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For EIGHT years we jointly shared respon-
sibility for teaching basic courses in phar-
macokinetics at the University of Califor-
nia. The students were from a variety of

persuasions, including professional students’

in pharmacy, clinical pharmacology fellows,
and graduate academic students. Their
feedback on the courses resulted in our
making a dramatic shift in the way we pre-
sented the material. Over the years the em-
phasis shifted from kinetics and modeling
to providing a conceptual base for applying
pharmacokinetics to rational drug therapy.
We firmly believe that the reoriented con-
tent of these courses goes much further in
relating to the needs of students and of
practitioners of pharmacotherapeutics. One
of the major difficulties in teaching the sub-
ject has been the lack of a book that teaches
the application of pharmacokinetics in drug
therapy This deficiency prompted the writ-
ing of this book.

The title of the book was chosen because
it emphasizes the bedside application of
pharmacokinetics. The book, in fact, is a

primer on pharmacokinetics with clinical.

applications. It should be useful to any
student; practitioner, or researcher who is
interested or engaged in the development,
evaluation, or yse of drugs in man. It is an
introductory -text and therefore presumes
that the reader has had little or no experi-
ence or knowledge in the area. Previous
exposure to certain aspects of physiology
and pharmacology would be helpful, but is

preface

not essential. Some knowledge of calculus
is also desirable.

In our experience, the average student
has felt very uncomfortable with kinetic
principles and mathematics. Indeed, in many
cases there is a strong mental block. Our
desire is to teach the application of phar-
macokinetics in therapeutics. We believe we
are achieving this goal by applying the es-
sential concepts through problem solving
with only the essence of required mathe-
matics. This approach is a theme through-
out the book. In this respect this book is a
programmed learning text. Every attempt is
made at the beginning of each chapter to
preserit objectives that identify the more
important points to be learned. To further
aid in the learning process, examples are
worked eut in detail in the text. At the end

‘of many chapters there are two kinds of

problems. The first is study problems,
which allow the reader to test his grasp of
the material in the chapter. The second
kind is unifying problems, which build

. upon the material of previous chapters. For

the interested reader there is a list of sug-
gested further reading located at the back
of the book.

-An attempt has been made to establish
uniformity for symbols and units through-
out the book; definitions of symbols begin
on p. 280. The liter is used as the standard
measure of volume and hour as the stand-
ard nit of time. A special comment should

be made on the choice of mg/liter for the

]
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units of drug concentration. Although mo-
larity has considerable utility and has been
strongly advocated for common use, the
dosage of drugs is most often expressed in
milligrams. Until doses are given in molar
units, we feel that mg/liter is the more con-
venient ‘unit for concentration.

The book: is divided into four sections:
Concepts, Disposition and Absorption Ki-
netics, Therapeutic Regimens, and Individ-
ualization. Section I contains the funda-
mental concepts in drug absorption,
distribution and elimination. Section II
covers the kinetics of drug and metabolites
following drug administration and inte-
grates kinetics with the fundamental con-
cepts. Section III deals with the basic ele-
‘ments of the design and evaluation of
therapeutic regimens, while Section 1V ex-

amines the causes of variability in human |

drug response, the adjustment of dosage
based on age, weight, and renal function,
explores the kinetic consequences of drug
interactions, and presents principles for the
monitoring of drug therapy using plasma
concentrations. The sequence is intended to
give the reader the basic underlying con-
cepts, the quantitative tools, and the es-
sence of the kinetic basis for variability. in
human drug response.

The content of the book, by design, has
been limited. There are many important

Manchester, England

San Francisco, California

areas of pharmacokinetics either touched
on only lightly or not covered at all. Most of
these areas are more specialized, dealing
with such topics as distribution dynamics,
including multicompartment systems, dose
and time dependencies, turnover concepts,
dialysis, and kinetic considerations in the
treatment of drug overdose. These and
other specialized topics and a more detailed
examination of the clinical pharmacokinet-
ics of selected drugs, including digoxin,
theophylline, and phenytoin, form the
basis of a sequel to this book entitled Clini-
cal Pharmacokinetics: Specishized Topics
and Selected Drugs.

