; used to define expressions for
0
Check for normality; used to define expressions for 0
Check for normality; used to define expressions for 6
Diagnostic of model fit (parameter bias)

2 NONMEM keywords are shown in parentheses.
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FIGURE 15.2 Population (A) and individual (B) predicted vs. observed concentrations.
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FIGURE 15.3 Weighted residuals vs. predicted concentrations.
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FIGURE 15.4 Correlation plot of parameters (Cl and ECs;) and covariates (platelet count
and body weight).
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TABLE 15.10

Situations Yielding Missing Values in a Population Pharmacokinetic Setting
with Strategies for Data Handling

Situation

Categorical variable
(i.e., missing subject’s
race)

Continuous variable
(i.e., missing subject’s
age)

Ordinal variable
(i.e., missing risk
assessment)

Compliance records
(i.e., pill count data,
etc.)

Missing dosing records
(i.e., infusion rate not
recorded)

No information

BQL data

Data Treatment Strategies

Missing Covariate
Case deletion: Eliminate subject from data set
Model/predict covariate: Given other data (covariate, outcomes, etc.),
model covariate response and predict missing values
Indicator variable for missingness
Case deletion
Imputation:
Mean/median: Straightforward; can be fine-tuned by averaging across
subgroups if highly correlated
Linear regression: Based on known or established relationship with other
available predictors
EM estimation
Indicator variable for missingness
Case deletion
Model/predict covariate
Indicator variable for missingness

Compliance/Dosing Information

Case deletion: Can be guided by compliance data (i.e., deletion rule
defined based on severity of noncompliance)

Compliance model: Compliance as an outcome modeled as a response or
utilized as a covariate expressed in the nonlinear mixed effect model

Indicator variable: Compliance as a quantal (i.e., 0 = compliant;
1 = noncompliant) or ordinal (0 = fully compliant; 1 = >75%;
2=50-"75%; 3 = <50%) response

Case deletion

Per protocol value used (most subject/patient protocols will have
predefined subject allocation schedules providing dosing details for every
subject enrolled)

Model/predict dose

Missing Response Data
Case deletion
Interpolation: Depending on data density within subject (linear, spline,
etc.)
Case deletion: Can be refined based on location and order of BQL data
Sheiner method:
Delete all but the first BQL observation in a continuous series of BQLs
Assign the first BQL to 50% of the assay quantification limit (i.e., in
NONMEM, DV = QL/2)
Use an additive plus proportional error model with the standard deviation
of the additive component greater than or equal to 50% of the assay
quantification limit
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it often can be incorporated directly into the pharmacostatistical model as either a
covariate or an outcome depending on how it is estimated. Recent works have utilized
varied compliance markers in a population-based analysis with great success. Hence,
the reader seeking to incorporate compliance data/expressions into a mixed effect model
is best directed to the studies by Girard et al.***° and Vrijens and Goetghebeur.*!

Stupy DEsIGN

More so than traditional clinical pharmacology studies, proof-of-concept studies, or
dose-finding studies, population PK/PD studies have been scrutinized because of
the logistical, data accuracy, covariate assessment, and protocol design problems
they present. Several meetings have been held to discuss these issues as well as
specific issues relating to the design of population-based PK/PD studies. From these
meetings, general guidelines have emerged:

A population PK/PD study should not compromise the main objectives

of the clinical trial.

e It is important to communicate the purpose of the population PK/PD
analysis to the investigators and to convince them of the importance of
accurate timing.

* Some prior knowledge of the PK/PD models and covariate relationships
is necessary for the analysis of sparse Phase III data.

e Computer simulation and optimal design measures may be useful in
defining sparse sampling time.

¢ Population methods must be specified as completely as possible in the

protocol.

SIMULATION

The utility of simulations to forecast formulation, regimen, and subpopulation “what-
if” scenarios has been widely appreciated, and such simulations have found their
way into population PK/PD reports and manuscripts, NDA application summaries,
and the background sections of protocols. Simulation can occur at multiple stages
of a population pharmacokinetic project. For a prospectively designed study, simu-
lation can examine design features such as sampling schemes and dosing regimens.
The goal of such simulations is to assess the impact of input and sampling on the
information content (i.e., is there sufficient sampling to estimate k,?) and the assump-
tions made in a given study (i.e., the trough concentrations of greater than 80% of
the patients studied should be greater than 40 nM at the lowest dose).

Simulation techniques vary based on the degree of randomness desired. If one
wants the typical subject only, a deterministic solution is achieved by solving the
structural model for a given input at defined sampling times. Error (intra- and inter-
individual) partitions are not necessary. Similarly, the extremes of a certain parameter
can be simulated by fixing the estimate of that parameter to its upper or lower bound
and proceeding with a deterministic solution. More informed simulations will, of
course, specify the degree of stochasticity required to answer the questions posed. For
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example, simulation can be used during the model development and refinement process
through a combination of simulation and fitting. This technique is valuable for deciding
whether a model is too complex for the data collected or if a specific covariate is
important for the accurate prediction of structural model parameters. In the more
common setting, the fully specified model is utilized allowing all random variables to
roam within their likely limits. This will permit the most informative examination of
regimen or subpopulation influence on the response.

NONMEM provides a great deal of flexibility in simulation options. The user
manuals contain most of the details required. In short, the $SSIMULATION record and
the seed number initiates the process. The order of the simulation statement before or
after the $ESTIMATION record will dictate whether data supplied are to be fit or
simulated. The subproblems option defines the number of unique profiles to be sim-
ulated for a given set of subject identifiers and design points. The data file essentially
contains the skeleton of the profile to be simulated (i.e., sampling points and covariate
details are specified) with the DV field essentially a placeholder for the simulated

NMTRAN Control File Data File, Simex.csv
$PROBLEM Simulation Example; ID TIME AMT AGE SEX WT DV
$INPUT ID TIME AGE SEX WT DV MDV MDV EVID
EVID 1 0 250 55 1 50 . 1
$DATA Simex.csv 1
$SUBROUTINE ADVAN 1 1 1 0 55 1 50 . 0
$PK 0
TVCL=THETA(1) 1 2 0 55 1 50 . 0
TVV=THETA(2) 0
CL=TVCL+ETA(1) 1 3 0 55 1 50 . 0
V=TVV+ETA(2) 0
$THETA (.005) (10) 1 4 0 55 1 5 . 0
$SOMEGA (0.1) (0.1) 0
$SERROR 1 6 0 55 1 50 . 0
Y=F + EPS(1) 0
$SIGMA (0.02) 1 8 0 55 1 50 . 0
$SIMULATION (1985) SUBPROBLEMS=50 0
ONLYSIMULATION 1 12 0 55 1 50 . 0
$TABLE ID TIME CL V NOPRINT 0
FILE=101.TAB NOHEADER 1 16 0 55 1 50 . 0
0
1 24 0 55 1 50 . 0
0
1 48 0 5 1 50 . 0
0
1 72 0 55 1 50 . 0
0

FIGURE 15.6 NONMEM NMTRAN control and data files necessary to simulate 50 profiles
from a specified subpopulation.
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response. The $TABLE record defines the simulated output to be captured. Figure 15.6
shows a typical NMTRAN control and data file pairing to obtain 50 simulated profiles
over a 72-h time course from a single-dose administration.

The extension of this work has resulted in attempts to simulate clinical trial
outcomes based on “what-if” scenarios governed by treatment and study design
possibilities. In short, the marriage of pharmacostatistical modeling (as with popu-
lation-based analyses) and Monte Carlo techniques has created a simulation envi-
ronment that permits the evaluation of drug and design features on safety and efficacy
consequences, which have not been previously obtained in the pharmaceutical indus-
try. Clinical trial simulation (CTS) is an emerging technology with few examples
existing in the literature. Many industrial, academic, and regulatory groups are
investing resources to pursue the areas that may best benefit from this technique.
The Pharsight Corporation Trial Simulator is the current industry standard for CTS.
The user interface is reasonably user-friendly and has flexibility to accommodate
any design nuance. Other competitive programs are in development. NONMEM
itself is very capable of simulating clinical trials. This is done using the $SIMULA-
TION statement and the $TABLE statement for output as previously discussed. The
difficulty with using NONMEM in this regard lies in the fact that the user must set
up a data set (possibly a large data set) that includes all the events (including “other
events” EVID = 2 for samples, randomizations, etc). Also, the event list is not
adaptive, such that the collection of an extra sample based on some event in the trial
(toxicity, lack of efficacy, etc.) cannot be accommodated. Dose adjustments need to
be handled via a change in bioavailability. Hence, while possible, the number of
“workarounds” to use NONMEM in this regard often precludes its use for CTS.

CONCLUSION
SupPORT AND EDUCATION

Despite three decades of research on population-based PK/PD approaches and
numerous examples in which these techniques have proved valuable, there remains
some skepticism about the value of these efforts particularly in support of the
registration of new medicines. Unfortunately, the paradigm shift advocated by
Sheiner'3 moving clinical research toward learning-based vs. the traditional con-
firmatory (hypotheses-testing) type trial design is not widely embraced at present.
This may change with time, but more common today is an environment in which
those supporting these efforts (population pharamcokinetics) must continually
educate the clinical community and occasionally their own management. In some
instances the bias against population pharmacokinetics is specific to a therapeutic
area and may be related to the perceived “failures” of past efforts. Regardless,
organizations that have critiqued their internal efforts such as La Roche,** Parke-
Davis,* and the U.S. FDA* have generally found their experiences with population
pharmacokinetics valuable.

Academic, industrial, and regulatory groups with strong expertise in population-
based techniques and analyses have habits and traits in common that make them
effective. These include cross-disciplinary support of population pharmacokinetic
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programs including membership from pharmacokinetics, clinical, and statistical
groups, in-house programming, data management, and application development
support, multiple project leaders (i.e., no single guru), ongoing education in popu-
lation pharmacokinetic techniques and methodology, and recognized clinical exper-
tise and influence. These features are not easy to come by and those seeking to build
such groups may find it difficult to secure the required head count in an environment
in which such skills are not initially appreciated.

DOCUMENTATION AND “TELLING THE STORY”

The requirements for the U.S. regulatory submission of population-based analyses
have been codified by the FDA guidance on population pharmacokinetics.? In gen-
eral, the submitted report must include the statement of the objectives, design issues,
a discussion of relevant assumptions, analyses hypotheses, methods, results and
discussion, and commentary on the application of the results. The objectives section
typically defines the desire to characterize the pharmacokinetics or pharmacody-
namics based on sparse data, the major covariates to be investigated, the quantifi-
cation of unexplained sources of variability, the discrimination of models, and the
provision of meta-analyses of pooled study data if appropriate. The design section
should discuss whether the analysis is based on a prospectively designed study or
constitutes a retrospective analysis. It should also cover inclusion/exclusion criteria,
describe the study population, explain or defend the choice of sampling times,
discuss the measured responses, and provide commentary on possible sources of bias.

Documentation on assumptions should address those assumptions implicit in the
pharmacokinetic or pharmacodynamic model and the statistical methodology chosen
to evaluate the data. It should also state the assumed sensitivity of the parameters
required to define the model relative to the data space being evaluated as well as any
preconceived notions regarding biomarkers or surrogate markers evaluated as responses
or covariates in the analysis. Hypotheses should be defined based on what was held a
priori as true before the study or analysis, what was developed from preliminary or
exploratory data analysis, and what would constitute a difference or equivalence in an
effect or outcome. In some instances the criteria for difference as opposed to equivalence
can be defined from a statistical viewpoint independent of the actual study design. This
approach does not always confer regulatory acceptance, however.

The methods section must address the logistical, quality assurance, and data
analysis specifications utilized during the conduct of the study or studies, the handling
of the samples and data, and the subsequent data analysis and interpretation. It should
contain the details of the analytical rigor including pertinent information on assay
validation and measurement error and the sample-handling procedures, which may
contribute to this error. An assessment of compliance should be provided along with
any preconceived assumptions about the effect of compliance on outcomes. Finally,
the details of the data analysis including model-building and reduction procedures
along with criteria for outlier identification and data subsetting should be described
in the methods section. The results and discussion section should be straightforward,
but attention to the description of the data should be given as well as model-building
and validation results. Specifically, dependent and independent variables should be
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characterized by distribution analysis and correlated with responses and covariates.
The adequacy of the sampled distributions relative to the objectives should be dis-
cussed (i.e., Is the sampling adequate for the structural model proposed? Are the
demographic characteristics of the study population consistent with the target popu-
lation for which the drug is intended?). The guidance lists the desire of the FDA to
be able to reconstruct analyses through the provision of electronic files (data, control
files, complete output for key intermediate and final steps).? This is more easily
managed and documented if the results section contains a flow diagram that identifies
the analysis stages and indexes the various stages for referencing with electronic files
and appendices. Finally, the results section must contain commentary on the reliability
of the findings through some of the procedures discussed previously (accuracy and
precision of estimates, validation, diagnostics, etc.). The results application statement
should discuss any recommendations made based on the results of the population
analysis, particularly if there are dose modification implications that are to be reflected
in the labeling.

Although the documentation procedures discussed above are decidedly from an
industrial perspective, they have universal appeal as indicators of scientific rigor and
thoroughness. Documentation aside, an often unaddressed requirement for any scientist
supporting these efforts is the attention paid to “telling the story.” Indeed, some of the
skepticism among our clinical colleagues is based on the ineffective or complete lack

TABLE 15.11
Common Practices for Effective Communication of Population
Pharmacokinetic Ideas, Outcomes, and Best Practices

Tips for “Telling the Story”

Internal efforts Form cross-disciplinary working group to discuss regularly current internal
efforts, manpower, best practices, and review past performance.

Solicit the assistance of discovery stage scientists to understand possible
mechanism-based reasons for observed but unanticipated effects or correlations
— explain what you’re doing!

Take advantage of internal symposia to educate scientists in related fields.

Pursue integration of population pharmacokinetic efforts into the clinical
development plans of early stage compounds.

Create internal repository of complete population pharmacokinetic efforts (code,
model development chronology, documentation, etc.)

Identify external consultants (academic and CRO-based) to review internal efforts
and deliver an external opinion of past efforts and the “added-value” of the
population approach in general.

External efforts Participate in local users groups (MUFPADA, East Coast Population Approach
Group, PAGE, etc.).

Publish; present at national or international meetings (helpful to present/publish
in therapeutic area—specific venues in addition to settings where population
pharmacokinetic methods and data analyses are well understood).

Maintain a current appreciation of the population pharmacokinetic literature and
be aware of regulatory (U.S., EU, etc.) changes in opinion and requirements.
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of explanation regarding the approach in general, potential benefit of the effort, dem-
onstrated return on investment, and historical results with related compounds or with
compounds in relevant therapeutic areas. The utility of pharmacokinetic and more
recently pharmacodynamic data in the drug development process is broadly held today.
This came only after years of demonstrated benefit and a great deal of education. The
broader acceptance of population pharmacokinetics will only come after sustained
education and demonstration of benefit to therapy or to the drug development process
itself in terms of time and cost savings. “Buy-in” among pharmacokinetic, statistical,
and clinical groups is typically not achieved unless there is representation from each
of these groups on the design and analysis team. Similarly, the communication of
outcomes, benefits, pitfalls, and best practices must become part of the corporate
memory of all stakeholder groups. Some useful practices for effective communication
of population pharmacokinetics are shown in Table 15.11.

Population approach techniques are powerful tools useful in the characterization
of sources of variation in the patient population particularly when applied to studies
used for the registration of new chemical entities. The correct usage of these tech-
niques requires significant investment on behalf of the analyst or scientist. The only
way to master these techniques is to apply oneself in the field of study.
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INTRODUCTION

The relative advantages and disadvantages of linear system analysis (LSA) and
noncompartmentally based pharmacokinetic (PK) modeling to other modeling
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approaches have previously been discussed by several authors.!!° A modern inter-
pretation of LSA refers to modeling that makes use of LSA principles or, additionally,
modeling that focuses on response relationships more than structure relationships.’
Systems analysis is the preferred terminology in this work rather than noncompart-
mental modeling because some of the so-called noncompartmental methods do in
fact make use of a “compartment” (e.g., sampling space). This work is mainly aimed
at covering the basic principles of LSA-based PK modeling. Nonlinear systems
analysis modeling is dealt with to a much lesser extent.

LINEAR SYSTEMS ANALYSIS

LSA is a modeling approach in pharmacokinetics/pharmacodynamics (PK/PD) that
applies general linear principles such as convolution and deconvolution to simplify
and generalize linear PK/PD relationships.

It would be incorrect to characterize LSA approaches generally as empirical
because LSA is often based on a mechanism, e.g., molecular stochastic independence
(MS]) that is a physiologically and mechanistically realistic, basic mechanism (see
the appendix to this chapter).

Also, the LSA approach cannot generally be characterized as a “black box”
approach because LSA offers various degrees of structure differentiation. In fact,
it offers an excellent opportunity to analyze specific kinetic mechanisms (e.g.,
drug absorption and drug elimination) unconfounded by kinetic elements that
theoretically or practically may be difficult or impossible to resolve by traditional
modeling means.

