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PREFACE

T his is the second edition of this textbook, which lays down the foundations of
how exposure of drug within the body and response following drug administra-
tion are quantified and integrated, and how this vital information provides a rational
approach to the establishment, optimization, and individualization of dosage regi-
mens in patients. The title of the first edition began “Introduction to...,” but so many
readers of the first edition expressed the view that this textbook contained the very
essence of the quantitative basis of drug therapy that we decided to change the title
to Essentials of Pharmacokinetics and Pharmacodynamics: The Quantitative Basis
of Drug Therapy. The book is intended for students and practitioners of pharmacy
and medicine, as well as other health professionals, who need to understand the basic
principles upon which quantitative decisions in drug therapy are based. It will also be
a valuable resource and primer for those in the pharmaceutical and biotech industries
involved in drug development, especially those from other backgrounds who have
been given responsibility for the clinical development and evaluation of new drugs
and those involved in the registration and regulation of drugs.

We are perhaps best known for our larger textbook Clinical Pharmacokinetics
and Pharmacodynamics: Concepts and Applications, now in its fourth edition. This
widely read, more in-depth, textbook serves a more advanced readership. In a sense,
this smaller Essentials textbook aims to meet the needs of another wide audience,
those who apply the principles in clinical practice or who work on the clinical side of
drug development, who are in need not only of a more simplified textbook but, in par-
ticular, one that links drug exposure within the body to drug response—that is, to the
pharmacodynamics of drugs. It provides the key quantitative tools and principles of
drug therapy without recourse to an extensive use of mathematics, although some use
of mathematics is essential when dealing with the quantitative aspects of drug therapy.
Furthermore, many examples of currently prescribed drugs are included in the book
to emphasize its utility to contemporary practice.

The book begins with the basic principles underlying pharmacokinetics and phar-
macodynamics, and finishes with the application of these principles to the establish-
ment, maintenance, and optimization of dosage regimens for the individual patient.
Relative to the first edition, the second has many more Study Problems, including
many in the multiple choice format used in licensing examinations. There are also
practice questions that allow the reader to calculate and appreciate the quantitative
aspects of pharmacokinetics and pharmacodynamics. As some readers may have less
familiarity with some of the medical terms needed to convey the therapeutic setting
in which pharmacokinetic and pharmacodynamic data are acquired and applied, an
appendix of medical terms and words used in the text has been included. Chapters 5
and 6 of the first edition have been expanded to four chapters on: Quantifying Events
Following An Intravenous Bolus, Physiologic and Physicochemical Determinants of
Drug Disposition, Quantifying Events Following An Extravascular Dose, and Physio-
logic and Physicochemical Determinants of Drug Absorption. The second edition also
has a greater emphasis on protein drugs and has been reorganized and updated from
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Preface

the first. With its emphasis on the integration of basic concepts, as well as concern
for clarity of content in each chapter, great attention has been devoted to ensuring
that the material content builds on knowledge from prior chapters as one progresses
through the book.

Key elements in the organization of each chapter include Objectives at the begin-
ning and a Summary and a Key Term Review toward the end. The Key Relationships
of each chapter and Study Problems are provided at the end of each chapter. Detailed
answers to the problems are provided in Appendix F. Definitions of Symbols and Med-
ical Terms and Words used throughout the book are located in Appendices A and
B. Appendices C, D, and E are intended as supplemental material for the interested
reader. They also contain a few practice problems with answers to them in Appendix
F. Further details on the organization of the book are given at the end of Chapter 1.
Intentionally, coverage of the many concepts is not comprehensive; the book is meant
to provide selected examples that illustrate the principles presented and to encourage
the reader to give further thought to the concepts.

As an introductory text, this book should be particularly helpful to those teaching
pharmacy and medical students within a separate course or within a pharmacology
course or elective course in clinical pharmacology. In general, the textbook should be
useful in all courses designed to train health professionals in the fundamental princi-
ples underlying the establishment of dosage regimens and individualization of drug
administration to optimize drug therapy. We recognize that, in addition, some readers
will treat this as a self-study textbook. Indeed, it has been written and organized to
facilitate this mode of learning.

We wish to acknowledge all the students and colleagues, both in academia and
the industry—too numerous to name individually—whose interactions over the years
have provided the very “food for thought” for many parts of this book. Without their
input, this book would not have been possible. Finally, and most importantly, our spe-
cial thanks to our wives, Margaret and Dawn, for putting up with the many hours and
temporary separations needed for us to work together to write this book.