We wish to express our gratitude to
Jere E. Goyan, Dean, and Sidney Riegel-

' man, Associate Dean for Research Services,

School of Pharmacy, University of Califor-
nia, for their encouragement. We also wish
to acknowledge Paul Bailey of Manchester,
England, for his preparation of the illustra-
tions. We particularly wish to thank our
past students whose comments have been so
useful in formulating our ideas.

To the reader of the book we hope that
we have succeeded in helping you develop
kinetic reasoning that will be of personal
value in your practice. In general perspec-
tive, we hope we have made some contri-
bution to the development of a more ra-
tional management of drug therapy.

MarLcoLM ROWLAND

THomMAas N. Tozer
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why clinical

pharmacokinetics?

Tuose patients who suffer from chronic
ailments such as diabetes and epilepsy may
have to take drugs every day for the rest of
their lives. At the other extreme are those
who take a single dose to relieve an occa-
sional headache: The duration of drug
therapy is usually between these extremes.
The manner in which a drug is taken is
.called a dosage regimen. Both the duration
of drug therapy and the dosage regimen
depend on the therapeutic objectives, which
may be either the cure, the mitigation, or
the prevention of the disease. Because all
drugs exhibit undesirable effects such as
drowsiness, dryness of the mouth, gastroin-
testinal irritation, nausea, and hypotension,
successful drug therapy is achieved by opti-
mally balancing the desirable and the un-
desirable effects. To achieve optimal ther-
apy, the appropriate “drug of choice” must
be selected. This decision implies an accu-
rate diagnosis of the disease, a knowledge
of the clinical state of the patient, and a
sound understanding of the pharma-
cotherapeutic management of the disease.
Then the questions how much, how often,
and how long, must be answered. The
question “how much” recognizes that the
magnitude of the response (therapeutic or
toxic) is a function of the dose given. The
question “how often” recognizes the impor-
cance of time, in that the magnitude of the
tffect eventually declines with time follow-
'ing a single dose of drug. The question

“how long™ recognizes that there is a cost
(in terms of side effects, toxicity, economics)
incurred with continued drug administra-
tion. In practice, these questions cannot be
divorced from one another. For example,
the convenience of giving a larger dose less
frequently may be more than offset by an
increased incidence of toxicity.

In the past, the answers to many impor-
tant therapeutic questions were obtained by
trial and error. The clinical investigator
selected the dose, the interval between
doses, and the route of administration and
followed the patient’s progress. The desired
effect and any signs of toxicity were care-
fully noted, and if necessary the dosage-
regimen was adjusted empiricajly- until a
maximal desired effect with minimal toxic-
ity was achieved. Eventually, after consid-
erable experimentation on a large number
of patients, reasonable ‘dosage regimens
were established (Table 1-1), but not with-
out some regimens producing excessive
toxicity or proving ineffective. Moreover,
the above empirical approach left many
questions unanswered. Why, for example,
does theophylline have to be given every 6
to 8 hours to be effective, while digoxin can
be given daily? Why must oxytocin be in-
fused intravenously? . Why is morphine
more effective given intramuscularly than
when given orally? Furthermore, this em-
pirical approach contributes little, if any-
thing, toward establishing a safe, effective



2 CLINICAL PHARMACOKINETICS

Table 1-1. Empirically Derived Usual Adult Dosage Regimens of Some

Representative Drugs®

Drug indicated Use Route Dosage Regimen
Theophylline Relief of asthma Oral 160 mg every 6 hours
Digoxin Amelioration of Oral 1.5-2 mg initially over

congestive heart 24 hours, thereafter 0.25-
failure 0.5 mg once 4 day
Oxytocin Induction and Intravenous 0.2-4 milliunits/min
maintenance of infusion
labor
Morphine Relief of severe Intramuscular 10 mg when needed
sulfate pain
Oral Not used because of
reduced effectiveness
Phenobarbital Prevention of Oral 120-200 mg daily
cpileptic seizures

Taken from American Medical Association: Drug Evaluations. 2nd Edition. Publishers Science Group, Inc.,

Acton, Mass. 1973.

dosage regimen of another drug. That is,
our basic understanding of drugs has not
been increased.