THEe LiINEARITY CONCEPT

The concept of linearity is differently defined in different contexts and has often
been the cause of confusion in PK/PD. For example, in regression analysis, linearity
often refers to linear regression equations, which have the following general form,
linear in the parameters, p, to be determined:

Y =Pp18&1(X) + prgy(X) + ... + p,g,(x) (16.1)

where g;(x) are arbitrary functions of the independent variables. In pharmaco-
kinetics, “linear pharmacokinetics” or “linear drug disposition” have often been
interpreted traditionally in a narrow sense as kinetics described by linear com-
partmental models or first-order processes. Linearity in this case does not refer
to linear regression equations, but refers to the fact that linear compartmental
models involve first-order compartmental transfer and accordingly are described
by linear differential equations. More generally, it is recognized that the solution
of systems of linear differential equations guarantees certain general linear
properties such as superposition and dose linearity. Thus, in a more modern
interpretation linearity of compartmental models refers to such general proper-
ties. There are many other types of models such as physiological models that
may also be described by systems of linear differential equations and, as such,
result in linear system properties. However, linear differential equations are not
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a required foundation for the general linear properties of a linear kinetic system.
As discussed in this work, a kinetic system exhibiting general linear properties
may be described in terms of purely statistical kinetic principles (molecular
stochastic independence, MSI) without any connections to linear differential
model equations or other structure-specific mathematical formulations. LSA
considers linearity at a higher, more general level than other modeling
approaches. Linearity in LSA is based on operational principles not limited to
the specificity of linear compartmental systems or other structured modeling
systems such as physiological models or recirculation models.

Linear Systems: A linear system is a system having two or more kinetic
variables that are linearly related through a linear relationship.

Linear Relationships: A linear relationship (L) between two kinetic variables
x and y,

y=L(x) (16.2)

is a relationship that follows the general property of the linear operator (L).

In the following presentation, “L” denotes a general linear operational relation-
ship (defined in section on Mathematical Element of LSA).

Nonlinear Relationships: A relationship between two kinetic variables x and y
is nonlinear if it does not follow the property of a linear relationship.

Rationale for Using LSA: LSA may be a useful alternative to other PK/PD
analysis approaches for several reasons:®

* The analysis may be simplified by LSA through a simpler model structure.

* LSA s largely based on generalization. Linearity is considered in a general
way not specific to a particular structure such as compartmental, physio-
logical recirculation, etc.

* The analysis may be done by LSA with fewer assumptions.

* The assumptions, e.g., general linear relationships between kinetic vari-
ables, are more readily verified and tested than structure assumptions of
more structured modeling approaches.

* Structure identifiability problems may be avoided or significantly reduced
by the use of the LSA approach.® Specific kinetic processes such as drug
absorption and elimination may be analyzed in a more direct way by
removing some structure complexity that otherwise may confound the
analysis.

* Numerically, the LSA approach may be implemented by calculations
that involve estimation by (general) linear regression, e.g., use of cubic
spline functions.!'-'* The intrinsic problems of nonlinear estimation
common in more structured methods can thereby be avoided or signif-
icantly reduced.

» Through its greater generality, the LSA approach allows a wider interpre-
tation of the kinetics being evaluated, and makes more apparent what is
required experimentally to elucidate the kinetics more conclusively.
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MATHEMATICAL ELEMENTS OF LSA
THE LINEAR OPERATOR L

A linear operator is a mathematical operator with the following property:
Lkx, + kyx,) = k\L(x,) + kyL(x,) (16.3)

where x, and x, are two arbitrary cases of the variable x, and k, are k, are two
arbitrary constants.

It is readily shown that several simple mathematical operations such as dif-
ferentiation, integration, and linear transformations (scaling and translation), as
well as more complex operations such as convolution, deconvolution, and Laplace
transformations (and inverse Laplace transformation) have the above linear oper-
ator property.

Variable x in the definition of a linear operator is typically a time-dependent
variable, x(f). The specific case k, = k, = 1 results in the well-known simple super-
position property of the linear operator.

L(x, + x,) = L(x,) + L(x,) (16.4)
The specific case k, = 0 results in the “proportionality property” of the linear operator.
L(kx) = kL(x) (16.5)

This property is exemplified in the well-known dose linearity in linear pharmaco-
kinetics. Compounded linear operations are simplified as a linear operation, i.e.,

L(... Ly(Ly(*)) ...) = L(*) (16.6)

Kinetically, this corresponds to a preservation of linearity in a chain of linear kinetic
steps. A linear combination of linear operators is simplified as a linear operation, i.e.,

kL (%) + k,Ly(%) + ... + k,L,(¥) = L(*) (16.7)
for all values of the constants k, k,, ..., k,. The inverse linear operation L' defined as
L(L(¥)) = * (16.8)

is a linear operator. For example, convolution is a linear operation. Since deconvo-
lution is the inverse operation of convolution, it is a linear operation. If two kinetic
variables y, and y, are both linearly related to a third kinetic variable x, then they
are linearly related; from

yi =L (16.9)
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¥, = Ly(x) (16.10)
it follows that y, is linearly related to y, (or y, is linearly related to y,),

i =L, (16.11)

Most linear operators operating on a time-dependent variable, x(¢), produce a
time-dependent result. However, some linear operators (e.g., integration type of
operators) may result in a constant. For example, the total integration of the drug
concentration profile, c(¢), produces a constant, the area under the curve (AUC). The
AUC is accordingly linearly related to the drug concentration. More surprising is
the fact that a linear operation performed on a constant may result in a time-
dependent result. For example, the linear operation convolution will always have a
time-dependent result.

LINEAR RELATIONSHIPS CONSIDERED AS RESPONSE SYSTEMS

Theorem 16.1 If x and y are linearly related and y, is the response to x, and y, is
the response to x,, then for arbitrary constants k, and k, the response to x = k; x,+
k,x, will be

y=ky, + ky, (16.12)

Theorem 16.2 Let y, and y, denote the responses to arbitrary cases of x: x = x; and
X = x,, respectively. The variable y is linearly related to x if, for arbitrary constants
k, and k,, the response to x = kx, + k,x, is

y=ky +ky, (16.13)

IDENTIFICATION OF LINEARITY
IDENTIFICATION OF LINEARITY FROM MODEL EQUATIONS

Linearity between variables in model equations that describe a kinetic system
may be readily identified even for complex equations presented in implicit or
explicit form, including differential or nondifferential forms, according to the
following theorem.

Theorem 16.3 Consider a mathematical relationship between variables x and y
defined by some equations, E. Let x; and x, denote arbitrary cases of x, and let y,
and y, denote the corresponding solutions; i.e., (x,, ¥,) and (x,, ¥,) each satisfies E.
The relationship between x and y is linear, y = L(x), if (x3, y;) given by

X3 = kyx, + kox, (16.14)

V3 =kiy + ky, (16.15)
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is a solution to E and k, and k, are arbitrary constants.
As an example of the application of Theorem 16.3, consider the differential
equations for a two-compartment linear model

x) ==Ex; + kyx, + 1 (16.16)
Xy = kipx, — Exx,y 16.17)
where E, and E, are the sum of the first-order exit rate constants from compartments
1 and 2, respectively, and /; is an arbitrary input into compartment 1 (the analysis
also applies in the cases of a separate or simultaneous input, /,, into compartment
2, but this is not considered for the sake of simplicity). Consider an arbitrary case,
denoted by (1) as subscript, i.e., by definition let x,.y, X5, and I, satisfy the
differential equations:

X1y = —Exyy + kyxoqy + I (16.18)
x,2(1) = klle(l) — LyXy) (16.19)

Similarly, consider another arbitrary case denoted by subscript (2).
X0y = —EX o) + kyXoy + 115 (16.20)
X0y = KinXi) — ExXy (16.21)
Multiplying the two equations of case (1) by the arbitrary constant &k, and the two

equations of case (2) by the arbitrary constant k, followed by pairwise adding
produces the following equations after simple rearrangement:

X3y = —Exys) + koo + 1 (16.22)
x,z(s) = kX3 — ExXogs) (16.23)
where
Xy = kixXyqy + kpxyo) (16.24)
Xyzy = kiXyy + koXya (16.25)
Lig = kil + kol (16.26)

From this it is concluded that:

e Variables x,; and x, are linearly related according to Theorem 16.3.
* Variables x, and x, are also each linearly related to the arbitrary input /,.
The linearity between the input (/,) and the variables x, and x, is verified
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similarly to above. Consider, for example, the relationship between x, and
I,(x, is then considered an auxiliary variable). Accordingly, (x,,), /) and
(*12» 11(2)) are solutions leading to (x4, /), which is also a solution,
where x,) = kX, + kyXyy and 1,5, = k1) + kol ). Thus, x; and I, are
linearly related according to Theorem 16.3. Linearity between x, and I,
is shown in an identical manner.

IDENTIFICATION OF LINEARITY FROM MEASURED RESPONSES

Linearity between measured pharmacokinetic response variables in a kinetic sys-
tem may be readily identified in a manner similar to above, according to the
following theorem.

Theorem 16.4 Consider a kinetic system with responses R, and R, measured at the
same or distinct sampling sites S, and S, resulting from a drug input, /, at an input
site P. Let (R, (), Ry(;)) and (R, R,,)) denote the responses resulting from two different
arbitrary inputs /;,and I,, at P, respectively. Let (R,;) R,3) denote the responses
resulting from a third input /;; at P that is an arbitrary linear combination of the
first two inputs

1) = ki) + ksl o) (16.27)

with k, and k, as arbitrary constants. R, R,, and [ are linearly related (L) if
Ria = kR + kR (5 (16.28)
Rya) = kiRy) + kyRy) (16.29)

A PK response may be measured as a concentration typically denoted by c(z), but
can as well be an amount, often denoted A(r). For the sake of generality PK
responses/variables, which typically are time-dependent functions, will therefore be
denoted by R(¢) or R.

LINEAR DRrRuG DISPOSITION

Linear drug disposition is defined as a linear relationship (L) between the input, /,
of drug into the systemic circulation and the resulting measured concentration, C,
of drug in the systemic circulation:

C=LD

In a structured modeling context, linear drug disposition is commonly thought
of as a disposition governed by first-order processes. Contrary to this, the LSA
approach defines linear disposition independently of the structure of the disposition
processes (distribution and elimination). Linear disposition is simply a linear rela-
tionship (L) between input (/) and the measured systemic drug concentration, C. A
so-called nonlinear absorption is sometimes observed in oral administrations when
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an increase or decrease in the dose results in a nonproportional change in the drug
level, C. Such nonlinearity does not imply that the drug has a nonlinear disposition
because the nonlinearity may arise from a nonlinear presystemic (first-pass) biotrans-
formation or degradation.

Disposition linearity implies proportionality between intensity of input and the
systemic drug concentration. The input intensity proportionality is defined in the
following general manner: If an arbitrary input (/) results in the concentration C =
L(I), then an increase or decrease in the input (new input = /) results in the same
proportional change in the drug concentration. This is due to the general propor-
tionality property of the linear operator L(kl) = kL(I) = kC. This proportionality is
generalized to any type of input, continuous as well as discontinuous and bolus input.

The LSA linear drug disposition definition does not impose any restrictions on
the mathematical form of the drug input response. This is in contrast to linear
compartmental models. For example, a two-compartment model implies a biexpo-
nential response to an IV bolus injection:

c=Ae "+ A (16.30)

where A,, A,, 0;, and o, are parameters that are always positive for this disposition
model. In contrast, LSA does not impose this structure constraint on the parameters.
For example, in LSA, when representing the IV bolus response by a biexponential
equation, the A, parameter may be allowed to become (slightly) negative, which for
A +A, 20, and o, > o, still ensures non-negativity for # = 0 as physiologically
required, but allows for a more versatile set of curve shapes. Also, strictly speaking
in reality ¢(0) = 0, since the concentration is not measured at the injection site. This
physiological constrain is readily considered in a structure-independent way by the
LSA approach.

MOLECULAR/PROBABILITY BASIS FOR LINEARITY
IN PHARMACOKINETICS

LINEAR INPUT—RESPONSE LINEARITY

Kinetic linearity has traditionally been associated with specific kinetic mechanisms,
e.g., first-order processes for drug distribution and elimination. In contrast, in LSA
it is not necessary to assume such physiologically problematic kinetic mechanisms.
This is well exemplified in dealing with input-response systems in PK. Such systems
can be considered in LSA in a very fundamental way on the basis of sound physi-
ological principles involving largely statistical kinetic concepts, namely, molecular
stochastic independence (MSI).

MOLECULAR STOCHASTIC INDEPENDENCE

Consider a drug molecule introduced into a body at point P at the arbitrary time
T. Let Pr(r) denote the probability that the drug molecule, in its original or
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biotransformed form, is present at a given sampling space, S, at an arbitrary later
time T + ¢. The drug exhibits molecular stochastic independence (MSI) if Pr(¢) is
independent of the presence in the body of other such drug molecules in original
or biotransformed form.

Theorem 16.5 MSI results in a linear input (/)-response (R) relationship.
R =L (16.31)

The linearity (L) is a convolution-type linearity involving a unit impulse response
(UIR) function (“‘characteristic response”):

R = j;UIR(z—u)I(u)duEUIR () I (16.32)

The UIR is given by

UIR = LI,/ Do (16.33)

olus

I

bolus

= bolus input of a dose D (16.34)

bolus
(see the appendix). The UIR of the linear input-response relationship is directly
related to the MSI probability function, Pr(¢) (see the appendix) and is proportional
to this function when the response, R, is the amount or concentration of drug, in
original or biotransformed form, present in the sampling space. It is not required
that the concentration in the sampling space be uniform. In that case, the concen-
tration response is defined as an “average” concentration in the sampling space, i.e.,
the amount in the sampling space divided by the constant volume of the sampling
space. This will be the proper concentration when the amount in the sampling space
is linearly related to the input. Note that the derivation (see the appendix) is based
on the amount in the sampling space. The derivation, therefore, makes no assumption
of concentration uniformity in the sampling space.

LINEAR RESPONSE—RESPONSE LINEARITY

Theorem 16.6 MSI leads to linearity between kinetic response variables, R, and R,,
resulting from the same input at the same input site.

R, =L, (16.35)
R, = L) (16.36)

The MSI probability function Pr(f) and thus the UIR is characteristic for the
transport of the drug molecules from the given input point, P, to the sampling space,
S (see the appendix). Depending on the definition of the sampled response as a
biotransformed form of the drug or unchanged drug, the transport from P to S may
involve biotransformation, in addition to physical transport. Strictly speaking, the
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drug input site, P, must be an entry via a point. An input site spread out over a region
will not result in a simple convolution-type input-response relationship if the prob-
ability function Pr(?) is different from different points of the input site region. The
sampling space, S, can be any physiologically fixed space. In blood drawings, this
space will simply be the space in the body occupied by the blood drawn in the
sampling. Accordingly, in simple blood drawings the sampling space will, strictly
speaking, differ for different volumes of blood drawn. This becomes important to
consider if the drug is not uniformly distributed in the sampling space, which may
happen since the drug does not need to be evenly distributed in the sampling space
for the convolution relationship to true (see the appendix). Accordingly, the sampling
space can include heterogeneous biopsy tissue samples or whole organs or regions
of the body analyzed noninvasively by electronic scanning. In fact, the sampling
space can consist of disjoint, widely different spaces in the body. This is in strong
contrast to the usual compartmental modeling assumption that considers compart-
ments to be homogeneous.

The convolution derivation assumes a time-invariant system. This follows from
the fact that the probability function Pr(7) in the derivation (see the appendix) does
not depend on 7, the time the drug molecules enter at the input point, P. The
convolution derivation also assumes an instantaneous sampling procedure.

CONVOLUTION AS A LINEAR OPERATOR

The convolution linear operator met in linear input-response systems
(Theorem 16.5) is of great importance in LSA and is encountered in many different
contexts. This linear operator consists of a “kernel function,” g(f), and a specific
integration operation,

L(*)= [yt —u)(*)du (16.37)

The operand (*) can be another function, A(f), in which case the operation simply
becomes

L,(h(1)) = jo’g(t—u)h(u)du (16.38)

The operand can also be a constant, k, in which case the operation only involves a
simple integration:

Ly(k) = kjo’g(u)du (16.39)

When the operand is an impulse function, D(¢), 8(f) = Dirac delta function, D =
amount of impulse, then the operation becomes a simple scaling of the kernel
function:

L(Dd(1)) = Dg(1) (16.40)



368 Pharmacokinetics in Drug Discovery and Development

The integration operation of the convolution operator is symmetric with respect to
the kernel and the operand. Thus, L,(h(?)) = L,(g(?)). For this reason a convolution
involving two functions, g and £, is often written g * h (or h * g).

g*h = h+g = j(;h(t—u)g(u)du = j(jh(u)g(t—u)du (16.41)

Table 16.1 presents some useful general properties of convolution, and Table 16.2
presents some useful specific convolution expressions.

GEOMETRIC INTERPRETATION OF CONVOLUTION

The convolution operation between two functions is explained in Figure 16.1. The
convolution of function g (Figure 16.1, graph A) and function % (Figure 16.1, graph
B) results in the convolution function g * h (Figure 16.1, graph F). Five steps are
involved in the calculation of the value of the convolution function at the arbitrary
time ¢ (vertical line in Figure 16.1, graph F):

* The two functions are separated by the time, 7. One function (%) is flipped
around the y axis.
» The function flipped around and the other function (g) are overlaid.

TABLE 16.1
Some General Properties of Convolution?
Item
1 g *hEJ.O'g(t—u)h(u)du
3 g*hxq=g*xh*q)=@g*h*q
4 g *k = k[ g(u)du
5 g * (kihy+kohy) = kig * hy + kog * hy
j;g *hdt = ('[Uwgdt)( j;"hdz)
7 [ #hdr = ([ gdr) *h = g *([ hdr)
8 [t *yde = ([rgdn) ([ hdr) + ([gdr) ([ thdr)
? tim ([ gd) <h = ([ gd)([;hdn)
10 g*h=0att=0if g and & are not impulse functions
11 g*h—>0fort > oif gand h — 0 fort — oo

12 [f * g1 = fn)g(0) + f(r) * g'(2) = AO)(®) + f(t) * g(®)
13 g * k]’ = kg

14 g*h>0ifg>0and h>0

15 g * 8(f) = g, where 8(¢) if the Dirac delta function

2 k, k,, and k, are constants.