THOMAS N. TOZER
South San Francisco, California

MALCOLM ROWLAND
London, England
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Opening Comments

THE CLINICAL SETTING

When asked, most patients can readily proffer the names of the drugs they are taking,
or, if they do not know the names, they know the general reason they are taking them,
such as for a heart problem, a backache, high blood pressure, or recurrent depression.
They also know how often the medicine should be taken and whether it should be
taken before, with, or after eating, although how well they adhere to the prescription
label is another matter. However, when it comes to the question of dose, most patients
are at best unsure or even have no idea of the strength of their medicine or the amount
they are taking. This is because most patients, and many clinicians, think qualitatively
rather than quantitatively, but dose is of paramount importance. To paraphrase Par-
acelsus, who lived some 500 years ago, “all drugs are poisons, it is just a matter of
dose.” A dose of 25 mg of aspirin does little to alleviate a headache; a dose closer to
300-600 mg is needed, with few ill effects. However, 10 g taken all at once can be fatal,
especially in young children.

What determines the therapeutic dose of a drug and its manner and frequency
of administration, as well as the events experienced over time by patients on taking
the recommended dosage regimens, constitutes the body of this introductory book. It
aims to demonstrate that there are principles common to all drugs, and that equipped
with these principles, not only can many of the otherwise confusing events following
drug administration be rationalized, but also the very basis of dosage regimens can
be understood by addressing the key questions about a specific drug: How much?
How often? For how long? That is, the principles form the quantitative basis of drug
therapy. The intended result is the better and safer use of drugs for the treatment or
amelioration of diseases or conditions suffered by patients. Keep in mind, for exam-
ple, that still today some 7% of patients admitted into hospital are there because of
adverse reactions, some life threatening, due to the inappropriate use of drugs, much
of which is avoidable. Many additional patients receive suboptimal dosage or have
adverse reactions, but not severe enough to require hospitalization.

It is possible, and it was common practice in the past, to establish the dosage regi-
men of a drug through trial and error by adjusting such factors as the dose and interval
between doses and observing the effects produced, as depicted in Fig. 1-1 (next page).
A reasonable regimen might eventually be established, but not without some patients
experiencing excessive toxicity and others ineffective therapy. Certainly, this was
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CHAPTER 1 » Opening Comments

FIGURE 1-1 An empirical approach to the design of a
dosage regimen. The effects, both desired and adverse,
are monitored after the administration of a dosage regi-
men of a drug, and used to further refine and optimize the
regimen through feedback (curved arrow).

Dosage >
regimen ‘

the procedure to establish that digoxin needed to be given at doses between 0.1 and
0.25 mg only once a day for the treatment of congestive cardiac failure. On the other
hand, morphine sulfate needed to be administered at doses between 10 and 50 mg up
to six times a day to adequately relieve the chronic severe pain experienced by pa-
tients suffering from terminal cancer. However, this empirical approach not only fails
to explain the reason for this difference in the regimens of digoxin and morphine, but
also contributes little, if anything, toward establishing effective dosage regimens of
other drugs. That is, our basic understanding as to how drugs behave and act within
the body has not been increased.

Components of the Dose—Response Relationship

Progress in understanding the relationship between drug administration and re-
sponse has only been forthcoming by realizing that concentrations at active
sites—not doses—drive responses, and that to achieve and maintain a response, it
is necessary to ensure the generation of the appropriate exposure profile of drug
within the body. This in turn requires an understanding of the factors controlling this
exposure profile. These ideas are summarized in Fig. 1-2, where now the relation-
ship between drug administration and response produced, which we will refer to as
“dose-response,” is divided into two components, pharmacokinetics and phar-
macodynamics (with the root of both terms derived from the Greek pharmacon,
meaning a drug, or, interestingly, also a poison). The pharmacokinetic component
covers the relationship between the dosage regimen, which comprises such adjust-
able factors as dose, dosage form, frequency, and route of administration, and the
concentration or exposure achieved in the body with time. The pharmacodynamic
phase covers the relationship between drug exposure within the body and both the
desired and adverse effects produced with time. In simple terms, pharmacokinetics

Pharmacokinetics Pharmacodynamics

.

A W 4 W 4

Exposure to
Drug
within Body

Dosage

Regimen

FIGURE 1-2 A rational approach to the design of a dosage regimen. The pharmacokinetics and the pharmaco-
dynamics of the drug are first defined. Then, responses to the drug, together with pharmacokinetic information,
are used as a feedback (curved arrows) to modify the dosage regimen to achieve optimal therapy.
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Drug Concentration

may be viewed as the time-course of the body’s handling of a drug, and pharmacody-
namics as the body’s response to drug exposure there.