To overcome some of the limitations of
the empirical approach and to answer some
of the questions raised, it is necessary to
delve further into the events that follow
drug administration. In vitro and in vivo
studies show that the magnitude of the re-
sponse is a function of the-concentration of
drug in the fluids bathing the site(s) of
action. From these observations the sugges-
tion* might be made that the therapeutic
ob]ectlve can be achieved by maintaining
an adequate concentration of drug at the
site(s) of action for the duration of therapy.
However, rarely is a drug placed at its site
of action. Indeed, most drugs are given
orally, and yet they act in the brain, on the
heart, at the neuromuscular junction, or
elsewhere. A drug must therefore move
from the site of administration to the site of
action. Simultaneously, however, the drug
distributes to all other tissues including
these organs, notably the liver and the kid-
ney, that eliminate it from the body. After a
dose is administered, the rate at which a

drug initially enters the body exceeds its
rate of elimination; the concentrations of

- drug in blood and in tissue rise, often suffi-

ciently high to elicit the desired therapeutic
effects and sometimes even to produce tox-
icity. Eventually, the rate of drug elimina-
sion exceeds the rate of its absorption, and
thereafter, the concentration of drug in tis-
sues declines and the effect(s) subsides. To
administer drugs optimally, therefore,
knowledge i$ needed not only of the mech-

" anisms of drug abserption, distribution, and

elimination but also of the kinetics of these
processes, that is, pharmacokinetics. The
application of pharmacokinetic principles
to the therapeutic management of patients
is clinical pharmacokinetics.

The problem of drug administration can
now be divided into two phases, a pharma-
cokinetic phase that relates dose, frequency,
and route of administration to drug level-
time relationships in the body, and a -
pharmacodynamic phase that relages the
concentration of drug at the site(s) of action
to the magnitude of the effect(s) produced
(Fig. 1-1). Once both of these phases have
been defined, a dosage regimen can be de-
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_Figure 1-1. An alternative approach to the design of a dosage regimen. The pharmacokinetics and the
pharmacodynamics -of the drug are first defined. Then either the plasma drug concentration-time data
or the effects produced, via pharmacokinetics, are used as a feedback to modify the dosage regimen to

achieve optimal therapy.

signed to achieve the therapeutic objective.
Despite the greater amount of information
required with this approach, it has several
advantages. First, and most obvious, dis-
tinctions can be made between pharmaco-
kinetic and pharmacodynamic causes of an
unusual drug response. Second, the basic
concepts of pharmacokinetics are common
to all drugs; information gained about the
pharmacokinetics of one drug can help in an-
ticipating the pharmacokinetics of another.
Third, understanding the pharmacokinetics
of a drug often explains the manner of its
use; occasionally such an understanding
has saved a drug that otherwise may have
been discarded or has suggested a more
appropriate dosage regimen. Lastly, know-
ing the pharmacokinetics of a drug often
aids in anticipating the outcome of a thera-
peutic maneuver. '

Before examples are given of the appli- -

cation of clinical pharmacokinetics, the sit-
uation depicted in Figure 1-2 should he
considered. Assuming the hypothesis that
both the magnitude of the desired response
and the degree of toxicity are a function of
the drug concentration at the site(s) of
action, two reasons for therapeutic failure
are evident. Either therapy is ineffective
because the concentration is too low or
there is an unacceptable degree of toxicity
because the concentration is too high. Be-
tween these limits of concentration lies a

region associated with therapeutic success;
this region may be regarded as the “thera-
peutic window.” Rarely can the concentra-
tion of the drug at the sité of action be
measured directly; instead the concentra-
tion is measured at an alternative site, the
plasma. Besides being a more convenient
and accessible site of measurement, the
concentration of a drug in plasma also
probably reflects the drug concentration at
the site of action.