The Linear Systems Approach 369

TABLE 16.2

Some Specific Convolutions?

Item g h

1 e e

2 e—m‘ ef(lt

3 k e

4 k, k,

5 k "

6 4 "

7 t e

8 12 e
t3 e~

g *h= [ g(t—u)h(u)du

(e —eP)/(B - o) for o= B

te—m

k(1 — e *)/o

kikot

kt'+Y(n + 1) n=0,1,2, ...
nlm! "+ (n+m+ 1)!
n=0,1,2,...m=0,1,2, ...

[t— (1 - e*)/al/o

[2= 2t/ + 2(1 — e ™)/ o?]/o

[ -3 /o + 61/02 — 6(1 — e )]/

2 Constants are denoted by k.

* The overlaid functions are multiplied; i.e., corresponding values of the
overlaid curves are multiplied from time = 0 to time = ¢ to form the product
curve seen in Figure 16.1, graph E.

* The product curve is integrated from time = 0 to time = ¢.

The resulting integral (AREA) is equal to the value of the convolution of the
two functions at time ¢, i.e., AREA = g(¢) * h(r). This geometric interpretation is

g
AN

-

. separate ==
. flip - C
. overlay - : éé D

4. multiply -
. integrate :AREA E

et

FIGURE 16.1 Geometric interpretation of convolution.
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not only useful for understanding the convolution operation, but is also useful in
deriving important relationships for more complex convolution operations, e.g.,
convolution of discontinuous functions, and in determining bounds for the convo-
lution, etc.

CONVOLUTION AND LAPLACE TRANSFORMS

The Laplace transform, which is a linear operator, is frequently used as a mathe-
matical tool when dealing with linear systems. The Laplace transform is often useful
in dealing with more complex convolution relationships. For example, consider the
following property of the Laplace transform operation L;:

L,(g * h) = L(g)L,(h) (16.42)

where
Li(¥)= |, e (x)dt (16.43)

Thus, to find the convolution expression for two function g and A, one can form
the product of the Laplace transform of g and the Laplace transform of /4, and then
invert. This is a useful approach if the product of the Laplace transforms is a Laplace
transform that readily can be backtransformed to give the convolution expression.
Consider, for example,

L,(t") = nl/sn+! (16.44)

Accordingly,
L, (= ) = L, (e)L,(#") = nlm!/s*+m+2 (16.45)
Inversion of the Laplace transform n!m!/s"*"+2 is then readily done using the specific
Laplace transform formula for # which then gives the expression shown in

Table 16.2, item 6.

LSA AND DRrucG INPUT—RESPONSE IN PK

As presented above (Theorem 16.5) MSI results in a convolution-type input-response
relationship.

R=UIR * [ (16.46)

From the derivation of this relationship, it is evident that the input-response rela-
tionship is characterized by the following five items:

1. Position of input (input point, or input site)
2. Position of response (sampling space)
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3. Type of response measured (e.g., concentration or amount of the drug or
biotransformed drug)

4. Type of input (e.g., rate or amount of input)

5. A convolution-type linear operator (UIR *) that is specific to the subject-
drug and items 1 to 4 above

The input, 7, is commonly defined as the rate of drug input I = f{(r). However,
the convolution relationship also allows for bolus-type input: I = Dd(¢) where 8(¢)
is the Dirac delta function (see Table 16.1, item 14). The cumulative amount of input
obtained by integrating the rate of input is related to the area under the response
curve by a convolution relationship identical to the input—response relationship, i.e.,
see Equations 16.47 through 16.49,

A(t) = j(;ldt = J‘O’f(t)dt (16.47)
AUR(?) = jO'Rdt (16.48)
AUR(f) = UIR(®?) * A(f) (16.49)

The response, R, may be expressed as a concentration or an amount and is not
limited to the parent drug but can be any biotransformed form of the drug. If the
drug and metabolites are linearly related to the input (Theorem 16.5), then the sum
of the drug and the metabolite input-response (concentration or amounts) is also
linearly related to the input through a simple convolution relationship. This follows
from the following derivation:

For the drug (D):

R, =UIR, * [ (16.50)
For the metabolites (Mj):

Ry; = UIR; * [ (16.51)

For response = drug + metabolites:

R=R,+ Y Ry, = (UIRD+2UIRj) #] = UIR */ (16.52)
j J

Thus, if the response measured is radioactivity from a labeling of the drug, then
the total radioactivity resulting from the drug and metabolites is linearly related to
input through a convolution relationship if both the metabolites and the drug are
linearly related to the input.
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The response, R, of an input-response relationship depends on the whole history
of the input. The importance of this fact should not be ignored in dealing with
prediction of responses: If a response variable is related to the input through a
convolution relationship and its current value is perturbed from its initial, baseline
value by prior input(s), then accurate predictions of the future response require
information about the prior input. For example, the value of the response variable
at time = 7, R(T), could be achieved by a simple bolus injection at time = 7, or by
a constant-rate input (infusion) at a rate that ensures that the response reaches R(7)
at time 7. The future response resulting from discontinuing the input at time 7 will
be different in these two cases that both result in the same response value at time 7.

SimMpPLE DErIVATIONS OF COMMON PK ExpressioNs UsING LSA

Often PK equations for common inputs such as first-order absorption; zero-order
input, or constant-rate infusions are derived from the differential equations describing
the kinetics. LSA offers a very attractive alternative to such derivations that is more
direct and does not require the use of differential equations or Laplace transforms.
The LSA derivations can be done simply by elementary convolution operations (see
Tables 16.1 and 16.2) in conjunction with the input-response convolution relation-
ship between concentration, c(f), and the rate of input, f(7):

c(t) = UIR(®) * f(1) (16.53)
Most drugs with a linear disposition have a polyexponential response to a

systemic bolus input. Accordingly, by definition the unit impulse response (IV bolus
response normalized with respect to the bolus dose) is then well described by

t

UIR(1) = Y Aje (16.54)

Jj=1

where typically n = 2 or 3 for most drugs. Thus, the concentration response to a
constant input, / = k = constant, simply becomes (see Table 16.2, item 3)

c(t) = k *(ZA,e“f’] = KZ%{U —e My (16.55)
J

j=1 j=1

Similarly, the absorption rate of a first-order absorption is given by
f(1) = FDk,e (16.56)

where

FD = jo’ f(t)dt = Dose absorbed (16.57)
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D is the drug dose administered and k, = first-order absorption rate constant. The
concentration response to the first-order absorption is obtained by a simple convo-
lution (see Table 16.2, item 1).

;1

(FDk,e' ™)+ S Aje ™ (16.58)

ji=1

c(t)

- Aj —ot ~k,t
FDkaZIka — (xf(e —e ) (16.59)
j= .

LSA ApPROACH TO DISCONTINUED INPUT AND MuULTIPLE INPUTS

Laplace transforms consider discontinued input, but the procedure is unnecessarily
complex and tedious. LSA offers a more direct solution to this problem by the use
of simple convolution or the use of the superposition principle in a “generalized”
fashion, as seen as follows.

CoNvoLuTION AND DisconTINuOUS INPUT

The concentration response to an arbitrary input, f(¢), that is discontinued at time =
T is simply given by

c(t) = J(’)“i"“’T)UIR(t—u) f(u)du (16.60)

Consider, for example, a “linear drug” with a polyexponential UIR as given above.
Let the input be first order and discontinued at time = 7, so that

f(1) = FDk,e™  o<T (16.61)

=0 t>T (16.62)

The convolution integral gives by simple integration the following concentration
response to the discontinued input:

" A —0L ;. —(k_ — o )min(t,
c(t) = FDkqu _Joc_e aﬂ(l—e(“ o)min(s, T)
a J

(16.63)

j=1

THE SUPERPOSITION PRINCIPLE APPLIED TO DiscONTINUOUS INPUT

The superposition principle allows any input to be “partitioned” in arbitrary com-
ponents as long as the sum (superposition) of these components adds to become
equal to the original input, i.e.,
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R=UR=*I=UR=*{;+L+...+1)=UR=*[,+ UR=* L + ... + UR * [, (16.64)
Correspondingly, the response is similarly arbitrarily partitioned.
R=R +R,+ ... + R, (R;=UIR * [)) (16.65)

The partitioning may be a purely mathematical operation and does not need to
have physiological relevance. This opens up some elegant ways of dealing with
discontinuous inputs. For example, consider a constant input that is started at time
t =0 and stopped at t = T.

I=kfor0<t<T (16.66)
I=0fort>T (16.67)

This input can be partitioned into two inputs:
I=1+1, (16.68)
where

I,=k fort>0 and IL,=-k fort>T (16.69)

Note that both 7, and 7, are continuous, nonstop constant input of the same magnitude
(Ikl) with 1, started at = 0 and I, started at time ¢ = 7. Note also that the 1, input
is negative and not a “meaningful” input (and does not have to be because this is
purely a mathematical operation). The responses R, and R, to the two inputs /, and
I, are readily derived because they are both continuous input. The response to /, is
very simple to obtain (see example above):

! —11]! ! A ; —(Xj[

R,(1) = c(t) = k*(ZA,e ): kzaj(l—e ) fort>0 (16.70)
j=1 j=1

The response to I, is simply related to the first response because of the “symmetrical”

partitioning.

—uj(th)

Ry(t) = -R,(t-T) = —kz‘g{(l—e ) fort>T  (16.71)

j=1

Accordingly, by summation and simple rearrangement, the response to the discon-
tinuous input / simply becomes

"A. —ai- o,
R=R+R = c(t) = kY, e D g (16.72)

j=1
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where subscript “+” is used to denote the so-called truncation function, i.e.,

(t-T),=t-T Fort>T
. (16.73)
=0 otherwise
The above examples of discontinuous input are readily extended to consider infusion
input that are started and stopped multiple times.

LSA As AN ALTERNATIVE TO MULTIVARIATE LINEAR COMPARTMENTAL
MODELING

A drug and its metabolites are sometimes measured simultaneously, perhaps in one
or more tissues. The traditional approach to PK analysis in such cases has been to
apply an explicitly structured modeling approach, which is inherently problematic
for several reasons. LSA offers an attractive alternative to multivariate PK analysis
for drugs with a linear disposition that eliminates many of the problems in traditional
modeling. The basic principle of the LSA approach to this problem is very simple.
Consider, for example, two PK responses resulting from the same input (/):

R, =L, (16.74)
R, = L,(]) (16.75)

Both responses are related to the input through a convolution-type linear relationship.
Accordingly, a unique inverse relationship to the input exists for the two responses:

I = L' (R) (16.76)

where, L,' denotes the inverse of the L, operator. Substitution of I in R, = L,(I)
gives the fundamental relationship between the two responses:

R, = Ly(Li'(R))) = L(R)) (16.77)

The relationship between R, and R, is unique and independent of the input. The
relationship is independent of the input in the sense that it does not depend on the
rate or extent of the input. However, as for any input—response system, the relation-
ship depends on the site of the input. Thus, as long as the drug disposition does not
change (time-invariant disposition) and the drug enters the system through the same
input site, the relationship between the responses remains unchanged. The R, R,
relationship is a linear operational relationship. In its simplest form it can be a simple
convolution-type relationship; otherwise it involves additional linear operations (see
examples below). The relationship applies to any two PK responses in a multivariate
PK system with a linear disposition and, as such, is an alternative to the traditional
linear compartmental multivariate analysis. Perhaps the biggest power of the
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approach stems from the most remarkable fact that the response relationships can
be determined when the input is not known.' Although the ad hoc conceptual
derivation above makes use of deconvolution (L]l ), which requires information
about the response to a known input, neither deconvolution nor a known reference
input is required to determine the linear relationship between the responses.!?

THE RespoNSE MAPPING OPERATOR

A theoretical analysis and a computer program have been presented for determining
PK relationships by the LSA approach for linear drug dispositions.'® The general
analysis, response mapping operation (RMO) considers as specific examples the
common cases where individual PK responses are well approximated by simple
polyexponential functions, which is often the case. The procedure is briefly: Let
R, () and R,(¢) be two PK responses resulting from an arbitrary input at input site
P. The two responses are uniquely related by the following relationship!®:

m

Ro() = 3w/ OR" 0+ w™ 0 * Ry(0) (16.78)
Jj=my
where
m, =k, +3 (16.79)
m, =k, +3 (16.80)
RY(0) = 0 forj=-1,0,1, ..., k (16.81)
RY(0) = 0 forj=-1,0,1, ..., k, (16.82)

A “derivative number” k, = —1 or k, = —1 is here used to denote a case where neither
the response function (R) nor its derivatives is initially zero. The “mapping function”
w(?) is given by

w(t) = L’I(L(Rz)m;) (16.83)
s 'L(R))

where L and L' denote Laplace transform and inverse Laplace transforms, respec-
tively. More specifically, the derivative elements of the mapping function, w(t), are
given by the following relationships:

(m (my = j)

W) = S eUVOR (1) + 0" (1) #Ry (1) (16.84)

j=1
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w?(0) = ¥ @ "(0)R}(0) i=1,2,.. (16.85)

Jj=1

where the auxiliary function ®(f) is given by

®(1) = L*l(—-l—) (16.86)

my

s L(R))

Example 16.1 Consider the very simple system, for which

R(t) = Ae " (16.87)

P Be™ B +B, = 0 (16.88)

Rz(t) = Bl e
The two responses could, for example, represent the drug concentration in the blood
and some peripheral tissue following a bolus injection. For this case, k, = -1, k, =
0. Applying the above response mapping algorithm produces the following relation-
ship between the responses:

R,(1) = w®(t) * R\(1) (16.89)
where
(2) _ —vlt —vzt
w(t) = ue  +ue
u, = Bi(o, - B,)/A,
u, = By(o, —By)/A, (16.90)
v = By
Vy = Bz
Example 16.2
70&11 70&2t
R(t)=Ae  +A,e ~, A+A, =0 (16.91)
*B]’ *le
R,(t) = Bje  +Bye °, B, +B, =0 (16.92)

In this case k, = 0, k, = 0, and the mapping algorithm produces the following linear
operational relationship between the two response variables:

Ry(1) = wP(ORP (1) + w(1) R, (1) (16.93)
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where
w(0) = —(B,B, + B,B,)/(A,0, + Ay0.,) (16.94)

WO = ure " +ue (16.95)

1, = By(By — a)(By — 0)/(A 0t + Ayaty) (16.96)

1y = By(B, — o) (B, — 0)(A 0t + Ayary) (16.97)

v, =B, (16.98)

v, =P, (16.99)

DECONVOLUTION

Deconvolution is the inverse operation of convolution and is mainly applied to
determine the input, /, in an input-response convolution relationship.

R=UIR * [ (16.100)
In that case, deconvolution deals with either of two problems:

Deconvolution Problem 1: Given R(¢) and I(¢), determine UIR(?)
Deconvolution Problem 2: Given R(¢) and UIR(?), determine I(f)
The main deconvolution problem, problem 2, requires problem 1 to be solved first.

Problem 1 To determine UIR, it is required that a known input be applied and the
response measured. Several possibilities exist.

Bolus input: UIR = Ry, ;s/Bolus Dose (16.101)
Constant input: UIR = (dR/dt)/k (I = k = constant) (16.102)
Post-steady state: UIR = — (dR/df)/k (I = k = constant) (16.103)

The response differentiated in the last case (post-steady state) is the response,
R, observed after a constant-rate input has led to a steady state. R is then the post-
infusion response after establishment of steady state. The general procedure in all
the above cases is to fit a suitable function to the (R, ) data to estimate R(¢) and
then obtain UIR(?), as given above. Polyexponential functions have worked very
well in approximating R(), resulting in a polyexponential representation of UIR(?).
However, the determination of UIR is not limited to the above three cases but can
be determined from the response to any known input function.
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Problem 2 Several deconvolution methods exist for determining the input to solve
deconvolution problem 2. Basically these can all be classified in two categories,
namely the direct methods and the prescribed input function methods.

THe Direct DECONVOLUTION METHOD

In this method, which has been extensively applied,>~'? the UIR(?) is determined as
given above. Additionally, a suitable function is fitted to the input-response data
from the unknown input to determine R(#). The input function is then determined
directly from the R and UIR functions using the following deconvolution formula
that is applicable when

UIR(0) #0:

_[pr . UIR(0) (16.104)
I(1) = [R (t)—UT(O)R(z)—h(z) *R(t)}/UIR(O)

The auxiliary function, h(f), in this formula, called the distribution function, is
obtained from the following Laplace transform inversion:

UIR’(0)
(s - TR0} )L(UIR) ~UIR(0)

h(t) = L ) (16.105)

Consider, for example, a simple case where UIR(f) = Ae ™. In this example h(f)
becomes zero, leading to the following one-exponential deconvolution formula.