Several other basic ideas have helped to place drug administration on a more ra-
tional footing. The first (partially alluded to above) is that the intensity or likelihood
of an effect increases with increasing exposure to the drug, but only to some limiting,
or maximum, value above which the response can go no higher. Second, drugs act on
different components within the body, so that the maximum measured clinical effect
produced by one drug may be very different from that of another. For example, both
aspirin and morphine relieve pain. Whereas aspirin may relieve mild pain, it cannot
relieve the severe pain experienced by patients with severe trauma or cancer even
when given in massive doses. Here, morphine, or another opioid analgesic, is the drug
of choice. The third (which follows in part from the second idea) is the realization
that drugs produce a multiplicity of effects, some desired and some undesired, that
when combined with the first idea, has the following implication. Too low an exposure
within the body results in an inadequate desired response, whereas too high an expo-
sure increases the likelihood and intensity of adverse effects. Expressed differently,
there exists an optimal range of exposures between these extremes, the therapeutic
window, shown schematically in Fig. 1-3. For some drugs, the therapeutic window
is narrow, and therefore the margin of safety is small. For others, the window is rela-
tively wide.

Armed with these simple ideas, one can now explain the reason for the differences
in the dosing frequency among morphine, digoxin, and adalimumab. All three drugs
have a relatively narrow therapeutic window. However, morphine is eliminated very
rapidly from the body, and must be given frequently, up to 6 times a day, to maintain
an adequate concentration to ensure relief of pain without excessive adverse effects,
such as respiratory depression. Digoxin is more stable within the body, and so with

Therapeutic Window

FIGURE 1-3 At higher concentrations or higher
rates of administration on chronic dosing, the
probability of achieving a therapeutic response
increases (shaded from black [no response] to
white), but so does the probability of adverse ef-
fects (shaded from white [no adverse effect] to
burnt orange [severe adverse effects]). A window
of opportunity, called the “therapeutic window,”
exists, however, in which the therapeutic response

Therapeutic Adverse can be attained without an undue incidence of ad-
Response Effects verse effects.
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FIGURE 1-4 When a drug is given repetitively in
a fixed dose and at a fixed time interval (arrows),
it accumulates within the body until a plateau is
reached. With regimen A, therapeutic success is
achieved, although not initially. With regimen B, the

Thera
therapeutic objective is achieved more quickly, but l l l l l l l l l l Py
the drug concentration is ultimately too high, result-

little lost each day, a once-daily regimen suffices to treat atrial fibrillation and other
heart diseases. For adalimumab, a subcutaneous dose given once every 2 weeks to
treat rheumatoid arthritis patients is adequate because less than one-half of a dose
is eliminated from the body within this time period. Unlike morphine and digoxin,
adalimumab, a protein drug, is given subcutaneously because it is not absorbed when
given orally.

These principles also helped to explain an enigma at the time concerning the pat-
tern of effects seen with the synthetic antimalarial drug, quinacrine, developed during
World War II. Given daily, quinacrine was either ineffective acutely against malaria, or
eventually produced unacceptable toxicity when a dosing rate sufficiently high to be
effective acutely was maintained. Only after its pharmacokinetics had been defined
were these findings explained and the drug used successfully. Quinacrine is elimi-
nated even more slowly than digoxin, with very little lost each day, such that it accu-
mulates extensively with repeated daily administration of the same dose, as depicted
schematically in Fig. 1-4. At low daily doses, the initial concentrations are too low to
be effective, but eventually, the plasma concentration rises to within the therapeu-
tic window. Increasing the daily dose shortens the time for the concentration to be
within the therapeutic window, but, with the concentration still rising, eventually it
becomes too high, and unacceptable toxicity ensues. Yet what was needed was rapid
achievement, and subsequent maintenance, of adequate antimalarial concentrations
without undue adverse effects. The answer developed was to give large doses over the
first few days to rapidly achieve therapeutic concentrations, followed by smaller daily
doses to maintain the concentration within the therapeutic window.

The lesson to be learned from the case of quinacrine, and indeed most drugs, is
that only through an understanding of the temporal events that occur after the drug’s
administration can meaningful decisions be made regarding its optimal use.