Based on the foregoing considerations, an
optimal dosage regimen might be defined
as one that maintains the plasma concen-
tration of a drug within its therapeutic win-
dow. For many drugs, this therapeutic ob-
jective is°met by giving an initial dose to

Unacceptable
Toxicity

Figure 1-2. Between certain limits of concentration
lies a region associated with therapeutic success,
the therapeutic window.
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achieve a plasma concentration within the
therapeutic window and then maintaining
this concentration by replacing the amount
of drug lost with time. One popular and
convenient means of maintenance is to give
a dose at discrete time intervals. Figure 1-3
illustrates the basic features associated with
this approach by depicting the events that
follow the administration of two regimens,
A and B; the dosing interval is the same but
the dose given in regimen B is twice that
given in regimen A. Because some drug
always remains in the boiiy from the pre-
ceding .dose, accumulatioft occurs until,
within a dosing interval, the amount lost
equals the dose given; a characteristic
saw-toothed plateau is then achieved. With
regimen A, several doses had to be given
before drug accumulation was sufficient to
produce a therapeutic concentration. Had
therapy been stopped before then, the drug
might have been thought ineffective and
perhaps abandoned prematurely. Alterna-
tively, larger doses might have been tried,
-e.g., regimen B, in which case, although a
therapeutic response would have been
achieved fairly promptly, toxicity would
have ensued on continued administration.
Once again, the drug might have been
abandoned. This almost happened with the
synthetic antimalarial agent, quinacrine.
Developed during World War II to substi-
tute for the relatively scarce quinine, quin-
acrine was either ineffective against acute
attacks of malaria, or, if a sufficiently high

Regimen B

Plasma Drug Concentration

dose regimen to be effective acutely was
given, eventually produced unacceptable
toxicity. Only after its pharmacokinetics
was defined was this drug used successfully.
Quinacrine distributes extensively into var-
ious tissues and is eliminated slowly; hence -
it accumulates extensively on prolonged
administration. As now expected, the an-
swer was to give a large initial dose, which
immediately achieves therapeutic success,
followed by smailer doses that maintain the
concentration within the therapeutic win-
dow.

An examination of the plateau situation
in Figure 1-3 also shows that the size of the
maintenance dose and the frequency of
administration are governed by two factors:
the width of the therapeutic window and
the speed of drug elimination. When the
window is narrow and the drug is elimi-
nated rapidly, small doses must be given
often to achieve therapeutic success. Both
theophylline and digoxin have a narrow
therapeutic window, but because it is elimi-
nated much more rapidly than digoxin,
theophylline has to be given the more fre-
quently. Oxytocin is an extreme example; it
also has a narrow therapeutic window, and
it is elimpindted within minutes. The only

‘means of adequately ensuring a therapeutic

concentration is therefore to infuse oxytocin
at a precise and constant rate directly into
the blocd. Control is too erratic with any
other mode of administration. Besides, had
it been given orally, oxytocin would have

Therapeutic
Falfure
Figure 1-3. When a drug is given
at fixed time intervals (denoted
by the arrows), it accumulates
Therapeuti A .
Su e ° within the body until a plateau is
ccess . .
reached. With regimen A, thera-
peutic success is achieved al-
. though not initially. With regimen
::lel;::euﬂc B, the therapeutic objective is

more quickly achieved but the
plasma drug concentration is
ultimately too high.



been destroyed by the proteolytic enzymes
in the gastrointestinal fluids. Morphine,
given orally, is also substantially destroyed
before entering the general circulation, but
for a different reason than oxytocin. Mor-
phine is rapidly metabolized in the liver, an
-organ lying between the gastrointestinal
tract and the general circulation.