I(t) = [R'() + aR(®)]/A (16.106)

. -0t —0l, 1
Consider, as another example, the more common case where UIR = A, e s Ase >,

The distribution function is then given by

(S+Aloc1+A20c2)( A N A, )—(A] +A)
4 A +A, s+0; s+0,
h(t) = L (16.107)
A, N A,
resulting in
h(t) = Ge' (16.108)

where

G—AA(a'_a2)2 (16.109)

T A+ A, :
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Y= (A0, + A0)/IA, +Ay) (16.110)

Thus, the input rate is

Ao+ A0,

(1) = [R'(r)+ P

R(t) + Ge" * R(t)}/(Al +A4,) (16.111)
The solution to the more general case with

UIR(1) = Y Aje

j=1

is as follows:

ZA/'O‘/ nel

I(1) = |R'()+ =R +R(1) * Y Gie” |/ Y A, (16.112)

ZAf j=1 j=1

j=1
The v, are obtained as the n — 1 roots of the following polynomial:
P(x) = YA [T (o +x) (16.113)
i=1 j=1#i

Each corresponding G; parameter is subsequently obtained from the vy, parameter,
according to

-1

B n n A n 1
G, = - [2 AmJ{z% +joc,-k D o (16.114)

j=1 =1#j

m=1

SpeciAL CoNsIDERATIONS FOR UIR(0) = 0

The above analytically exact direct deconvolution algorithm does not apply when
UIR(0) = 0. However, the method is readily extended to include UIR(0) = 0 as
follows. Differentiation of R with respect to time in this case gives

R'(1) = UIR(0)I(¢) + UIR’(¢) * I(t) = UIR’(¢) * I(¢) (16.115)

Thus, the solution becomes
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UIR”(0)

1) = |R"(0) - G

R'(t) — h(?) *R'(I)J/UIR’(O) (16.116)
where

~( UIR”(0) , ,

h(®) L(UIR)

1]
~

- (16.117)

UIR”(0) ,

sL(UIR)

1

=1

Consider, for example, UIR(#) = A(eia'r— ei%r), o, > o, . This could be the
UIR for an oral solution where the input-response is the concentration of the drug
in the general systemic circulation. Inserting UIR’(0) = A(o,—a,) and
UIR”(0) = A((xf - oci) in the expression for i above gives h = — 0,0, leading to

I(t) = [R” (1) + (0, + 0,)R(F) + o0, * R(D)] /[A(0, — )] (16.118)

Thus, if the same subject was given an oral test formulation resulting in a drug
concentration response:

R(t) = c(t) = Bleiﬁlt+Bzeiﬁzt+B3eiﬁﬂ

(16.119)
with the constrain B, + B, + B; = 0, then the input function /(#), which in this case

is the rate of release of dissolved drug into the gastrointestinal tract, is obtained
from the above expression for I(f) with

R7(t) = BB, 4 B2Bye P + BBy (16.120)

R'(t) = - BB, —B,Bre > —BiBse (16.121)

THE PrescriBeD INPUT FUNCTION DECONVOLUTION METHOD

The prescribed input function method!'-?%2! is also called “deconvolution through
convolution.” In this method, the UIR(¥) is first obtained in the same way as in the
direct method just described. A suitable functional is then chosen to represent the
input rate; e.g., this “prescribed function” may be a polyexponential expression, a
polynomial function, a cubic spline function, or other empirical function. Let this
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function be denoted f(#, p), where p is an unknown parameter vector of the input
function; then,

1(t) = f(2, p) (16.122)
R(1) = f(1, p) * UIR() (16.123)

The convolution expression f(¢, p) * UIR(t) is then fitted by appropriate means to
(R, t) data treating the p parameters as fitting parameters and UIR(?) as a fixed
function. The fitting will, depending on the functional form of f, constitute a linear
or nonlinear regression problem that can be solved numerically specifically, or be
solved by any curve-fitting program that allows fitting of user-defined functions.
Accordingly, let

R(t) = f(1, p) *UIR(t) (16.124)

denote the “best fit” to the (R, f) data; then the input is given by

I(t) = f(t. D) (16.125)

The “deconvolution through convolution” method is particularly suitable to use
when the functional forms of the prescribed input function, f(#), and UIR(¢) are such
that an analytical expression can be found for their convolution. In such cases
numerical convolution, which is less exact than analytical convolution, is avoided.
For example, let

UIR(t) = Ae "+ Aye (16.126)
and consider a biexponential “prescribed input function,”

By Byt

I(t)=Be  +Bye (16.127)
then an analytical convolution expression is obtained (see convolution Tables 16.1

and 16.2).

2 AB
—p,t -0 .1
R =1 #UIR = Z Z k Be_ g D) (16.128)

/_lk_l

In the fitting of R to input—response data the UIR function is kept constant; i.e.,
the above A and o parameters are fixed, whereas the B and B parameters of the
prescribed biexponential input function are treated as fitting parameters. Most fre-
quently, the prescribed input function method is a two-step procedure where in the
first step the UIR is determined separately. The UIR is then subsequently used in
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the second step in a fixed form in the deconvolution through convolution procedure.
Alternatively, the deconvolution can be done in a single-step procedure by simulta-
neously fitting the UIR and the R functions to the reference input and test input data.
However, the single-step procedure may only have an advantage over the two-step
procedure if there is a significant change in the disposition (UIR) between the
reference and test administration. Numerous deconvolution methods have been pro-
posed with diverse names such as “point-area methods,” “point-point methods,”
“explicit methods,” and “implicit methods.” In spite of this naming diversity, the
methods proposed basically fall into the two classes, namely, “direct methods” and
“prescribed input function methods,” described above. A comprehensive individual
discussion of the many methods is beyond the scope of this presentation. However,
the relative merit of deconvolution methods is perhaps best judged on the basis of
an analysis of the source of errors in deconvolution often disregarded.

SOURCES OF ERRORS IN DECONVOLUTION

The sources of errors (SE) in deconvolution may be classified as intrinsic errors and
methodological errors, with the latter type of errors divided into experimental errors
and data analysis errors.

INTRINSIC ERRORS
SE1: Nonlinear Disposition

Any significant interaction between the drug molecules or between drug molecules
and their biotransformed forms in the transport from the input site to the sampling
space creates a deviation from MSI and thus a deviation from linearity (see the
appendix). The source of this interaction is most typically competitive, saturable
processes such as binding, enzymatic biotransformation, and active transport. Alter-
natively, the interaction may be caused by pharmacological or toxicological effects
of the drug that change its disposition, e.g., change in blood flow, biochemical
changes, etc. These errors very often depend on the dose or drug concentration and
may be reduced considerably by operating at low concentrations. Use of drug tracers
in “tracer amounts” may be useful in this respect.

SE2: Time Variance

Biological systems are constantly changing due to environmental impact, intake of
food, normal hormonal fluctuations, biorhythms, etc. Thus, drugs dispositions are
expected to change over time, creating a deviation from the time-invariance assump-
tion of deconvolution. This error may be reduced by proper attention to these factors.
The use of a simultaneous reference administration of a tracer form of the drug can
eliminate this error if the time variance is predominantly a “between experiment”
disposition change and little changes occur within the time span of a single admin-
istration.?? Giving the reference close to the test formulation may also reduce this
error.?® The possibility also exists to model the disposition change specifically to
reduce the error.>* For example, the most common disposition change is a change
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in the drug clearance resulting from a change in the elimination kinetics. The
disposition decomposition—recomposition method enables an exact correction in the
deconvolution for such changes.?* The UIR disposition function can be decomposed
as follows:

UIR" =-k - UIR + h * UIR (16.129)

where the generalized central elimination rate constant k is given by
k= c1/V+j;°h(t)dr (16.130)

where Cl and V are the clearance and volume of distribution, respectively, and the
distribution function A(¢) is as defined previously. A perturbation in the central
elimination kinetics will result in a perturbed elimination rate constant.

k= él/V+j;°h(t)dz (16.131)
leading to a perturbed disposition function UIR.

UIR’ = — % - UIR + h *UIR (16.132)

The exact clearance correction deconvolution method involves four steps:>*

1. The distribution function A(?) is obtained from the UIR of the reference
administration. A

2. The changed clearance, Cl is obtained from the terminal log-linear elim-
ination phase of the test administration and from the distribution function
of the UIR in step 1. .

3. The perturbed unit impulse response UIR is determined by recomposition
of the disposition kinetics from the distribution function and the perturbed
clearance via Laplace transformation.

UIR = L {[s+Cl/V + j;"h(t)dt —L(W] WV (16.133)

4. The response from the test administration is deconvolved using the per-
turbed unit impulse response determined in step 3 to give the input functions:

Theoretically the best method to eliminate a time-variance error in deconvolution
is to use a simultaneous reference administration of a tracer form of the drug. This
will eliminate the error if the time variance is a “between experiments” disposition
change. A “within experiments” time variance error will be reduced but not elimi-
nated by this advanced approach.
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Methodological Errors

Experimental Errors

SE3: Difference in input site for test and reference (Figure 16.2). The UIR derived
from the reference administration is specific for a specific input site (point of entry),
P, as evident from the deconvolution derivation (see the appendix). The drug in the
test preparation will most frequently not enter the system through this reference
input point, P, but through some other input point with intrinsically different UIRs
(T, Figure 16.2). For example, in regular oral absorption evaluations by deconvolu-
tion, the reference input site (point) is in a peripheral large vein. However, the input
site from the oral absorption is the entry into the general systemic circulation after
the first pass of the drug through the liver and initial entry into the circulation. The
ideal, but not practical, experimental setup in this case is to inject the reference at
the exit “point” of the liver to obtain a better UIR for the deconvolution. The degree
of difference between the ideal and not ideal UIR is directly related to the difference
in the corresponding input site—sampling site probability functions (see the appen-
dix). The difference may, in some cases, be pronounced such as, for example, when
evaluating gastrointestinal release of drug using an oral solution reference.

SE4: Dispersed reference input site. The deconvolution derivation is based on
an input point (see the appendix). Accordingly, if the reference drug is entering the
system in a dispersed way over some input region or area, then the different input
points over this region may have different UIRs. Effectively, the single UIR obtained
from such a reference administration is a weighted average of the UIRs from the
different entry points with weights equal to the fraction, f, of the reference dose
entering via the points, i.e.,

UIR = 3¢ UIR, (16.134)

For example, in evaluation of “gastrointestinal bioavailability”!” an oral solution of
the drug is administered approximately “momentarily” in a “bolus” fashion and a
UIR is obtained from the resulting drug concentration in the blood. This reference
input sites area in this case spreads out over the region of the gastrointestinal tract.
It is expected that the UIR from a “point” in the small intestine is significantly
different from the UIR from a “point” in the colon area. Consequently, when using
an oral solution reference to deconvolve the drug concentration response from an

TEST
INPUT

REFERENCE e
INPUT

SAMPLING

FIGURE 16.2 Difference in reference and test input sites creates potential problems in
deconvolution.
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oral test preparation the evaluation of the gastrointestinal drug release rate may be
quite erroneous. This source of error will be smallest when the test and reference
become dispersed in a similar way over the gastrointestinal tract such that similar
fractions (f;) of dissolved drugs are dispersed over the length of the tract. This does
not appear very likely in dealing with many oral controlled-release formulations and
a drug solution reference, thus introducing significant errors.

SES: Non-instantaneous response sampling. The derivation of the deconvo-
lution relationship (see the appendix) assumes an instantaneous sampling, which is
never done. However, the error from this will be small if the UIR changes very little
over the sampling period. This is usually not the case initially in the rapid distribution
phase of the drug, making rapid and time-accurate samplings much more important
in the initial disposition phase.

SE6: Inconsistent sampling space. The deconvolution derivation assumes iden-
tical sampling space for test and reference, which often may be impractical and thus
introduce some errors. In blood sampling the sampling space is the somewhat
disperse region occupied by the blood volume withdrawn in the sampling. Normally,
the concentration of the drug will be homogeneous over this region. If this is not
the case, then withdrawing different volumes of blood will essentially mean the
sampling is not done from exactly the same sampling space. Also, the repeated blood
sampling may not be done from the same site of the body. A potential other problem
often not realized in blood sampling may occur when the sampling procedure
significantly influences the blood flow in the area of the sampling space, e.g., by
some blockage of the local blood flow.

Data Analysis Errors

The merit of deconvolution methods proposed in PK analysis only partially discussed
by others?!?> is appropriately judged by the extent to which data analysis errors
discussed in this section are considered.

SE7: Mathematically inexact deconvolution. Numerical procedures such as
numerical integration, numerical solution of differential equations, and some
matrix—vector formulations of linear systems are numerical approximations and as
such contain errors. This type of error is largely eliminated in the direct deconvo-
lution method where the deconvolution is based on a mathematical exact deconvo-
lution formula (see above). Similarly, the prescribed input function method (“decon-
volution through convolution”) will largely eliminate this numerical type of error if
the convolution can be done analytically so that numerical convolution is avoided.

SES8: Response estimation errors. Undoubtedly, the biggest problem in decon-
volution is to estimate closely the true input responses resulting from the reference
and in particular the test administrations. There are two primary reasons that make
this especially difficult.

1. In estimating the response from the reference administration it is not
enough to get a good estimation of the response. It is also very important
to get a good estimation of the derivative of the response. This is because
the input function appears as an integrand in the convolution integral
requiring a differentiation of the response to extract the input function.



The Linear Systems Approach 387

This is clearly evident from the analytically exact deconvolution formula,
which involves a derivative of the response. Unfortunately, while it is
possible to judge the quality of the estimation of the response (sum of
squares, correlation coefficient, residual analysis etc.) it is extremely dif-
ficult to judge how well the derivative of the response is determined.
Variations in the derivative of the response are directly related to the
degree of smoothness of the curve used to estimate the response. Accord-
ingly, the smoothness issue is very important in deconvolution.

2. Because of the irregularity and variable physiology of the gastrointestinal
tract and other factors, the absorption input function is expected to be
quite erratic. This in combination with an often irregular gastrointestinal
release of the drug from the dosage form, will produce a complex input
function of random irregularity. A specific modeling of the input function
in such cases may not be possible. Instead, it is necessary to choose a
nonparametric approach and use empirical flexible functions to represent
the input function (e.g., by a nonparametric prescribed input function
approach) or to represent the input-response nonparametrically in the
direct deconvolution approach.

Smoothing in Deconvolution

The required flexibility of the empirical function used in deconvolution to estimate
the input-response creates a difficult problem: if the flexibility is not controlled the
result may be an exact fit to the data (zero residuals), which is undesirable since the
data contain errors. Ideally, the fit should produce residuals consistent with the error
structure in the data. It is desirable to be able to control the flexibility of the
approximating empirical function through a smothering criterion to strike the right
balance between degree of smoothness and proper fit to the data, i.e., providing
proper residuals. In modern deconvolution methods, this is done through an objective
function with two components for the curve fitting):26%7

. ) metric for closeness of fit
objective function = i ) (16.135)
+ A metric degree of smoothing

Typically, the metric for closeness of fit is the (weighted) sum of squared residuals
in following Gaussian statistical principles, a likelihood function, or perhaps some
robust statistical metric. The metric for the degree of smoothness is commonly some
integral measure of the rate of change of the first derivative, e.g., typically?’

metric for degree of smoothing = I(g”(t))zdt (16.136)

where g” is the second time derivative of the function used to estimate the
input-response R. Alternatively, the smoothing metric may also be applied to the
input function.?3282° Many other metrics for smoothness may be applied such as
other function forms of g or the use of entropy principles.?>?® The statistical field
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of nonparametric estimation and regression is a rich field where smoothening,
commonly referred to as regularization, is extensively discussed.?

The trade-off between closeness of fit and degree of smoothing is determined
by the smoothing parameter A. A too small A value will favor the first metric and
produce a too close fit, e.g., resulting in a too small sum of squared residuals. A
too large A value will favor the second metric, which will smooth and straighten
out the function (g). The resulting reduced flexibility from a too large A value
produces too large residuals. The optimal A value is the value that produces a fit
that is optimal in a statistical sense, e.g., most consistent with the intrinsic error
in the data.

The smoothing parameter A may be readily determined in the ideal case when
the error variance of the data is known. In the more common case of unknown data
error structure, A will have to be determined in a somewhat subjective manner by
visual inspection of the fits combined with some residual analysis. More appropri-
ately, A may be determined using cross-validation principles enabling a more objec-
tive and automatic procedure.?6-3°

Negative Input Problems

As often realized when applying “first-generation” deconvolution methods, deconvo-
lution may produce an input function that in some time period(s), usually toward the
end of the input process, can become negative. Evaluation of a negative input may
occur even if both the response being deconvolved and the UIR are non-negative.

The problem may be caused by too little smoothing resulting from a locally
poor estimation of the response. This is commonly because the derivative (slope) of
the fitted function is estimated to be too negative. Increased smoothening may
sometimes solve this problem. A significant intrinsic difference in the drug dispo-
sition (UIR) between the test and reference administration may also result in the
calculation of a negative input. This problem may be solved by the disposition
decomposition technique, if the disposition change is due to a change in the central
elimination kinetics between the test and reference administration.?* The use of a
simultaneous IV administration of a tracer of the drug3!-3 or constraint of the input
function may also solve this problem.!!:1?

A simple and reliable way of constraining the input function is to apply the
prescribed input function deconvolution method because this method allows the
input function to be directly constrained. For example, a simple linear spline may
be used as an input function. The non-negativity constraint is introduced by a simple
parameterization of the spline with parameters defined as the function values at the
so-called knots where the linear line segments are joined. The input function will
be non-negative by ensuring that all parameters, i.e., the function values at the knots
are non-negative.

LSA AND DisposITION DECOMPOSITION ANALYSIS

The UIR or disposition function so much used in LSA considers all disposition
processes by their net effect on the measured response, R, without any differentiation.



The Linear Systems Approach 389

PERIPHERAL
SPACE

POSITIVE
DISTRIBUTION
EFFECT

EXTERNAL
INPUT

SAMPLING
SPACE

GENERALIZED
ELIMINATION

FIGURE 16.3 Fundamental processes of disposition decomposition.

This is sufficient in dealing with the important input—response relationship, but does
not enable the effect of specific disposition changes to be considered. The disposition
decomposition analysis (DDA) methodology overcomes this problem.® DDA is
based on a most fundamental principle of dividing the disposition into two funda-
mental components; namely, an elimination component and a distribution component
(Figure 16.3).

Following a bolus input, the drop in R is caused by “generalized elimination,”
i.e., drug leaving the sampling space due to irreversible elimination and due to
distribution to the space external to the sampling space (“peripheral space”). The
distribution effect is identified kinetically by the drug returning to the sampling
space; i.e., the distribution effect counteracts the decrease in R caused by the gen-
eralized elimination and makes a positive contribution to R’. Thus, following an IV
bolus input the rate of change in the response is

R’ = — (generalized elimination effect) + (positive distribution effect) (16.137)

The DDA assumes that the distribution effect is linear, which is consistent with
stochastic molecular principles for the drug distribution (see the appendix).