Delays in drug response may also occur due to slow distribution to the target
site, which is often in a cell within a tissue or organ, such as the brain. However,
the issue of time delays between drug administration and response is not confined
to pharmacokinetics, but extends to pharmacodynamics, as well. Delays may occur
because of the nature of the affected system within the body. One example is that of
the oral anticoagulant warfarin, used as a prophylaxis against deep vein thrombosis
and other thromboembolic complications. Even though the drug is rapidly absorbed,

Outcome:

Excessive
Adverse

Regimen B Effects

Al

Therapeutic
/\[\/\[\/\/\ Window
™\

Regimen A Ineffective

Plasma Drug Concentration

ing in excessive adverse effects. Time
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Plasma Warfarin

Total Cholesterol (mg/dL)

15 - - 100 FIGURE 1-5 The sluggish response in the
plasma prothrombin complex activity (colored
3 124 L g0 ££ line), which determines the degree of coagu-
= 9 -g lability of blood, is clearly evident after admin-
£ b $9.. istration of the oral anticoagulant, warfarin.
_S 91 F60 &< £ Although the absorption of this drug into the
® a 5_9 % body is rapid with a peak concentration seen
€ 61 -40 £ 7 < within the first few hours, for the first 2 days
§ § £ after giving a single oral 1.5 mg/kg dose of
8 31 Loo &2 sodium warfarin, response (defined as the
percent decrease in the normal complex ac-
0 0 tivity) steadily increases, reaching a peak after
0 1 2 3 4 5 2 days. Thereafter, the response declines slowly
D as absorbed drug is eliminated from the body.
ays The data points are the averages of five male
volunteers. (From Nagashima R, O'Reilly RA,
Levy G. Kinetics of pharmacologic effects in
man: the anticoagulant action of warfarin. Clin

Pharmacol Ther 1969;10:22-35.)
yielding high early concentrations throughout the body, as seen in Fig. 1-5, the peak
effect, as manifested by prolongation of the clotting time, occurs approximately 2 days
after a single dose of warfarin. Clearly, it is important to take this lag in response into
account when deciding how much to adjust the dose to achieve and maintain a given
therapeutic response. Failing to do so and attempting to adjust the dosage based on
the response seen after 1 day, before the full effect develops, increases the danger of
subsequently overdosing the patient. This can have serious consequences, such as

internal hemorrhage, with this low margin-of-safety drug.

Another problem with drugs of a low margin of safety is that individualization of
dosage is essential because of interindividual differences in both the pharmacokinetic
behavior and pharmacodynamic response to the drug. For warfarin, this is accom-
plished by titrating the dosage in an individual to obtain a desired in vitro clotting
measure, which serves as a surrogate to its clinical response.

Another example of a pharmacodynamic delay is seen with the statin drugs, as
shown in Fig. 1-6 with atorvastatin. This class of drugs is used to lower blood choles-
terol as a prophylaxis against cardiovascular complications such as atherosclerosis,

300 -

Atorvastatin Dosing
2/

250 A FIGURE 1-6 Plot of total cholesterol against time after oral
administration of 5 mg atorvastatin once daily for 6 weeks.
Atorvastatin is a selective, competitive inhibitor of HMG-
CoA reductase, the rate-limiting enzyme that converts
3-hydroxy-3-methylglutaryl-coenzyme A to mevalonate, a
200 1 precursor of sterols, including cholesterol. Note that de-
spite the relatively short half-life of atorvastatin (14 hours,
not shown), it takes almost 2 weeks to see the full effect
of inhibition of cholesterol synthesis. (Redrawn from Stern
RH, Yang BB, Hounslow NJ, et al. Pharmacodynamics and
150 T T T T T T 1 i iC- i il i -
5 0 2 1 6 pharmacokinetic-pharmacodynamic relationship of ator

vastatin, an HMG-CoA reductase inhibitor. J Clin Pharmacol
Weeks 2000;40:616-623.)



6 CHAPTER 1 = Opening Comments

signaling the likely occurrence of myocardial infarction and stroke. Despite this statin
being rapidly eliminated from the body, the full lowering of blood cholesterol takes
from 2 to 3 weeks after chronic dosing. This slow response is associated with the
slow turnover of the cholesterol pool within the body. Dose adjustment to ensure an
adequate lowering of cholesterol in individual patients is common, and the findings
shown in Fig. 1-6 imply that one needs to wait for at least 1 month before deciding
whether any further dose adjustment is warranted.

As mentioned previously, an interesting feature of many drugs is that they ex-
hibit different effects with concentration. An unusual but telling example is seen with
clonidine. Originally developed as a nasal decongestant, when it was evaluated for this
indication, some subjects became faint because of a then-unexpected hypotensive ef-
fect. Today, the therapeutic use of this drug is as an antihypertensive agent. However,
further investigation showed that it was possible to produce not only a hypotensive
effect but also hypertension, depending on the concentration. Clonidine acts on two
classes of receptors, one causing a lowering of blood pressure and the other caus-
ing an elevation in blood pressure. At low concentrations within the body, and those
achieved with therapeutic doses, the lowering effect on blood pressure predominates.
However, at high concentrations, as might be achieved during an overdose, the hyper-
tensive effect predominates, although this effect subsides and the hypotensive effect
again predominates as the concentration within the body falls. For other drugs, such
as warfarin, the mechanism of action is the same for producing desired and adverse
effects. Warfarin’s almost singular action is anticoagulation. Yet, this effect is defined
as therapeutic when warfarin’s concentration is such that it minimizes the risk of em-
bolism and it is defined as adverse at higher concentrations, where the risk of internal
hemorrhage is high, that is, where the anticoagulation effect becomes excessive. The
lesson is clear. Understanding the specific concentration-response relationship of a
drug helps in its management and optimal use.