Figure 1-4 illustrates an important prob-
lem in drug therapy, variability. There is a
wide range of daily dose requirements of
the oral anticoagulant, warfarin, needed to
produce a similar prothrombin time (an
index of blpod coagulability). Sources of
_ variability in drug response include the pa-
tient’s age, weight, degree of obesity, type
and degree of severity of the disease, and
the patient’s genetic make-up, other drugs
concurrently administered, and environ-
mental factors. The result is that a standard
dosage regimen of a drug may prove thera-
peutic in some patients, ineffective in oth-
ers, and toxic in still others. The need to
adjust the dosage regimen of a drug for an
individual patient is evident; this need is
clearly greatest for drugs that have a nar-
row therapeutic window, that exhibit a
steep concentration-response curve, and
that are critical to drug therapy. Examples
are digoxin, used to treat congestive heart
failure; phenytoin, used to prey;af"ép' eptic
convulsions; theophylline, uséd to diminish
chronic airway resistance iff asthmatics; and

25 -
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lidocaine, used to suppress ventricular ar-
rhythmias. With these drugs, and with
many others, varniability in pharmacokinet-
ics is a major source of total variability in
drug response. Accounting for the variabil-
ity in pharmacokinetics more readily per-
mits improved individual dosage adjust-
ment.

Coadministration of several drugs to a
patient, prevalent in clinical practice, is
fraught with problems. Each agent may
have been chosen rationally but when

" coadministered, the outcome can be unpre-

dictable. Phenylbutazone, for example, de-
void of anticoagulant activity, markedly
potentiatés the hypoprothrombinemic ef-
fect of the oral anticoagulant, warfarin.
The possible causes of this change are
many. Often, such drug interactions involye
a change in the pharmacokinetics. Some

_ drugs stimulate drug-metabolizing enzymes

and hasten drug loss; others inhibit these
enzymes and slow elimination. Many others
displace a drug from plasma and tissue
binding sites or interfere with its absorp-
tion. Such interactions are graded; the
change in the pharmacokinetics of a drug
varies continuously with the plasma con-
centration of the interacting drug and hence
with time. Indeed, given in sufficiently high
doses, any drug will probably interact with
another drug. It is always agquestion of
degree. Understanding the quantitative

Figure 1-4. The daily dose of
warfarin, required to produce
Similar prothrombin times in .
200 adylt patients, varies
widely. (Redrawn from
Koch-Weser, J.: The serum
level approach to individuali-
Zzation of drug dosage. Eur. J.
Clin. Pharmacol., 9: 1-8,
1975.)

9-9.9
10-10.9 |
>10.9
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elements of interactions ensures the more

rational use of drugs that may have to be

coadministered. ~
Figure 1-5 illustrates a situation in which
monitoring of the drug concentration may
be beneficial. Over the narrow range of the
daily dose of the antiepileptic drug, phe-
nytoin, the plateau plasma drug concentra-
tion varies markedly within the patient
population. Yet the therapeutic window of
phenytoin is very narrow, 7 to 20 mg/liter;

beyond 20 mg/liter, the frequency and the .

degree of toxicity increase progressively
with concentration. Here again, pharmaco-
kinetics is the major source of variability. A
pragmatic approach to this problem would
be to adjust the dosage until the desired
objective is achieved. Control on a dosage
basis alone, however, has proved difficult.
Control is achieved more readily and accu-
rately given plasma drug concentration

data and a knowledge of the pharmacoki-
netics of the drug.

Drug selection and therapy have tradi-
tionally been based solely upon observa-
tions of the effects produced. In this chap-
ter, the application of pharmacokinetic
principles to decision making in drug ther-
apy has been illustrated. Both approaches
are needed to achieve optimal drug ther-
apy. This book emphasizes the pharma-
cokinetic approach. It begins with a con-
sideration of the concepts -basic to
pharmacokinetics. :

50

o
o
1

(3
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20

10

Plasma Phenytoin Concentration (mg/liter)

15
Daily Dose (mg/kg)

Figure 1-5. Although on the average the plateau
plasma drug concentration of phenytoin increases
with the daily dose, there is considerable variation
at any given daily dose. (Redrawn from Lund, L.:
Effects of phenytoin in patients with epilepsy in
relation to its concentration in plasma. \n Biologi-
cal Effects of Drugs in Relation to Their Plasma
Concentration. Edited by D.S. Davies, and B.N.C.
Prichard. Macmillan, London and Basingstoke,
1973, pp. 227-238.)