LINEAR DISTRIBUTION

A linear distribution is a disposition where the distribution process makes a positive
contribution to the rate of change in the response, R’, that is linearly related to the
response by a convolution:

Positive distribution effect = L(R) = h * R (16.138)

where & is a characteristic, dose-independent distribution function.

Drug that is distributed to the peripheral space and eliminated there without
returning will not make a contribution to the positive distribution effect. Such
“distribution” is kinetically indistinguishable from a central irreversible elimination.
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By central sampling it is only possible to determine the contribution of drug distri-
bution to the generalized elimination by assuming all drug is eliminated centrally.

Theorem 16.7 Disposition Decomposition of Linear Dispositions For drugs with a
linear disposition, the drug concentration response to an IV bolus input is given by

c’=—kc+h*c (16.139)

where k is the generalized elimination rate constant related to the unit impulse
response, UIR, by

k = —UIR’(0)/UIR(0) (16.140)

and the distribution function A(?) is given by

UIR’(0)
| (s— UIR(O))L(UIR) —UIR(0)

h(t) = L~ L0 (16.141)

where L and L' denote Laplace transform and inverse Laplace transform, respectively.

DisTriIBUTION CLEARANCE, Cl,;

The distribution clearance is a distribution parameter that, when multiplied by the
AUC of the drug concentration response, gives the total amount of drug returned
from the peripheral distribution space. The distribution clearance is directly related
to the distribution function, A(f), by

Cl, = Vj;"h(t)dr (16.142)

where V is the volume of distribution.

GENERALIZED ELIMINATION CLEARANCE, Cl,

The generalized elimination clearance is a disposition parameter that, when multi-
plied by the AUC of the drug concentration, gives the total amount of drug leaving
the sampling space due to irreversible elimination and distribution. For a drug with
a linear disposition, the generalized elimination clearance is given by

ClL=V k (16.143)

where V is the volume of distribution and k is the generalized elimination rate
constant.
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CLearRANCE, ClI

The (total) clearance may be defined in terms of the relationship between the total
drug input and the resulting AUC of the drug concentration vs. time response:

Cl = jjjl(z)dt/AUC (16.144)

For drugs with a linear disposition, the clearance, the generalized elimination clear-
ance, and the distribution clearance are simply related by

Cl=Cl, - Cl, (16.145)

Consider, for example, a drug with a biexponential linear disposition function
for which the concentration response from an IV bolus dose D is given by

c(t) = Aje "+ Ae ™ (16.146)

The distribution function is then given by

h(1) = AIAZ(ZI - szex (- %t) (16.147)
and

V =DIA, +A,) (16.148)

Accordingly

_ 2

U= rrg A AT ) 6149
Cl = DI(A /o, + AjJou) (16.150)
Cl, = D(0,A, + 0LAN(A, + A, (16.151)

Theorem 16.8. Disposition Decomposition of Nonlinear Disposition with Linear
Distribution Kinetics The drug concentration response, c(f) , resulting from a bolus
input of a drug with a linear distribution kinetics can be decomposed as follows:

=—qglc)+h*c (16.152)

where h(f) is a unique distribution function and ¢ is an elimination function which
depends nonlinearly on c.
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Disposition decomposition is useful to apply in three main areas:

1. Evaluation of drug absorption
2. Drug level predictions
3. Evaluation of nonlinear drug elimination

EVALUATION OF DRUG ABSORPTION

In the presence of a drug input, /(¢), of a drug with a linear distribution, the resulting
drug concentration response is according to the disposition decomposition given by

' =—qlc)+h*xc+ 1V (16.153)

Accordingly, the rate of input /(¢) is obtained from the following equation, which
considers both linear and nonlinear elimination:

I(1) = VI’ + q(c) — h * ] (16.154)

In the specific case of a linear disposition, the above formula simply becomes equal
to the direct deconvolution method previously described.

DRrUG LeveL PRreDICTIONS

Most commonly, changes in the disposition kinetics arise from a change in the
elimination kinetics rather than from changes in the distribution kinetics. This is to
be expected because the distribution kinetics is largely determined by physi-
cal-chemical properties such as partition coefficients, solubilities, and diffusion
coefficients. Such processes are less variable over time than biochemical and phys-
iological processes influencing the elimination kinetics. A change in the elimination
kinetics is readily considered by the disposition decomposition analysis. The per-
turbed unit impulse response, UIR , corresponding to a perturbed clearance

Cl = Cl+A (16.155)

resulting from a positive or negative pertubation (A) is obtained from the unperturbed
unit impulse response, UIR, according to

(16.156)

UiR:L‘[ L(UIR) }

1 + AL(UIR)

where L and L' denote Laplace and inverse Laplace transforms. Once UIR is obtained,
then drug level predictions in the presence of the perturbed clearance can readily be
done by convolution or other methods, as previously discussed. Drug level predictions
of drugs with nonlinear elimination and linear distribution can be done for arbitrary
input, according to the numerical solution of the nonlinear disposition decomposition
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equation above. Steady state (SS) prediction of multiple IV bolus dosings can be done
numerically using the following SS boundary condition:

C.(0)— C(T) = DIV (16.157)

where T is the dosing time, D is the IV bolus dose, and V the volume of distribution.
Thus, the SS drug level profile is obtained by solving the nonlinear disposition
decomposition equation subject to the above SS boundary value condition. Prediction
of the SS drug level ¢ corresponding to a constant-rate input (I, = constant) is
obtained by numerically solving for C, in the following nonlinear equation:

—q(eg) + ey [Th(Ddi+1,/V = 0 (16.158)

Steady-state predictions resulting from multiple oral dosings can also be done
by the disposition decomposition technique under the usual SS assumptions of
reproducible drug absorption in the dosing intervals. Let C, denote the drug level
response to a single dose; then the corresponding rate of input /,(f) (0 < ¢t < T) can
be determined when ¢, h, and V have been determined from IV administrations.’
The SS profile resulting from repeated dosing is then obtained by numerically
solving:

CJ(1) = - g(C 1) + h(t) * Co() + LOVO <1 <T)  (16.159)
subject to the SS boundary conditions C(0) = C(T).

EVALUATION OF NONLINEAR DRUG ELIMINATION

In contrast to other modeling approaches, the disposition decomposition technique
enables the elimination kinetics to be isolated and determined nonparametrically
without the need for a specific structured modeling of the distribution kinetics.’ Such
objective determination of the nonlinear elimination kinetics is of significant value
in the areas of nonlinear drug level predictions and absorption evaluations. Moreover,
the nonparametric determination provides a useful visualization of the nonlinear
elimination kinetics that may be quite helpful in determining the mechanism of the
elimination process.

For example, if the nonparametrically determined g vs. C relationship shows an
approximately straight-line relationship with a positive slope and intercept for large
C values, it indicates that the drug is eliminated in a parallel fashion following a
first-order process and a saturable process. Thus, fitting the following model,

q(C) = KC+ KV";CC (16.160)

m

to the g vs. ¢ data may reveal directly if the elimination kinetics is well described by
this elimination model consistent with parallel first-order and Michaelis—Menten kinetics.
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LSA AND MEAN TIME PARAMETERS
Mean Time Parameters

A mean time (MT) parameter is the average time taken for one or more kinetic
events to occur.

MT parameters are closely related to LSA because they share the same founda-
tion (MSI) that make them quite independent of structural kinetic assumption.3’-38
Because of their simple “physical” definition, MT parameters are readily interpreted
and in a meaningful way summarize important kinetic processes such as drug
absorption, drug distribution, drug elimination, and drug release and delivery from
a dosage form. The three most common MT parameters of general interest are mean
residence time (MRT), mean transit time (MTT), and mean arrival time (MAT).3"-0
The mean absorption time often also denoted MAT is an example of a mean arrival
time. The definition, scope, and calculations of MT parameters relate to the gener-
alized concept of kinetic spaces.

Kinetic Space

A kinetic space defines the presence of a molecular moiety in one or more states.
The states referred to are chemical (e.g., drug and metabolites) or physical states
(e.g., distribution kinetic spaces) or both.

Transit Time

The transit time is the time from when a molecule enters a kinetic space to when it
subsequently leaves the kinetic space.

Because of the general definition of kinetic spaces, the transit time may include
biotransformation processes in addition to simple physical transport processes.
For example, the kinetic space may be defined as a metabolite present in the body
excluding the urine. In this context the transit time of a drug molecule through
that kinetic space is the time from when the molecule is metabolized to a given
metabolite to the time when the metabolite appears in the urine for subsequent
elimination by micturation. The transit time will be randomly distributed according
to a certain transit time distribution if the drug exhibits MSI. A valuable dose-
independent mean transit time (MTT) parameter for the drug in the kinetic space
may then be obtained.

Mean Transit Time

The MTT of drug molecules in a kinetic space is the average time taken by drug
molecules from entering the kinetic space to subsequently leaving the kinetic space.

Mean Residence Time

The MRT of drug molecules in a kinetic space is the average total time the drug
molecules spend in the kinetic space.
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If all molecules exit irreversibly from a kinetic space, then MRT = MTT. If all
the molecules enter the kinetic space at the same time (r = 0) and the drug leaves
irreversibly from the kinetic space, then MTT and MRT are simply given by

MRT = MTT = j;’F(t)dr (16.161)

where F(7) is the fraction of the molecules remaining in the kinetic space at time ¢.
If the molecules can return to the kinetic space, then MRT is still obtained by the
same formula but MTT will not be equal to MRT. If £,(f) denotes an arbitrary rate
of elimination of the drug molecules from a kinetic space where the drug molecules
are all introduced at ¢ = 0, then

MRT = [FF(r)dr = J:U:fe(’)dt‘Jéfe(t)dt}dt/ﬁfe(l)dl
= [sifenydi/ [ f(nar

(16.162)

If the rate of elimination, f,(#), is proportional to the measured concentration,
c(t), then the above expression simply becomes

MRT = AUMC/AUC (16.163)

where
AUMC = :tc(t)dt (16.164)

Depending on the definition of the kinetic space, the above MRT has different
interpretations. For example, the kinetic space may be defined as the unchanged
drug present in the part of the body reached following an IV bolus injection excluding
drug excreted irreversibly into the urine. This may be referred to as the disposition
space, in which case MRT is the mean residence time in the disposition space.
Alternatively, following an instantaneous oral dosing, the kinetic space may be
defined as the unchanged drug in the whole body of bioavailable drug excluding
drug excreted irreversibly into the urine. This space, which consists of the absorption
space and the above disposition space, may be called the total body space. The
gastrointestinal absorption space is the space the drug can occupy in the absorption
processes prior to entering the disposition space via the first pass through the liver.
The following theorem provides a simple way of relating the MRTs of kinetic spaces
(Figure 16.4).

Theorem 16.9. MRT Partitioning Consider a kinetic space partitioned in an arbi-
trary way into any number of mutually exclusive kinetic spaces. The MRT of
the kinetic space is equal to the sum of the MRTs of the mutually exclusive
kinetic spaces. Applying the MRT partition theorem to bioavailable drug mole-
cules gives:
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MRT = MRT, + MRT, + MRT;

FIGURE 16.4 Arbitrary partitioning of kinetic space into w
mutually exclusive space.

MRT(Total Body) = MRT(Absorption Space) + MRT(Disposition Space)
Consequently, from the partition theorem, it then follows that
MRT(Absorption Space) = (AUMC/AUC),,, — (AUMC/AUC)y goys  (16.165)

The partition theorem can also be applied to the disintegration and absorption
kinetics of an oral tablet to determine the MRT of the drug in the various kinetic
spaces in the drug delivery sequence (Figure 16.5A). The residence of the drug can
be partitioned into four kinetic spaces (Figure 16.5):

(A) DRUG IN KINETIC SPACE
MRTTABLET

v

DISINTEGRATION DISSOLUTION ABSORPTION

DRUG IN DRUG IN DRUG IN SOLUTION DRUG IN
TABLET = AGGREGATES =t IN GITRACT ==t DISPOSITION SPACE
MRT, MRT, MRT; MRT,

DRUG IN KINETIC SPACE
(B) MRTrspLET

v

ABSORPTION

DRUG IN SOLUTION DRUG IN
INGITRACT  ==» DISPOSITION SPACE
MRT, MRT,

DRUG IN KINETIC SPACE
MRTIV BOLUS

v

DRUG IN
DISPOSITION SPACE
MRT,

©

FIGURE 16.5 Partitioning of kinetic spaces in a subject receiving an oral tablet, a solution,
and an IV bolus administration. GI = gastrointestinal.
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Drug in tablet

Drug in aggregates formed by the in vivo disintegration of the tablet
Drug in solution in the gastrointestinal tract

Drug in the disposition space, i.e., in the general systemic circulation
following the first-pass absorption step

b N

From Theorem 16.9, it follows that

MRT 51 = (AUMC/AUC) a5 er = MRT, + MRT, + MRT; + MRT, (16.166)

where the MRT 5, 51 1S the MRT of the bioavailable drug molecules in the kinetic
space consisting of the above four kinetic spaces. Similarly, an oral administration
of a solution of the drug administered to the same subject results in

MRT rmon = (AUMC/AUC)so umox = MRT; + MRT,  (16.167)

where MRT g, iron 18 the MRT of bioavailable drug molecules in two of the previous
four kinetic spaces, namely the drug in solution in the gastrointestinal tract, and the
drug in the disposition space (Figure 16.5B). Finally, an IV bolus administration of
the drug to the same subject gives

MRT,, = (AUMC/AUC),, = MRT, = MRT(Disposition Space) (16.168)

Because the transfer of the drug between the kinetic spaces (1 to 3 in Figure 16.5A)
is largely irreversible, the MTTs through these spaces are very similar to the MRTs.
From intrasubject administrations of a drug eliminated from the disposition space
at a rate proportional to the measured drug concentration, it then follows that

(AUMC/AUC) 1ap151 — (AUMC/AUC s ymioy = MRT, + MRT, = MTT, + MTT,

= mean in vivo dissolution time

(16.169)

(AUMC/AUC) rppier — (AUMC/AUC)ygorus = MRT, + MRT, + MRT;
= (MTT, + MTT,) + MTT;
= mean in vivo dissolution time (16~170)

+ mean absorption time from solution

total effective mean absorption time

(AUMC/AUC)sorumon — (AUMC/AUC) 1y sorus = MRT; = MTT,

= mean absorption time from solution

(16.171)

(AUMC/AUC),y = mean residence time in the disposition space (16.172)

Mean Arrival Time

The MAT of drug molecules entering a kinetic space is the average time it takes the
molecules to arrive in the kinetic space. The MAT for the absorption,
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MAT(ABSORPTION), is the average time it takes the bioavailable drug molecules
after entering the absorption space to enter the disposition space. This MAT is
commonly referred to as the mean absorption time. The MAT(ABSORPTION) can
generally be calculated from the absorption rate, f{¢), according to3"3

MAT(ABSORPTION) = j:tf(t)dr/jj f(t)dt (16.173)

If fix(¢) denotes the rate of input of drug into a kinetic space and f,;1(#) denotes the
rate of irreversible elimination from that space, then the MRT of the drug in the
kinetic space is

MRT = j:tfm(t)dt/ﬁ; f[N(t)dt—f:thUT(t)dt/ j;" Four()dt (16.174)

MRT relationships are also readily derived from linear input-response relationships
from the fundamental convolution relationship involving the measured concentration
C(1), the rate of absorption f{#), and the unit impulse response:

C(t) = fif) * UIR(®f) (16.175)

By using the Laplace transform technique, it can be shown that
[stear [T eydr = [Tifde/ [ f(tydi + [71- UIR(DAL/ [ UIR(1)dr (16.176)

Thus, it follows from previous discussion that
(AUMC/AUC),,, = MAT(ABSORPTION) + AUMCy;g/AUCy;c (16.177)

Thus, in comparing drug absorption from two products (denoted by subscripts
A and B) in the same subject it follows from the above relationship that

(AUMC/AUC), — (AUMC/AUC), = MAT(ABSORPTION), - MAT(ABSORPTION),

The above simple expression for intrasubject comparison of MAT(ABSORPTION)
does not require an assumption of an elimination rate proportional to the measured
drug concentration C(¢). MRT parameters can also be derived on the basis of the
corresponding residence time function, RT(#).

Residence Time Function

The residence time function RT(7) for a kinetic space describes the probabilitiy that
a molecule that enters the kinetic space at the arbitrary time 7 is present in the
kinetic space at time 7 + ¢. This definition allows the drug to reenter the kinetic
space any number of times after the initial entry. The inclusion of the arbitrary entry
time T is consistent with a time-invariant system.
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Theorem 16.10 The MRT in a kinetic space is equal to the total integral of the
residence time function of the kinetic space:

MRT = ["RT(r)dt (16.178)

The residence time function of a kinetic space of a linear system is the UIR of
the kinetic space expressed in terms of the dose-normalized amount vs. time
function with respect to drug input into the kinetic space. For example, let the
kinetic space be the unchanged drug molecules in the general systemic blood
circulation, and let c¢(f) denote the systemic drug concentration following an IV
bolus injection; then,

RT(#) = [v - c¢()/DOSE]y gorus = [c(®/c(0)]y soLus (16.179)

Thus,

MRT(SYSTEMIC CIRCULATION) = [AUC/C(0)],y gorus ~ (16.180)

One may define a tissue space as follows:

TISSUE SPACE = DISPOSITION SPACE

(16.181)
— SYSTEMIC CIRCULATION SPACE
Then the MRT partition theorem gives
MRT(TISSUE) = MRT(DISPOSITION)
(16.182)

—MRT(SYSTEMIC CIRCULATION)

From the above derivations, the MRT of drug molecules in the tissue is then
readily obtained according to

MRT(TISSUE) = [AUMC/AUC — AUC/¢(0) ]y 5ot us (16.183)

Theorem 16.11. The MTT of a kinetic space is related to the initial derivative of
the residence time function.