Variability in Drug Response

If we were all alike, there would be only one dose strength and regimen of a drug
needed for the entire patient population. But we are not alike; we often exhibit great
interindividual variability in response to drugs. This is generally not so important for
drugs with wide therapeutic windows, because patients can tolerate a wide range of
exposures for similar degrees of benefit, particularly when the dose ensures that the
beneficial effect is experienced by essentially all patients. In this case, a single dose
of drug, the “one-dose-for-all” idea, suffices. Still, even then, some patients may not
respond to therapy because they lack the receptor on which the drug acts or their
receptor is different.

The problem of variability in both pharmacokinetics and pharmacodynamics
becomes particularly acute for drugs with a medium-to-low therapeutic window, of
which there are many. Examples include the immunosuppressive agent cyclosporine,
used to prevent organ rejection after transplantation, and the antiepileptic drug phe-
nytoin (Fig. 1-7), in addition to morphine, digoxin, and warfarin. For these drugs, the
solution is the availability of an array of dose strengths, with titration of dosage to the
patient’s individual requirements.

The variability in the concentration of phenytoin is primarily pharmacokinetic in
origin. Pharmacodynamics is also a cause of variability in response, as shown by the
minimum alveolar concentration (deep in the lungs) of desflurane (Suprane), a gen-
eral inhalation anesthetic, required to give the same depth of anesthesia in various age
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Plasma Phenytoin
Concentration (mg/L)

Minimum Alveolar
Concentration (%)

60 -
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FIGURE 1-7 Although the average plasma con-

centration of phenytoin on chronic dosing tends
° to increase with the dosing rate, there is very large
variation in the individual values for a given daily
dose, even when normalized on a body weight basis.
(Redrawn from Lund L. Effects of phenytoin in pa-
tients with epilepsy in relation to its concentration in
T ! plasma. In: Davies DS, Prichard BNC, eds. Biological
Effects of Drugs in Relation to Their Plasma Concen-
Daily Dose (mg/kg) tration. London and Basingstoke: Macmillan, 1973.)

20

groups (Fig. 1-8). The sensitivity to the drug is much greater in the elderly patient than
in any other age group. The alveolar concentration has been used to measure systemic
exposure to the drug in much the same way as a breath test has been used to assess
blood levels of alcohol, another volatile substance.

The causes of variability in dose response are manifold. One important and perva-
sive cause is genetics. It has been known for many years that, when evaluated, iden-
tical twins exhibit only minute differences in the pharmacokinetics and response to
drugs, even when they live apart and in different social environments, compared with
the often experienced wide differences in response between nonidentical twins. The
importance of genetics is also known from familial studies and studies in different
ethnic groups. One example, again arising during World War II, which occurred when
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the fighting spread to tropical regions where malaria was rife, was the observation
that approximately 10% of African American soldiers, but few Caucasians, developed
acute hemolytic anemia, due to the abnormal and acute breakdown of red cells, when
given a typical dose of the antimalarial drug primaquine. Subsequent investigations
showed that this sensitivity to primaquine and some other chemically related anti-
malarial drugs was due to an inherited deficiency among many African Americans of
an important enzyme, glucose 6-phosphate dehydrogenase (G6PD), which resides in
red blood cells and is a component responsible for the integrity of the blood cells. On
further checking, it was found that G6PD is located on the sex chromosome X and that
more than 400 million people carry one of the many different variants of G6PD, which
places them at risk for hemolysis when exposed to certain drugs.