SECTION ONE

concepts









basic considerations

Objecu' ves

The reader will be able to define the following terms:

1. Pharmacokinetics

2. Intravascular and extravascular administration

3. Absorption
4. Disposition
'S, Distribution
6. Metabolism
7. Excretion
8. First-pass effect

9. Enterohepatic cycling

\

Useful clinical applications of pharmaco-
kinetics can be made from basi¢ principles
and concepts. In this and subsequent chap-
ters, these concepts are developed. It should
be noted, however, that the concepts are
only valid to the extent that they can then
explain observations or that they can serve
as a basis for making predictions.

Anatomic and Physiologic
Considerations

Measurement of a drug in the body is
limited usually to the blood, or plasma, and

. to the urine. Nonetheless, the limited infor-

mation obtained has proved very useful.
Such usefulness can be explained by ana-

tomic and physiologic considerations of the
events that occur to a drug following its
administration.

Blood or plasma, in addition to being a
practical and convenient site of measure-
ment, is the most logical one for determin-
ing drug in the body. Blood both receives a
drug from the site of administration follow-
ing its absorption and carries the drug to all
the tissues including the sites of action and
the organs that eliminate it from the body.

The fate of a drug as it moves from the
site of administration to the site(s) of elimi-
nation is depicted schematically in Figure
2-1. This scheme includes the processes of

_absorption and disposition. Disposition

may be further subdivided into distribution,
elimination, and enterohepatic cycling.
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Renal Excretion

Kidney

Arterial Blood
Venous Blood
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Fecal Excretion
and Decomposition

Metabolism

*  Site of Administration

!sl ’ 5) Enterohepatic Cycle

Q Route of Elimination

Figure 2-1. Once absorbed from any of the many
sites of administration, a drug is distributed by
blood to all sites within the body including -the
eliminating organs. Sites of administration are: a,
artery; b, peripheral vein; ¢, muscle and subcuta-
neous tissue; d, lung; and e, gastrointestinal tract.
The — and the >— lines with arrows refer to the
mass movement of drug in blood and in bile, re-
spectively. The absorption and disposition of virtu-
ally any drug can be followed from site of adminis-
tration to site of elimination.

'Absorption

There are several sites at which drugs are
commonly administered. These sites may
be classified as either intravascular or ex-
travaScular. Intrauascular administration
refers to the placement of a drug directly
into the blood, either intravenously o
intra-arterially. :

Extravascular modes of administration
include the oral, sublingual, buccal, intra-
muscular, subcutaneous, pulmonary, and

tectal routes. To enter the blood, drug ad-

ministered extravascularly must be ab-
sorbed: No absorption step is required
when a drug is administered intravascu-
larly.

Distribution

Once absorbed, a drug is distributed to
the various tissues of the body. The rate and '
the extent of distribution are determined by
how well each tissue is perfused with blood,
the binding of d:ug to plasma proteins and
to tissue components, and the p: * meability
of tissue membranes to the drug.

Elimination

The two principal organs of elimination,
the liver and the kidney, are shown sepa-
rately. The kidney is the primary site for
excretion of the chemically unaltered, or
unchanged, drug. The liver is the usual
organ for drug metabolism; however, the
kidney and other organs can also play an
important metabolic role for certain drugs.
The liver may also excrete unchanged drug
into the bile. The lungs are, or may be, an
important route for eliminating substances
of high vapor pressure, for example the
gaseous anesthetics. Another potential
route of elimination is a mother’s milk.
Although not a significant route of elimina-
tion for the mother, the drug may be con-
sumed in sufficient quantity to affect the
suckling infant.

Enterohepatic Recyciing

Once excreted into the bile, a drug may
be reabsorbed from the gallbladder or from
the intestinal tract. By doing so, the drug
completes a cycle, the enterohepatic cycle. If
all the drug is reabsorbed in this manner,
biliary excretion is not a route of elimina-
tion; the cycling is then a component of
distribution. The situation is analogous to