MTT = -1/RT’(0) (16.184)
Consider, for example, the systemic circulation space described above having RT(7)
= [c(D/c(0)]y goLus- The MTT of the drug molecules through the systemic circulation

space is given by

MTT(SYSTEMIC CIRCULATION) = [-c(0)/c’(O)]y sous ~ (16.185)
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Mean Residence Number

The mean residence number (MRN) of a kinetic space is the average number of
times the drug molecules enter a kinetic space.
The MTT of a kinetic space is related to the MRT and the MRN, as follows:

MTT = MRT/MRN (16.186)

Consider, for example, the systemic circulation space for which MTT and MRT are
given above, leading to

MRN (SYSTEMIC CIRCULATION) = MRT _ [AUC/ c(0)

= > 16.187
MTT —c(0)/c (OJWBOLUS ( )

From the definition of MRT and the fact that the drug initially enters the systemic
circulation (IV bolus input), it follows that

MRN(SYSTEMIC CIRCULATION) = MRN(TISSUE) + 1 (16.188)

Thus,
MRN(TISSUE) = [M _ 1} (16.189)
c(0) IV BOLUS
Combining this with the expression for MRT(TISSUE) from above gives
MRT AUMC/AUC - AUC/C(0)
MTT(TISSUE) = = 16.190
( ) = MRN AUC(C(0) _, (e
2
C(O) IV BOLUS
Alternatively, this may also be written as
MRT(TISSUE) - MRT(SYSTEMIC)
MTT(TISSUE) = 16.191
(TISSUE) MRT(SYSTEMIC) (16.190)
MTT(SYSTEMIC)

It can also be shown that the tissue transit time can be expressed solely in terms of
the distribution function A(¢),

MTT(TISSUE) = AUMDC/AUDC (16.192)

where

AUMDC = j:th(t)dt (16.193)
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AUDC = [ h(r)dt (16.194)

Example 16.3: Biexponential Linear Drug Disposition. Consider a drug with a
linear disposition and a biexponential concentration response resulting from an IV
bolus injection,

c(f)wvpoLus = Aleialt + Azeiaﬁ (16.195)

Table 16.3 summarizes the calculations of the various relevant MT parameters
using the above formula and gives an example for a drug with a linear biexponential
disposition.

LSA AND DistriBUTION KINETICS

Traditionally, distribution kinetics has been described in terms of volume of distribution
parameters (V and V) and structure-specific distribution parameters, e.g., the k;,, k,,
parameters of the two-compartment model. LSA offers a less-structured alternative
that considers the net effect of the distribution kinetics based on the disposition
decomposition analysis. For example, the partition/distribution properties of a drug
may be expressed in terms of the affinity of the drug molecules to a kinetic space
expressed as the MRT in the kinetic space. Accordingly, it is meaningful to consider
ratios of MRTs for two kinetic spaces as a metric for the relative affinity. Thus,
residence time coefficients (RTC) similar to a partition coefficient may be defined:

Residence Time Coefficient: The residence time coefficient RTC for the dis-
tribution of a drug in two kinetic spaces is the ratio of the MRT of the drug in the
two kinetic spaces. It is readily shown that¥’-3

RTC(TISSUE/SYSTEMIC CIRCULATION) = AUMDC (16.196)

RTC(SYSTEMIC CIRCULATION/DISPOSITION SPACE)

(16.197)
= 1/(AUMDC + 1)

RTC(TISSUE/DISPOSITION SPACE) = AUMDC/(AUMDC + 1) (16.198)

where
AUMDC = j:;h(t)dr (16.199)

In addition to their simple and meaningful interpretation, the above RTCs have
the distinct advantage that they are dose independent for linear disposition kinetics
and nonlinear disposition kinetics as long as the nonlinearity is limited to a nonlinear
central elimination. The RTC parameters above are simply related to the drug’s
volume of distribution, V, and volume of distribution at steady state V.
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RTC(TISSUE/SYSTEMIC CIRCULATION) =V /V — 1 (16.200)
RTC(SYSTEMIC CIRCULATION/DISPOSITION SPACE) = VIV, (16.201)
RTC(TISSUE/DISPOSITION SPACE) = 1 — VIV, (16.202)

The RTC parameters do not directly deal with the rate of distribution. However,
this issue is addressed by the distribution clearance, Cl,, defined as the ratio of the
total amount of drug returned to the systemic circulation from the tissue and the
total area under the drug concentration vs. time response in the systemic circulation.
The distribution clearance is readily calculated from the distribution function, A(?),
and the volume of distribution.

Cl, =V -AUDC (16.203)

The distribution connection of the Cl, parameter is also evident from the fact
that if no elimination of drug takes place in the tissue, then for drugs with linear
disposition kinetics,

RATE OF DISTRIBUTION TO TISSUE = Cl, - ¢(?) (16.204)

where C(¢) is the drug concentration in the systemic circulation.

Table 16.4 summarizes the calculation of the various LSA-based distribution
parameters considered above and gives an example for a drug with a linear, biex-
ponential disposition.

LSA AND PHARMACODYNAMICS

LSA principles have been applied in pharmacodynanics in situations where the drug
concentration—effect transduction takes place at a site, commonly denoted the
biophase, that is kinetically distinct from the sampling space. LSA-based PK/PD
modeling is then based on the assumption that the nonmeasurable biophase concen-
tration, C,(7), is linearly related to the drug concentration, C(f), measured in the
sampling space.

C,(t) = L(C(1) (16.205)

If the drug only enters the biophase via the systemic circulation and the C(¢) is
equal to the drug concentration in the systemic circulation, then the relationship is
properly described as a convolution relationship involving a so-called conduction

function, ¢(z).>1>2

Cy() = o(t) * C(t) (16.206)



Pharmacokinetics in Drug Discovery and Development

404

ﬁ~<+ _<u:ouv~+~§_<
A% -1 Viva
odnv - A

PID ‘@dueted)) uonnquysiq

"280p SNj0q Al = d :E:_E = danv :chh = DANNYV -

Cyio+'vio-)(Cy'o + 'veo) (v + 'v) Cvio+'va0) (v + ') hﬁ}f _<NJ€_<
Nﬁnuol:ovm«l‘x Yo+ 'y A -t
(1 + ANAV)/ANNY (1 + dDaWNv)/1 DANNV
doeds uompsodsiq/anssip Joedg uonendI)
uonisodsig/uonenda) 21W)sAg/anssI|
J1WI)SAS

«(DLY) SIUAIIYR0D dwit] DUIPISIY

@%0-)dxa %y + (@'o-)dxa 'v = () :9suodsay snjog

Al [enuduodxalg e yum ssnig Suniapisuo) ajdwexy pue sid)awesed uonnquisiq paseg-ys 10} aejnwioq

91 319VL




The Linear Systems Approach 405

If the measured effect, E(f), is produced by a direct transduction from the
biophase concentration (a so-called direct response model), then the PK/PD model
simply becomes

E(@) = N(C,) = N(¢ (1) * C(1) (16.207)

where N(C,) is the transduction function. Thus, the LSA-based PK/PD model simply
consists of two functions: the conduction function, @ (f), dealing with the transport
of the drug to the biophase, and the transduction function, N(C,), dealing with the
pharmacodynamic biophase concentration-to-effect transduction. These two func-
tions can be simultaneously determined by the powerful hysteresis minimization
approaches.”'>? These systems analysis approaches have the distinct advantage of
providing a useful nonparametric estimation and visualization of the transduction
relationship that greatly facilitates a subsequent analysis and possible specific (para-
metric) modeling of the PD transduction process. In its purely native form, the LSA-
based hysteresis minimization approach provides a nonparametric predictive mod-
eling of the PK/PD.>!

LSA AND BiopPHASE DisTRIBUTION KINETICS — BIOPHASE
EQuiLIBRATION TIMES

The onset of drug effect for drugs with a “peripheral biophase” depends on the
equilibration dynamics between the drug in the systemic circulation and the
biophase. The equilibration dynamics can be summarized in the biophase equilibra-
tion times (BETs).5! The steady-state (SS) biophase equilibration time, BET?,, is
defined as the time it takes to reach p percent of SS in the biophase after momentarily
establishing a constant systemic drug level (C(¢) = constant) by a suitable IV bolus
+ infusion input. The SS-type BET parameter is obtained numerically from the
conduction function according to the following relationship.

100[; o)t/ [edt = p (16.208)

The R-type biophase equilibration time, BET%, is defined as the time it takes to
reach p percent of SS in the biophase when the drug is infused IV at a constant rate,
R. For a drug with a linear disposition, this parameter depends on both the unit
impulse response and the conduction function and can be obtained numerically from
the following relationship:

1009(1) * [, UIR()dt/[ [ o(1)di [ UIR (1)dr], =p (16209

»
= BET}

LSA AND TOLERANCE

Although convolution has an exact kinetic foundation in PK (see the appendix),
convolution has some basic properties that makes this operation valuable to
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consider in pharmacodynamics. A convolution involving the concentration profile
of the drug, C(#), depends on the whole prior “history” of the drug concentration
response. This is similar to drug tolerance that depends on the prior exposure to
the drug. Consider, for example, the following simple model for the amount
(degree) of tolerance.

K

Tolerance(r) = e ’*c(t)zj(;e”‘r(”“)c(u)du (16.210)

This convolution-based PD tolerance model has the following properties:

* The tolerance depends on the intensity of drug exposure, C(f), and its
duration, t.

» The tolerance at time ¢ depends on the whole prior exposure history.

* Discontinuation of drug exposure results in a reduction and eventual
elimination of tolerance.

* Both tolerance formation and loss of tolerance are considered.

The tolerance can be incorporated in the PK/PD model in various ways consistent
with the “rebound” effect commonly seen when the drug is quickly withdrawn
following prolonged exposure.

LSA AND PHARMACODYNAMIC DECONVOLUTION

The PK/PD of centrally acting drugs (biophase = sampling space = general systemic
circulation) with a direct effect and a linear disposition is described by the following
input (I)—effect (E) relationship:

E = N(C(1)) = N(UIR) * I) (16.211)

If the transduction function, N(*), is monotonic, which is often the case,
then an inverse function exists, N-!(*), which when applied to the model results
in a transformed effect, E, that is linearly related to the drug input through a
convolution:

E,=N'E)=UIR * | (16.212)

Thus, if the transduction function (and thus its inverse) can be determined in addition
to the UIR, then it is subsequently possible to do deconvolution based on effect vs.
time data.>?

LSA AND IN Vivo—IN VITRO CORRELATIONS

The use of LSA in in vivo—in vitro correlations (IVIVC) has mainly been in the
analysis of level A IVIVC.
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Level A IVIVC

USP: Level A in vivo—in vitro correlation “represents a point-to-point relationship
between in vitro dissolution and the in vivo input rate of the drug from the dosage form.”
The IVIVC approach can either be implemented as a dual-step or single-step method.

Dual Step Method. Step 1, Phase 1

The in vivo release rate or input function is first determined. For drugs with a linear
disposition kinetics this may be done using the LSA-based deconvolution methods
previously discussed. Step 1 requires a suitable reference administration for the
deconvolution. Dual-step methods are also denoted as reference-based methods.
Three scenarios exist depending on the references given below.

1. An IV reference is available. The absorption rate may be determined by
deconvolution using a direct deconvolution method or a prescribed input
function method as described above.

2. An oral solution reference is available. The rate of release into the
gastrointestinal tract may be determined by deconvolution as previously
described.

3. An IR reference is available. If the absorption from an immediate-release
(IR) formulation is a simple first-order process (i.e., described by a first-
order absorption rate constant k,), then it is possible by a relative deconvo-
lution method or other means to obtain the shape of the absorption profile.>?

The first scenario will produce the most accurate results in the first step of the
dual-step procedure in determining the absorption rate. The second scenario will
estimate the gastrointestinal release rate that more directly should link to the in vitro
release/dissolution rate than the absorption rate, but the evaluation is confounded
by the first-pass PK and possible violation of the deconvolution assumptions. The
advantage of the oral solution reference may be largely offset to a negative extent
by a violation of the assumptions specific to “GI deconvolution” (e.g., multiple input
site, nonlinear absorption, etc., discussed above). Use of an IR reference is prob-
lematic in making the quite strict assumption of a simple, first-order absorption rate,
i.e., assuming a single exponential absorption rate input.

Dual Step Method. Step 1, Phase 2

Once the release/input function has been determined, the connection (link modeling)
to the in vitro function can be directly determined. The main advantage of the dual-
step method is the fact that this linkage modeling can be done directly because of
the in vivo function made available through deconvolution.

Dual Step Method. Step 2

Once the in vivo release/input function has been determined in step 1, the next step
involves a PK-based prediction of the resulting measured drug concentration profile.
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This may be done according to LSA principles by convolution assuming a linear
input-response (concentration) relationship where the required UIR is determined
in step 1 from the reference administration. Accordingly, the IVIVR model of the
dual-step method may be summarized as follows:

In vivo function = link model (in vitro function) (16.213)
In vivo drug concentration profile = UIR * in vivo function (16.214)
Or, simply,
In vivo drug concentration profile = UIR * link model (in vitro function) (16.215)
In summary, the dual-step method involves three separate procedures:

1. A deconvolution
2. A link modeling
3. A convolution

The Single-Step Method

The single-step method commonly does not make use of a reference administration.
The method estimates the IVIVR in a single step; i.e., the IVIV link model is not
determined separately in a preliminary first step as in the dual-step method. The single-
step method does not require a deconvolution and, as such, does not need a reference
administration. The method may be empirical and not require specific PK modeling.
However, more commonly, the single-step method is based on the assumption of
a convolution linearly between the in vivo release function and the drug concentration
response in following LSA-based convolution principles. Accordingly, a single step
IVIVC model involving convolution may in the simplest form be described by

In vivo drug concentration profile = G(¢) * H (in vitro function) (16.216)

where H(*) is a transformation function that takes the place of a link model, and
G(?) is a function that takes the place of the unit impulse-response function when
that is unavailable. However, the single-step method may also be applied to situations
where the UIR is available. The IVIVC model in that case becomes the same as in
the dual-step method, but the link model is not separately determined.

APPENDIX

MoLECULAR/PROBABILITY BAsis OF THE CONVOLUTION RELATIONSHIP
IN LINEAR INPUT—RESPONSE SYSTEMS

Consider a drug with MSI (see the definition for MSI). Let I = f(r) denote the rate
of drug input (amount/time) at input site P (Figure 16.6). The number of drug
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FIGURE 16.6 Illustration of linear input-response system.

molecules entering P at the arbitrary time interval T to T + AT is then n, = k, f(t)At,
where k, is a conversion constant (units = number of molecules/unit amount) that
depends on Avogadro’s constant (K,) and the molecular weight of the drug (MW):
k, = K,/MW. The drug molecules entering at P in the interval T to T + AT result in
a corresponding number of molecules of the drug (or biotransformed drug) at the
sampling site S at the arbitrary later time ¢, given by

np, = Pr(t=T)ny = k,Pr(t = T) f(T)AT (16.A1)

The total number, N(¢), of drug molecules (in original or biotransformed form)
present at S at time ¢ is obtained by summation of the individual numbers present
at S resulting from all prior input at P in the time period from time = 7', = 0 to time
=T,=t,1.e,

N(t)=np g+ ... +np (16.A2)

N(t) = k,Pr(t = T\) f(T)AT + k,Pr(t — T,) f(T))AT + ...

(16.A3)
+kPr(t—T,) f(T,)AT

When AT — 0 then N(¥) simply becomes equal to the following convolution integral
relationship:

N(1) = k[ Pr(t = T) f(T)dT (16.A4)

Converting from total numbers to total amount gives the following amount x(#)
of drug (in original or biotransformed form) at S at time f,

x(1) = k[ Pr(t=T) f(T)dT (16.A5)
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where k, = 1 if x is the untransformed drug and k, is the ratio between the molecular
weight of biotransformed drug and untransformed drug if x is the biotransformed
drug. Let V, denote the volume of the sampling site, defined as the volume withdrawn
in each sampling. The concentration of drug (or biotransformed drug), c(¢) = x(¢)/V,,
at the sampling site, S, at time ¢ is then related to the rate of drug input, f(¥), at the
input site, P, by the following equation:

c(t) = k[;Pr(t=T)f(T)dT (16.A6)

k=k/V, (16.A7)

If the input, 7, is a bolus input of a unit amount of drug (Dose = 1), then the response

x(t) or c(f) normalized with respect to the dose, denoted the unit impulse response,
UIR(?), simply becomes

UIR(?), = k,Pr(z) (16.A8)

UIR(?), = kPr() (16.A9)

The UIR function is also commonly denoted the “characteristic function.” This

is an appropriate notation since it is a function that is characteristic for the given

input-response system. In engineering, the Laplace transform of the unit impulse

response is commonly called the “transfer function.” The above equations for x(f)
and c(7) can be written:

x(1) = jO’UIRX(t—T)f(T)dT (16.A10)

c(t) = [JUIR.(t=T)f(T)dT (16.A11)

The integrals are so-called convolution integrals that in short-form notation often
are written simply as

x(2) = UIR (?) * f(r) (16.A12)
c(t) = UIR(¥) * f(t) (16.A13)

where the symbol * is used to denote convolution. The latter two equations can be
written in a more general form as

R(®) = UIR(®) * (1) (16.A14)

where R(#) denotes the PK response measured at the sampling site S. This response
can be a concentration (or amount) of the drug or a biotransformed form of the drug,
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e.g., a metabolite. It is readily verified that convolution is a linear operator. Accord-
ingly, the response, R, is linearly related to the input I = f{7).