Another example of the importance of genetics is the one that was experienced
with the drug debrisoquine, a now defunct blood pressure lowering drug. In most pa-
tients, this proved to be an effective and benign drug, but in about 8% of Caucasians,
even a modest dose caused a major hypotensive crisis. Because this adverse response
was then unpredictable, in that there was no means of predicting who would manifest
this severe adverse effect, the drug was withdrawn. With progress in deciphering the
human genome or, more accurately, human genomes, we are beginning to understand
the molecular basis of genetic differences. In the case of the debrisoquine-induced
crisis, the cause was eventually traced to the presence within this minority Cauca-
sian group of defective variants of a cytochrome-metabolizing enzyme located within
the liver, which is almost exclusively responsible for metabolism of debrisoquine and
many other drugs. Normally, debrisoquine is rapidly eliminated from the body, but an
inability to readily remove this drug results in the usual doses of debrisoquine pro-
ducing excessively high concentrations within the body and thus excessive effect.
Today, increasingly, genomic information is helping to improve and individualize drug
therapy.

In the 1970s, an elderly male patient suffered a bout of inflammatory pain, for
which he was prescribed the effective anti-inflammatory drug phenylbutazone at the
typical regimen of 100 mg three times daily. He was also susceptible to the development
of deep vein thrombosis, for which he was prophylactically receiving warfarin. Every-
thing was under satisfactory control until about a week later when a crisis occurred,
caused by the sudden loss of control on warfarin with excessive anticoagulation and
the danger of internal hemorrhage. Initially, the cause of this crisis was unclear, but
eventually it was traced back to phenylbutazone, which was then withdrawn, and the
crisis subsided, but slowly. Like digoxin and quinacrine, phenylbutazone is relatively
stable within the body and accumulates on repetitive administration, as schemati-
cally depicted in Fig. 1-4, and declines slowly when discontinued. Although it was not
known at the time, phenylbutazone is a potent inhibitor of the enzymes responsible
for the metabolism of warfarin. Initially, the concentration of this anti-inflammatory
drug is low, and inhibition is minimal, but as the concentration rises with time, so does
the degree of inhibition of warfarin metabolism. Eventually, the inhibition is so se-
vere that the elimination of warfarin is seriously impaired. And, because the regimen
of warfarin was not changed, its concentration, and hence its anticoagulant effect,
progressively and insidiously increased, precipitating the patient’s crisis. The failure
to initially associate the problem with phenylbutazone was due to the considerable
time delay between the initiation of this drug and the crisis, but the reason, as just ex-
plained, is really all too plain to see. The issue of time is all-pervasive, and one ignores
this component at one’s peril.
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Today, we are well aware of the problem of drug-drug interactions, which are a
major source of variability in drug response in clinical practice. Phenylbutazone, de-
spite its being an effective anti-inflammatory agent, was subsequently withdrawn from
the market, in part because of its potent inhibition of some of the drug-metabolizing
enzymes, but mainly because it caused severe and sometimes fatal blood dyscrasias.

Adherence to Regimen

If only patients adhered to the prescribed dosage regimen of their medicines, we would
at least have some idea whether a failure to respond or an excessive response can be
attributed to the drug itself. However, the problem of nonadherence, or what was pre-
viously called noncompliance, is, to some extent, part and parcel of human behavior.
Many patients are compulsive in taking their medicines as instructed, but many others
are less reliable, missing doses or times of dosing or even stopping the drug before the
full course of treatment is complete, referred to as a lack of persistence of treatment.
This is clearly evident in Fig. 1-9, which shows that in a cohort of patients prescribed
once daily antihypertensive medication, approximately 50% had discontinued therapy
1 year after starting treatment, even though reducing blood pressure to within the nor-
mal adult range is known to decrease the likelihood of premature morbidity and mor-
tality. Reasons for discontinuance are manifold, for example, because patients feel
better or because they experience some adverse effect that they had not anticipated
and believe it to be worse than the condition for which they are being treated. The
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FIGURE 1-9 Nonadherence to prescribed medication is a major source of variability in drug therapy. Shown
is the gradual but persistent decrease in adherence in the percentage of 4783 patients prescribed a variety of
once-a-day antihypertensive therapies due to discontinuation of treatment, such that by the end of the first year
only 50% of the patients prescribed the treatment for an indefinite duration continue to take the prescribed
medication. The initial 3% drop in adherence is due to some patients never even starting the medication. The
data were obtained using an electronic monitoring device that detects and logs each time the container with
the medication is opened. (Taken from Vrijens B, Vincze G, Kistanto P, et al. Adherence to prescribed antihyper-
tensive drug treatments: longitudinal study of electronically compiled dosing histories. Brit Med J 2008;18:1-6.)
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FIGURE 1-10 To adequately relate prescribed dosage regimens of drugs to response outcomes in patients
in the real world of clinical practice, it is necessary to insert the adherence pattern of drug usage between the
prescribed regimen and systemic exposure in the body. A low response may be a result of the patient not re-
sponding to a usual exposure or to a low exposure due either to a pharmacokinetic problem, e.g., low absorption
or rapid elimination, or an adherence issue.