R =L (16.A15)

More specifically, the linear relationship is give as a convolution relationship:

R=UIR * [ (16.A16)

where
UIR = L(Z, 5100/ Drorus (16.A17)
I, = bolus input of a dose Dy, (16.A18)

MOLECULAR/PROBABILITY BAsis OF LINEAR RESPONSE—RESPONSE
RELATIONSHIPS

Let P denote the input site in the body and S,, S, be sampling sites that may be the
same or distinct, where pharmacokinetic responses R, and R, are measured. If the
drug shows MSI, then the responses R, and R, are linearly related, which can be
seen as follows.

Consider two sampling S, and S,, where PK responses (concentration or
amount of drug or metabolite) R, and R, are measured resulting from an input, /,
at input site P. If the drug shows MSI, then R, and R, are linearly related to the
input (Theorem 16.5).

R, =L, (16.A19)
R, =L, (16.A20)

Accordingly, two different, arbitrary inputs I, and I, result in the following
responses:

Ry =Li({y) (16.A21)
Ry = Li(ly) (16.A22)
Ry = Ly ) (16.A23)
Ry = Ly ) (16.A24)

Consider next a third input that is an arbitrary linear combination of first two inputs
Iy and I,), ie.,
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Ly = kil + Kyl (16.A25)

where k, and k, are arbitrary constants. This third input results in the following
responses:

Ry = Lk, + k) = k\Li(I}) + k,Li(I,) = kR, + kR, 5, (16.A26)
Ry = Lo(kyd ) + kol p) = ki Ly(I 1) + kyLo(L) = k Ry + kyRy0) (16.A27)

From this, it is, according to Theorem 16.2, concluded that R,, R,, and I are linearly
related.
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A

Aarons studies, 325
Absolute bioavailability, 16, 17, 103-104
Absorption analysis, 4, 11-13, 60-62; see also
specific drug
Absorption evaluation, errors, 392
Accumulation factor, multiple dosing, 19-20
ACE inhibitors, see Angiotensin-converting
enzyme (ACE) inhibitors
Adenosine, 218
ADME processes, 3—4, 20; see also specific drug
Akaike Information Criterion (AIC) value, 276
Alcohol, 214
Aldose reductase inhibitors, 37
Allometric scaling, 67-68, 299
Allopurinol, 214
Alprazolam, 197, 199
Alternatives, pharmaceutical, 15, 98
Aminoglutethimide, 214
Aminoglycosides
antibacterial activity, 129
basic principles, 127-130, 131-132
B-lactams, 129, 132-134
clinical applications, 130-131
fluoroquinolones, 129, 130, 134
glycopeptides, 135-136
macrolides, 129, 134-135, 215
Aminophylline, 207
Amiodarone, 141, 143-146
Amitriptyline, 183, 184
Amoxapine, 183, 188
Ampicillin, 23
Analgesics, 43—46
Angiotensin-converting enzyme (ACE) inhibitors,
46, 163-165
Animal studies, 60, 62-68
Antacids, 214
Antiarrhythmics
ACE inhibitors, 163-165
amiodarone, 143—-146
antiarrhythmics, 141-158
ARBs, 163-165
basic principles, 140143
beta-blockers, 163, 166
calcium channel blockers, 163, 167
classifications, 141

digoxin, 159-163
disopyramide, 148-150
procainamide, 153-155
quinidine, 155-158
Antibiotics, see also specific drug
aminoglycosides, 129, 130, 131-132
basic principles, 127-130
B-lactams, 129, 132-134
clinical applications, 130-131
fluoroquinolones, 129, 130, 134
glycopeptides, 135-136
macrolides, 129, 134-135, 215
Anticoagulant agents, 37
Anticonvulsant agents, see also Antiepileptics
basic principles, 234
carbamazepine, 191, 195-196, 234-237
ethosuximide, 237-239
felbamate, 239-240
gabapentin, 240-242
lamotrigine, 242-243
levetiracetam, 243-245
oxcarbazepine, 245-247
phenobarbital, 247-248
phenytoin, 249-253
primidone, 253-254
tiagabine, 254-256
topiramate, 256257
valproate, 257-259
zonisamide, 259-261
Antidepressants, see also specific drug
basic principles, 182
benzodiazepines, 197-199
mood stabilizers, 191-197
SSRI-type, 186-188
third-generation, 188-191
tricyclic, 182-185
Antiepileptics, 214; see also Anticonvulsant
agents
Anti-human CD4 monoclonal antibodies, 37
Antimicrobial agents, 127
Antipyretic agents, 37
Apnea, 204, 207
Applications
aminoglycosides, 127-136
antibiotics, 127-136
anticonvulsant agents, 231-261
bioavailability, 97-112
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bioequivalence, 97-112
cardiovascular agents, 139-168
drug development, 57-68
FDA submissions, 73-94
linear systems approach, 357-412
modeling, 267-279, 283-293, 295-312
monitoring, 115-125
PK/PD approach, 33-52
population analysis, 315-354
psychotropic agents, 171-199
theophylline, 201-223
Approved Drug Products with Therapeutic
Equivalence Evaluations, 13—14,
100, 106
ARBs, properties, 163—-165
Arrhythmia, 203
Asthma, 202-203, 206, 221
Average Bioequivalence Criterion, 105
Azithromycin, 134-135

B

Balci and Sargent studies, 338
Bayesian approach
dosage prediction, 28
software programs, 325, 332
theophylline, 221
Beal, Sheiner and, studies, 315
Beal and Sheiner studies, 317
Bellman studies, 295
Benzodiazepines
parameters, 197
PK/PD relationships, 43
properties, 198-199
theophylline, 218
Berin and Rubin studies, 342
Beta-agonists, 37, 214
Beta-blockers
properties, 163, 166
theophylline, 214
Vaughan-Williams classification, 141
Bioavailability, see also Generic drugs
absolute, 16, 17, 103-104
assessment methods, 100—-103
basic principles, 13—-14, 15, 98
factors affecting, 104-105
limitations, 111-112
measurements, 14-16
Phase II submissions, 87
plasma drug concentrations, 100-101
relative, 16-17, 104
studies, 99, 105
testing criteria, 100
waiver, 110-111

Bioequivalence, see also Therapeutic equivalents
basic principles, 15, 17-18, 98
evaluation, 107-109
limitations, 111-112
models, 109
studies, 99-100, 105-107
testing criteria, 100
waiver, 110-111

Biomarkers, 41-42

Biophase equilibration, 405

Birth control pills, see Oral contraceptives

Bischoff, Dedrick and, studies, 295, 310-311

Bischoff and Brown studies, 295

Blood flow-limited structures, 297, 306-307,

310-311

Boomer software, 272

Bootstrapping, 339-341

Bradycardia, 46

Bradykinin, 46

Brain tumors, 306

Bretylium, 141

Brown, Bischoff and, studies, 295

BUGS/WinBUGS software, 332

Bupropion, 183, 188

Buspirone, 197

C

Caco-2 cells, 60
Calcimimetic agent, 37
Calcium channel blockers
properties, 163, 167
theophylline, 215
Vaughan-Williams classification, 141
Carbamazepine
oxcarbazepine similarities, 245
pharmacokinetics, 191, 234-237
properties, 195-196
Carbenicillin, 23
Cardiac Arrhythmia Suppression Trial (CAST),
141
Cardiac disease, 212; see also Heart
Cardiovascular agents
ACE inhibitors, 163-165
amiodarone, 143-146
antiarrhythmics, 141-158
ARBs, 163-165
basic principles, 140
beta-blockers, 163, 166
calcium channel blockers, 163, 167
classifications, 141
digoxin, 159-163
disopyramide, 148-150
procainamide, 153-155
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quinidine, 155-158
Cardiovascular applications, 46-47; see also
Heart
Cassette dosing, 62
CAST, see Cardiac Arrhythmia Suppression Trial
(CAST)
CATD, see Computer-aided trial design (CATD)
Cell models, 60
Cellular systems, 62
Central compartment, 5, 10
Central nervous system, 43
Cephalexin, 23
Cephaloridine, 23
Cephalothin, 23
Chen and Gross studies, 307, 308
Children, see also Populations
carbamazepine, 236
ethosuximide, 238
gabapentin, 241
lamotrigine, 243
levetiracetam, 244
oxcarbazepine, 246
phenobarbital, 248
phenytoin, 252
plasma drug concentrations, 26
primidone, 254
tiagabine, 255
topiramate, 257
valproate, 259
zonisamide, 260
Chiou studies, 222
Chloramphenicol, 23
Chlordiazepoxide, 197, 199
Chlorpromazine, 174, 175
Chlortetracycline, 23
Cholinesterase inhibitors, 37
Chronic obstructive pulmonary disease (COPD),
203, 221
Cimetidine, 205, 215
Cirrhosis, see also Hepatic functions; Liver tissue
benzodiazepines, 199
carbamazepine, 236
phenytoin, 253
Citalopram, 183, 188
Clarithromycin, 134-135
Classical modeling, see Modeling
Classifications, Vaughan-Williams, 141
Clearances, see also specific drug
basic principles, 10-11
deconvolution errors, 390-392
model development, 309
Clinical outcome, basic principles, 41
Clomipramine, 183
Clonazepam, 197
Clorazepate, 197, 199
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Clotting prevention, 119
Clozapine, 179-180
Cockcroft and Gault studies, 24, 25, 122
Cocktail dosing, 62
Compartmentalization, basic principles, 5-8
Compartments, modeling, see Modeling
Computer-aided trial design (CATD), 51-52
Concentration-dependent activity, 128-129, 130
Concentration-effect relationships, 127, 130
Concentration-response, 25
Controllable protocol factors, 51, 52
Convection drug distribution, 289
Convolution, LSA, 367-370, 373, 408-411
Convulsions, 203, 205; see also Anticonvulsant
agents; Epilepsy
Cookbook procedures, 287, 288
COPD, see Chronic obstructive pulmonary
disease (COPD)

Correlation plots, 345
Corticosteroids, 37
Covariates, 317, 328, 333-335
Creatinine

dosing adjustments, 25

gabapentin, 241

renal failure, 20

Wagner method, 23-24
Credibility, 336-339
Cross-validation, 339-341
Cystic fibrosis, 213
Cytochrome P-450 family, 62

D

Data analysis errors, 386-387
Data splitting, 339
Davidian and Giltinan studies, 325
Dayneka studies, 36
Deconvolution
derivation, 385
molecular/probability basis, LSA, 378-383
smoothing, 387-388
techniques, 13
Deconvolution errors
absorption evaluation, 392
biophase equilibration, 405
clearances, 390-392
disposition decomposition analysis, 388-389
distribution clearance, 390
distribution kinetics, 401-403
generalized elimination clearance, 390
intrinsic errors, 383-388
level predications, 392-393
linear distribution, 389-390
mean time parameters, 394-401
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nonlinear elimination, 392-395 Drug disposition, 8—11

pharmacodynamics, 403—405, 406 Drug interactions, 90-91, 213-218; see also

tolerance, 405-406 specific drug

in vivo-in vitro correlations, 406408 Drug Metabolism/Drug Interaction Studies in the
Dedrick and Bischoff studies, 295, 310-311 Drug Development Process, 62—63

Deep compartments, 6
Derivations, 372-373, 385
Desipramine, 183, 184 E
Diagnostics, 343-344
Diazepam
cirrhosis, 199
pharmacokinetics, 197

theophylline, 218 lamotrigine, 243
Diet, 121, 213 levetiracetam, 244

oxcarbazepine, 246
phenobarbital, 248

Elderly people, see also Populations
carbamazepine, 236
gabapentin, 241

Diffusion drug distribution, 289
Digitoxin, 23

Digoxin, 23, 159-163 phenytoin, 252
Dilantin Kapseals, 249 primidone, 254
Direct deconvolution method, 379-380 tiagabine, 255
Direct link models, 40 topiramate, 257
Direct response models, 40 valproate, 259
Discontinued inputs, LSA, 373-375 zonisamide, 260
Disopyramide, 141, 148—150 Elimination, see also specific drug
Disposition decomposition analysis, 388-389 generalized clearance, 389
Dissolution studies, 103 hepatic functions, 25-26, 286
Distribution, 4; see also specific drug nonlinear, 392-395
Distributional plots, 345 pathways, modeling, 276-277
Distribution clearance, 390 routes, 62
Distribution kinetics, 401-403 theophylline, 209-211
Disulfiram, 215 therapeutic drug monitoring (TDM), 25-26
Diuretics, 37 Elimination clearance
Documentation, 352-354 deconvolution errors, 390
Dofetilide, 141 E,..« models, 39, 47, 50
Doluioso method, 61 Empirical models, 36-37
Dopamine antagonists, 37 Encainide, 141
Dose-response, 25 Environmental factors, 121
Dosing, see also specific drug Enzyme systems, 62
modeling, 270-273 Epilepsy, 43; see also Convulsions
Phase I submissions, 79-80 Equivalents, pharmaceutical, 15, 98
Phase II submissions, 86-87 ER, see Extraction Ratio (ER)
Doxepin, 183 Erythromycin, 23, 134-135
Doxycycline, 23 Estazolam, 197
Drug concentrations Estimation methods, 325-344
antiarrhythmics, 142-143 Ethosuximide, 237-239
monitoring, 117-120, 121-125 Ethoxybenzamide, 307
Drug delivery systems, 298 Ette and Ludden studies, 344
Drug development Evaluations, Phase I submissions, 81-82
absorption, 60—62 Everted gut sac, 61
allometric scaling, 67-68 Excretion, 4; see also specific drug
basic principles, 57-60 Experimental errors, 385-386
metabolism, 62—65 Exploratory analysis, 316
surrogate markers, 42 External validation, 341

toxicokinetics, 66-67 Extraction Ratio (ER), 26
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F

FDA, see Food and Drug Administration
Felbamate, 239-240
Fentanyl, 46
Fibonacci scheme, 50
Fixed effect model, 38
Flecainide, 141
Fluids of distribution, 5
Fluoroquinolones, 129, 130, 134
Fluoxetine, 183, 186
Fluphenazine, 175, 176
Flurazepam, 197, 218
Fluvoxamine
pharmacokinetics, 183
properties, 187
theophylline, 215
Food and Drug Administration, see also specific
phases of submission
Approved Drug Products with Therapeutic
Equivalence Evaluations, 13-14
Drug Metabolism/Drug Interaction Studies in
the Drug Development Process,
62-63
filing process, 4
marketing approval, 42
population pharmacokinetics, 351
submission fundamentals, 74-75
Formulations, Phase I submissions, 78
Fosphenytoin, 249
Framework, population pharmacokinetics,
316-325
F-test, 276
Future trends
bioanalytical technology, 94
genomics, 94
PK/PD approach, 52
surrogate markers, 94

G

GABA inhibitors, 37

Gabapentin, 240-242

Gallo studies, 308, 309

GAM technique, 334

Gas liquid chromatography (GLC), 119

Gastrointestinal applications, 11-12, 48—49

Gault, Cockcroft and, studies, 24, 25, 122

GCP, see Good Clinical Practice (GCP)

Generalized elimination clearance, 389, 390

Generic drugs, 13-18, 235; see also
Bioequivalence

Genetic characteristics, 121

Genomics, 94
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Gentamycin, 23, 119

GH, see Growth hormone (GH)
GH-releasing peptides, 37

Giltinan, Davidian and, studies, 325
Girard studies, 346

GLC, see Gas liquid chromatography (GLC)
Global PB/PK model, 297

GLP, see Good Laboratory Practice (GLP)
Goetghebeur, Vrijens and, studies, 346
Good Clinical Practice (GCP), 41

Good Laboratory Practice (GLP), 41
Goodness-of-fit, 311-312, 339

Graphical techniques, 343-344

Graves method, 250-251

Gross, Chen and, studies, 307, 308
Growth hormone (GH), 49

Gut sac, everted, 61

H

Halazepam, 197
Half-life, 8-9; see also specific drug
Haloperidol, 175, 176-178
Halothane, 218
H,-antagonists, 37
Hard link model, 40-41
Haycock studies, 123
H,-blockers, 215
Headaches, 205, 258
Heart, 4647, 159, 212
Hematological toxicity studies, 47
Hepatic functions, see also Cirrhosis; Liver tissue
elimination, 25-26
levetiracetam, 245
phenobarbital, 248
theophylline, 212
zonisamide, 261
Hepatoportal system, 12
High-performance liquid chromatography
(HPLC), 119
HPLC, see High-performance liquid
chromatography (HPLC)
Human metabolism studies, 85-86
Hybrid PB/PK model, 297
Hyperglycemia, 203
Hypokalemia, 37
Hypotension, 203
Hysteresis loop, 41, 46

Imipramine, 183, 184
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IND applications, see Investigational New Drug
(IND) applications
Indirect link models, 40
Indirect response models, 34, 36-37, 40
Individual Bioequivalence Criterion, 105-106
Individuals vs. population, 35-36, 317-318
Infants, see also Populations
phenobarbital, 247, 248
phenytoin, 252
primidone, 254
topiramate, 257
Infectious diseases, 213
Input-function method, 381-383
Input-response systems, 365, 370-372, 408—411
in situ studies, 61
Insomnia, 205
o-interferon, 215
International Conference on Harmonization
(ICH), 59
Interoccasion variability, 335-336
Intravenous ranitidine, 48—49
Intrinsic errors, 383-388
Investigational New Drug (IND) applications, 4
in vitro studies
absorption, 61
correlations, deconvolution errors, 406408
PB/PK modeling, 307-310, 312
in vivo studies
absorption, 60
correlations, deconvolution errors, 406408
importance, 62—-65
PB/PK modeling, 307-309, 312
postantibiotic effect, 129-130
Irreversible models, 43
Isoniazid, 23

K

Kanamycin, 23

Karlsson and Sheiner studies, 325
Karlsson studies, 325

Ketamine, 218

Kidney function, 22; see also Renal effects
Kinetica 2000 software, 330

Kinetic space, 394

L

B-lactam antimicrobials, 129, 132-134
Lactation, see also Pregnancy
carbamazepine, 236
ethosuximide, 239
gabapentin, 241

lamotrigine, 243
levetiracetam, 245
oxcarbazepine, 247
phenobarbital, 248
phenytoin, 253
primidone, 254
tiagabine, 256
topiramate, 257
valproate, 259
zonisamide, 261
Lamotrigine, 242243
Langmuir-type drug-protein binding, 307
Laplace transforms, 370
L-Arg plasma concentration, 47
Law and Kelton studies, 337
Lennox-Gastaut syndrome, 239, 242
Leukopenia, 48-49
Level predications, 392-393
Levetiracetam, 243-245
Levy studies, 335
LH-RH antagonists, 37
Lidocaine, 141, 150-153
Linear distribution, 389-390
Linear models, 38, 39, 47
Linear pharmacokinetics, 5, 18
Linear systems approach (LSA)
basic concepts, 358-360
errors, 383-408
identification of linearity, 362-365
mathematical elements, 361-362
molecular/probability basis, 365-383
vs. multivariate PK analysis, 375-376
rationale for using, 360
system analysis vs. noncompartmental
methods, 359
Lin studies, 307
Lipophilic drugs, 6-7
Lithium, 191-194, 218
Liver tissue, see also Cirrhosis; Hepatic functions
dosing adjustments, 25-26
drug development, 66
ethosuximide, 238
lamotrigine, 243
phenytoin, 253
tiagabine, 256
topiramate, 257
valproate, 259
Log-linear models, 38-39, 47
Lorazepam
cirrhosis, 199
pharmacokinetics, 197
theophylline, 218
Loxapine, 175
LSA, see Linear systems approach (LSA)
Ludden, Ette and, studies, 344
Ludden method, 28
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M

Macrolides, 129, 134-135, 215
Mammalian models, 284
Mandema studies, 341
Maprotiline, 183, 189
Markers, PK/PD approach, 41-42
Mass balance studies, 85-86, 301
Mass transfer coefficients, 300-302, 308-309
Maximum likelihood software programs,
329-330
Maximum tolerated dose, 80
Mean arrival time, 397-398
Mean residence number, 400-401
Mean residence time, 394-397
Mean time parameters, 292-293, 394-401
Mean transit time, 394
Measurements
bioavailability, 14-16, 100-103
drug levels, 117, 119-120
Mechanism-based models, 36-37
Membrane-limited structures, 297, 310-311
Metabolism, 4, 62-65; see also specific drug
Methicillin, 23
Methotrexate, 216
Mexilitine (mexiletine), 141, 216
MIC, Minimum inhibitory concentration (MIC)
Michaelis-Menten kinetics
modeling, 26-27, 277, 393
phenytoin, 250, 251
Microbiological assays, 119
Midazolam, 197, 218
Minimum inhibitory concentration (MIC),
128-130
Mirtazapine, 183, 191
Missing values, 344-349
MIXNLIN software, 329
Modeling
basic principles, 5-11, 267
bioequivalence, 109
classification, 37-38
compartment models, 267-273, 284, 287-288
computer-aided trial design (CATD), 51-52
empirical, 36-37
mechanism-based, 36-37
multicompartments, 273-277
multiple dose, 272-273
noncompartmental, 283-293
nonlinear compartments, 277-279
non-steady-state conditions, 4041
one compartment, 270-272
parallel elimination pathways, 276-277
Phase I submissions, 82
physiologically-based, 286287, 289,
295-312
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PK/PD approach, 3641, 43
population pharmacokinetics, 318-323
selecting models, 275-276, 287
single dose, 270-272
steady-state situations, 38—40
study objectives, 287-289
Molecular/probability basis, LSA
convolution, 367-370, 373, 408411
deconvolution, 378-383
derivations, 372-373
discontinued inputs, 373-375
input-function method, 381-383
input-response systems, 365, 370-372,
408411
Laplace transforms, 370
molecular stochastic independence, 365-366
multiple inputs, 373
vs. multivariate PK analysis, 375-376
response mapping operator, 376378
response-response relationships, 366-367,
411412
superposition principle, 373-375
UIR considerations, 380-381
Molecular stochastic independence, 365-366
Molindone, 175
Monitoring
basic principles, 115-117
drug concentrations, 117-120
pharmacokinetics principles, 120-121
therapeutic drugs, 121-125
Monte Carlo simulations, 308, 309, 310, 343, 351
Mood stabilizers
carbamazepine, 195-196
lithium, 191-194
valproic acid, 196-197
Mordenti studies, 68
Moricizine, 216
Morphine, 46
Mucosal-to-serosal transport, 61
Multicompartment models, 273-277
Multiple dosing kinetics, 18-20
Multiple inputs, 373
Myelosuppression, 47-48

N

Nausea, 203, 205
NDAs, see New Drug Applications (NDAs)
Nefazodone, 183, 190
Negative input problems, 388
Neonates, see also Populations
phenobarbital, 247, 248
phenytoin, 252
primidone, 254
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topiramate, 257
New Drug Applications (NDAs)
advisory committee meetings, 92-93
approval, 120
basic principles, 91
filing process, 4, 92
negotiating approval, 93
pre-NDA meetings, 92
preparation, 92
N-in-one dosing, 62
NLINMIX software, 329
NLME software, 329
NLMIX software, 331
NO mediator, 47
Noncompartmental modeling
analysis, 289-293
basic principles, 283, 284-285
choosing models, 287
vs. LSA systems analysis, 359
mean time parameters, 292-293
peripheral bioavailabilities, 292
study objectives, 288-289
superposition, 286
time invariance, 286
Non-concentration-dependent activity, 129-130
Nonlinear disposition, 383
Nonlinear elimination, 392-395
Nonlinear pharmacokinetics, 26—28
NONMEM algorithm, 317, 329, 334-336, 344,
350
Nonparametric maximum likelihood software
programs, 325, 331
Nonsufficient studies (NSS), 342
Nortriptyline, 183, 184
NPEM software, 331
NPML software, 331
NSS, see Nonsufficient studies (NSS)

0]

Obesity, 212

Octreotide acetate, 49-50

Olanzapine, 179, 180-181

Oncology applications, 47-48

One compartment modeling, 7-8, 270-272; see
also Modeling

One-point method dosage prediction, 28

Oral absorption process, 11-13

Oral contraceptives, 216, 217

Orange Book, see Approved Drug Products with
Therapeutic Equivalence
Evaluations

Ototoxicity, 131

Outliers, population pharmacokinetics, 343-344

Oxacillin, 23
Oxazepam, 197, 199
Oxcarbazepine, 245-247

P

Pain killers, see Analgesics
Palpitation, 203
Parameter distribution analysis, 317
Parametric software programs, 325
Parke-Davis company, 351
Paroxetine, 183, 187
Partition coefficients, 307-308
Partitioning, 6-7
PB/PK modeling, see Physiologically-based
pharmacokinetic (PB/PK) modeling

Penicillin G, 23
Pentoxifyline, 216
Peptic ulcer, 203
Perfused tissues, 5
Peripheral bioavailabilities, 292
Peripheral compartment, 5-6
Perphenazine, 175, 178
Pharmaceutical alternatives, 15, 98
Pharmaceutical equivalents, 15, 98
Pharmacodynamics, 403405, 406
Pharmacokinetic principles, 3-28
Phase I submissions

basic principles, 75

dosing, 79-80

formulations, 78

maximum tolerated dose, 80

modeling, 82

PK evaluation, 81-82

populations, 78

prerequisites, 76—77

purpose, 76

safety assessment, 80

studies, 77-78

surrogate markers, 42

treatment assignments, 78
Phase II submissions

basic principles, 82

bioavailability, 87

dosing, 86-87

FDA conference, 84-85

goals, 82-83

prerequisites, 83

studies, 84—-87

submission conference, 84

surrogate markers, 42
Phase IIT submissions

basic principles, 88

data analysis, 89
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drug interaction studies, 90-91 bootstrapping, 339-341
goals, 88 covariates, 317, 328, 334-335
populations, 88, 90-91 credibility, 336-339
studies, 89 cross-validation, 339-341
surrogate markers, 42 data splitting, 339
Phenobarbital, 247-248 diagnostics, 343-344
Phenytoin, 218, 249-253 documentation, 352-354
Physiologically-based pharmacokinetic (PB/PK) estimation methods, 325-344
modeling exploratory analysis, 316
basic principles, 286-287, 295-299 external validation, 341
blood flow-limited structure, 297, 306-307, framework, 316325
310-311 graphical techniques, 343-344
clearances, 309 individuals vs. population, 35-36, 317-318
developing models, 306-312, 312 interoccasion variability, 335-336
drug delivery systems, 298 missing values, 344-349
features, 299 modeling, 318-323
formulation, 299-305 outliers, 343-344
mass transfer coefficients, 308-309 parameter distribution analysis, 317
membrane-limited structure, 297, 310-311 posterior predictive check, 341-342
objectives, 297-298 projection and application, 317
partition coefficients, 307-308 refinement, 317
protein binding, 307, 310 simulation, 349-351
study objectives, 289 software, 325-344
validation, 311-312 structural model definition, 316
volumes, 306-307 support and education, 351-352
Physiological variables, 121 time dependencies, 335-336
PK/PD approach validation, 336-341
applications, 42-51 Populations, see also specific drug
basic principles, 34—41 estimates, 122-123
cardiovascular applications, 4647 vs. individual, 35-36, 317-318
computer-aided trial design (CATD), 51-52 Phase I submissions, 78
considerations, 52 Phase III submissions, 88, 90-91
future trends, 52 Postantibiotic effect, 127, 129-130
gastrointestinal applications, 48—49 Posterior predictive check, 341-342
history, 34-35 Prazepam, 199
markers, 41-42 Preclinical studies, 42, 76-77; see also specific
model fundamentals, 36—41 phases
octreotide acetate, 49-50 Pregnancy, see also Lactation
oncology applications, 47—48 carbamazepine, 236
population vs. individual approach, 35-36 ethosuximide, 239
response comparisons, 35 gabapentin, 241
SAMA486A, 50-51 lamotrigine, 243
Plasma drug concentrations levetiracetam, 245
absolute bioavailability, 103 oxcarbazepine, 247
bioavailability assessment methods, 100-101 phenobarbital, 248
children, 26 phenytoin, 252
nonlinear pharmacokinetics, 26 primidone, 254
one compartment model, 7 tiagabine, 256
relative bioavailability, 104 topiramate, 257
Polymyxin B, 23 valproate, 259
Polyuria, 203 zonisamide, 261
Population Bioequivalence Criterion, 106 Presystemic metabolism, 12
Population pharmacokinetics Primidone, 253-254
assumptions, 324-325 Principles, pharmacokinetics, 3—28

basic principles, 315-316 Privitera method, 251
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Proarrhythmia, 141-142
Procainamide, 141, 153-155
Projection and application, 317
Propafenone, 141, 216
Prophylaxis, 193
Prospective approach, 20
Protein binding, 307, 310
Protocol factors, CATD, 51-52
Protriptyline, 183
Psychotropic agents
antidepressants, 182—185
atypical, 179-181
basic principles, 174, 181-182
benzodiazepines, 197-199
chlorpromazine, 174
clozapine, 179-180
fluphenazine, 176
haloperidol, 176-178
monoamine oxidase inhibitors, 185-186
mood stabilizers, 191-197
olanzapine, 180-181
perphenazine, 178
quetiapine, 181
risperidone, 180
SSRI inhibitors, 186-188
thioridazine, 178
thiothixene, 178
third-generation antidepressants, 188-191
tricyclic antidepressants, 182-185
trifluoperazine, 179
typical, 174-179
Pulmonary disease, 212

Q

Quantal effect models, 38

Quantitative approach, dosing adjustments, 26
Quetiapine, 179, 181

Quinidine, 141, 155-158

Quinolones, 134, 217

R

Radioimmunoassays, 119
Recombinant interleukins, 37
50-Reductase inhibitors, 37
Relative bioavailability, 16-17, 104
Renal effects, see also Kidney function
aminoglycosides, 131
ethosuximide, 238
gabapentin, 241
lamotrigine, 243
levetiracetam, 245

oxcarbazepine, 247

phenobarbital, 248

phenytoin, 253

primidone, 254

therapeutic drug monitoring, 20-21

tiagabine, 255

topiramate, 257

valproate, 259

Wagner method, 22-25

zonisamide, 260
Residence time coefficient, 401403
Residence time function, 398-399
Residual plots, 345
Response comparisons, PK/PD approach, 35
Response mapping operator, 376-378
Response-response relationships, 366-367,

411-412

Retrospective approach, 20
Retrospective determinations, 123-125
Reversible models, 43
Rifampin, 217
Riggs studies, 10
Risperidone, 179, 180
Roche Pharmaceuticals, 351
Rolitetetracycline, 23
Rostami-Hodjegan studies, 335-336
Routes of elimination, 62
Rubin, Berin and, studies, 342

S

SAAM II software, 272

Safety assessment, 80

SAMA486A, 50-51

Sampling times, drug concentrations, 118-119

SAR, see Structure-activity relationships (SAR)

Sargent, Balci and, studies, 338

Sawchuk and Zaske studies, 123

Scatter plots, 345

Schizophrenia, 176-177

Segre studies, 34

Selective seratonin uptake inhibitor (SSRI)
antidepressants, 186-188

Semi-parametric maximum likelihood software
programs, 331

Sensitization, 41

Serosal-to-mucosal transport, 61

Sertraline, 183, 187

Serum concentration monitoring, 142

Shah studies, 309

Shallow compartments, 6

Sheiner, Beal and, studies, 317

Sheiner, Karlsson and, studies, 325

Sheiner and Beal studies, 315
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Sheiner studies, 34, 335, 344, 351

Side effects, see specific drug

Sigmoid E,,, model, 35, 39-40, 46, 50

Simulation, population pharmacokinetics,
349-351

Smoking, 213

Soft link model, 40-41

Software, 272, 325-344

Sotalol, 141

Statistical Procedures for Bioequivalence Using a
Standard Two-Treatment Crossover
Design, 105

Steady-state conditions, 38-40, 117-119

Streptomycin, 23

Stress ulcers, 48-49

Structural model definition, 316

Structure-activity relationships (SAR), 4

Sulfadiazine, 23

Sulfamethoxazole, 23

Sulfinpyrazone, 217

Superposition principle, 286, 373-375

Surrogate markers, 41-42, 94

Systolic heart failure, 159

T

Tachyarrthymias, 159
Tachycardia, 203, 205
Tachypnea, 203
Tacrine, 217
TDM, see Therapeutic drug monitoring (TDM)
Temazepam, 197
Teorell studies, 5, 295
Tetracycline, 23
Theophylline
absorption, 208
activity, 202
aminophylline, 207
apnea, 204, 207
asthma, 202-203, 206
basic principles, 201-202
chronic obstructive pulmonary disease, 203
distribution, 208-209
dosing, 207, 219-223
drug interactions, 213-218
elimination, 209-211
environmental disturbances, 213
formulations, 207-208
monitoring, 218-223
pathophysiological disturbances, 212-213
pharmacodynamics, 204-206
physiological disturbances, 212
populations, 210-211, 212
sampling time, 219

425

side effects, 203, 205
therapeutic range, 206207
Therapeutic drug monitoring (TDM)
basic principles, 20-26
creatinine, 25
drug clearance, 21-22
hepatic elimination, 25-26
proportion method, 21-22
ratio method, 21-22
renal failure, 20-21
Wagner method, 22-25
Therapeutic equivalents, 15, 98; see also
Bioequivalence
Thiabendazole, 217
Thioridazine, 175, 178
Thiothixene, 175, 178
Third-generation antidepressants, 188—191
Thromboxane synthase inhibitors, 37
Thyroid gland disease, 212
Tiagabine, 254-256
Ticlopidine, 217
Time dependencies, 335-336
Time invariance, 41, 286
Time variance, 41, 383-384
Tobramycin, 119
Tocainide, 141
Tolerance, 41, 405-406
Topiramate, 256-257
Toxicokinetics, 66-67, 77
Transit time, 394
Trazodone, 183, 189-190
Treatment assignments, Phase I submissions, 78
Triazolam, 197
Trifluoperazine, 175, 179
Trigeminal neuralgia, 234
Trimethoprin, 23
Trimipramine, 183
Two-point method dosage prediction, 28

U

Ulcers, 48-49, 203

Uncontrollable protocol factors, CATD, 51, 52
Urinary excretion data, 101-102, 104

Ussing chambers, 60-61

\%

Validation, 311-312, 336-341
Valproate, 257-259
Valproic acid, 191, 196-197
Vancomycin

antibacterial activity, 129
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properties, 135-136

sampling times, 119

‘Wagner method, 23
VAS, see Visual analog scale (VAS)
Venlafaxine, 183, 190
Visual analog scale (VAS), 46
Volumes, 9-10, 306-307
Vomiting, 203, 205
Vrijens and Goetghebeur studies, 346
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Wagner method, 21, 22-25
Warfarin, 5, 36

Wilson and Wiseman studies, 61
WinNONLIN software, 272
WinNonMix software, 330
Wiseman, Wilson and, studies, 61
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Zaske, Sawchuk and, studies, 123
Ziprasidone, 179
Zonisamide, 259-261
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