result is that we need to broaden the scheme depicted in Fig. 1-2 to include the issue of
adherence, as shown in Fig. 1-10, if we wish to relate drug response to prescribed regi-
mens in the real world. In the past, reliance was placed on what the patient said about
adherence to the prescribed dosage. However, it has become clear, based on more
objective evidence using electronic monitoring devices that record each time the pa-
tient opens the bottle to take a tablet, that many patients are untruthful or forgetful
about their adherence pattern. For some drugs, a certain degree of nonadherence is
tolerable without major therapeutic consequences; for others, close adherence to the
prescribed regimen is vital to the success of therapy. This is particularly true in the
case of drugs used in the treatment of many infections, such as those due to the hu-
man immunodeficiency virus (HIV, the cause of AIDS) and to tuberculosis. Failing to
ensure an adequate exposure to the medication at all times can lead to the emergence
of resistant strains, with fatal consequences, including those to whom the infection
spreads. But fully adhering to a regimen to achieve this goal is often very demanding
on a patient, particularly one suffering from AIDS, who is often receiving a combina-
tion of many drugs taken several times a day and sometimes at different times of the
day. Some argue that we would not be in the situation we are in today—that is, the
emergence of resistant microorganisms (such as methicillin-resistant staphylococcus
aureus [MRSA], which has caused so many deaths in hospitals, where this organism
is increasingly prevalent)—if we had ensured full adherence to the regimens of the
existing armament of antibiotics for the full duration of treatment.

To make a point, many of the above examples are extreme. Usually, the therapeu-
tic situation is less stark or of lesser concern. One reason is that drugs are metabo-
lized by several enzymes, so that genetic variation, or inhibition, of any one of them
has only a partial effect on overall elimination. Also, for many drugs, the therapeutic
window is wide, so that a wide variation in exposure among patients or within the
same patient does not manifest in any appreciable variation in drug response. Still,
there are many exceptions, so it is important to deal with each drug on a case-specific
basis. Nonetheless, the principles briefly enumerated here and stressed throughout
this book hold and help to rationalize and optimize drug therapy.

THE INDUSTRIAL PERSPECTIVE

Awareness of the benefits of understanding pharmacokinetics and concentration—
response relationships has led in recent years to the extensive application of such in-
formation by the pharmaceutical industry to drug design, selection, and development.
For example, a potent compound found to be poorly and unreliably absorbed and
intended for oral administration may be shelved in favor of a somewhat less potent
but more extensively and reliably absorbed one. Also, many of the basic processes
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FIGURE 1-11 The development and subsequent marketing of a drug. The preclinical data help to identify
promising compounds and to suggest useful doses for testing in humans. Phases |, Il, and 11l of human assess-
ment generally correspond to the first administration to humans, early evaluation in selected patients, and the
larger trials, respectively. PK and PD data gathered during all phases of drug development help to efficiently
define appropriate dosage regimens. Postmarketing surveillance, particularly for safety, helps to refine the PK/
PD information. PK, pharmacokinetic; PD, pharmacodynamic.
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controlling both pharmacokinetics and response are similar across mammalian spe-
cies, such that data in animals can be extrapolated to predict quantitatively the likely
behavior in humans. In vitro systems using human or human-expressed materials are
increasingly being used to further aid in the prediction. This quantitative framework
improves the chances of selecting not only the most promising compounds but also
the correct range of safe doses to first test in humans. Incorporation of both pharma-
cokinetic and pharmacodynamic elements in these early phase I studies, usually in
healthy subjects, together with assessment of any acute side effects produced, help to
define candidate dosage forms and regimens for evaluation in phase II studies, con-
ducted in a small number of patients to test whether the drug will be effective for the
intended indication, commonly known as the “proof of concept” stage. These learning
studies are also aimed at defining the most likely safe and efficacious dosage regimens
for use in subsequent larger confirmatory phase III clinical trials, often involving many
thousands of patients. Ultimately, some compounds prove to be of sufficient thera-
peutic benefit and safety to be approved for a particular clinical indication by drug-
regulatory authorities. Even then, the drug undergoes almost continual postmarketing
surveillance to further refine its pharmacotherapeutic profile. This sequence of events
in drug development and evaluation, often referred to as a learn—confirm paradigm,
is depicted schematically in Fig. 1-11. Lessons learned at each stage often help to im-
prove the overall process of drug development.

ORGANIZATION OF THE BOOK

The problems and issues encountered in ensuring optimal drug therapy (discussed
above) are expanded on in the balance of the book. The book is arranged so that each
chapter builds on preceding chapters. It is divided into four sections. Section I: Basic
Considerations, examines the basic concepts involved in relating exposure in the body
to drug administration and response to exposure. Section II: Exposure and Response
After a Single Dose, deals with the physiologic and anatomic features governing the
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pharmacokinetic and pharmacodynamic events after administration of a single dose
of drug. Section III: Therapeutic Regimens, covers the principles used to achieve and
maintain drug response with time. Constant rate of input by intravenous infusion or
specific devices and repeated fixed-dose regimens are emphasized. Finally, Section IV:
Individualization, examines sources of variability and how to adjust drug administra-
tion in the individual to accommodate the omnipresent variability.

This introductory book unashamedly deals with the quantitative principles under-
lying drug therapy and how events evolve over time following drug administration.
With an emphasis on quantitation, a certain amount of mathematics is inevitable if
one is to be able to grasp the concepts and understand their application. However,
every effort has been made to back the principles with both graphic illustrations and
examples in which these principles are applied to drugs in clinical practice. In addi-
tion, appendices are provided for those wishing to know more about the basis of some
of the material contained in the body of the book. In common with many aspects of
mathematics, symbols are used as a form of shorthand notation to denote common
terms for ease of reading and presentation. Each of these symbols is defined the first
time it is used, and, in addition, a list of all symbols, with their definitions, and units,
where appropriate, are provided in Appendix A.

Throughout the book, a number of medical words or terms are used that may not
be familiar to some readers. To this end, we have added an appendix, Appendix B, to
define these words or terms.

A word on generic and brand names of drugs is warranted. During its patent life, a
drug is registered worldwide not only by its nonproprietary or generic name, but also
under the innovator company’s brand name, which may vary from country to country
(although today global branding is common). In practice, a drug is marketed as a for-
mulation, such as a tablet or capsule, aimed at ensuring not only the optimal quality
and performance of the drug but also its acceptability to patients, and it is this product
(or series of products containing the active compound) that carries the brand name.
Once the patent has expired, however, other companies may produce versions that are
sufficiently similar so that they may be considered interchangeable with the original
product. In such cases, the products are known as generic products. Throughout this
book, the policy has been to use the generic name as the default when describing a
drug product. However, it is recognized that during its patent life, the product is usu-
ally referred to by its brand name, which is familiar to both clinician and patient. For
example, the brand name of the chemical sildenafil is Viagra; few people, when asked,
would know the generic name of this widely used drug. Accordingly, for drugs still
under patent, we have provided the brand name at its first mention in the book.

To aid in the learning of the material, at the beginning of each of the 13 subsequent
chapters is a list of objectives, which you should regard as points that you might rea-
sonably be expected to address after you have read and studied the concepts of the
chapter, and completed the Study Problems. At the end of each chapter is a summary,
a list of key words and phrases, which were emboldened within the text where these
are first introduced, and a list of key relationships. They are intended to aid in identi-
fying the major points, terms, and relationships of the chapter. Study problems follow
the Key Relationships at the end of each chapter to help you learn the basic concepts
and to test your understanding of the material. The problems are of two kinds: mul-
tiple-choice, like that used in some licensing examinations, and numerical problems
both to aid in learning the basic concepts of the chapter and to build on concepts
learned in previous chapters.
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Finally, there are several appendices to the book. Appendix A: Definition
of Symbols and Appendix B: Medical Words and Terms, were previously men-
tioned. Expansions on selected technical points of subsequent chapters are given
in Appendices C-E. Detailed answers to the Study Problems are in Appendix F. To
aid the learning process, we strongly encourage you, the reader, to attempt all Study
Problems before checking the answers.

So, with these opening thoughts and comments, let us proceed to Section I: Basic
Considerations.
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Input-Exposure

Relationships

OBJECTIVES

The reader will be able to:

e Explain why plasma drug concentrations are most frequently used to assess drug in the body.

e Define the following terms: bioavailability, compartment, disposition, distribution, enterohepatic cy-
cle, excretion, extravascular administration, first-pass loss, intravascular administration, local admin-
istration, metabolism, parenteral administration, pharmacokinetics, regional administration, systemic
absorption, systemic exposure.

e Discuss the limitations to the interpretation of pharmacokinetic data imposed by assays that fail
to distinguish between compounds administered (e.g., R- and S-isomers) or between drug and
metabolite.

e Show the general contribution of mass balance concepts to drug absorption and disposition.

harmacokinetics and pharmacodynamics play many key roles in the develop-

ment and use of medicinal agents. This section defines basic terms and examines
input-exposure and exposure-response relationships. This chapter defines systemic
exposure and describes basic models and methods for evaluating systemic drug ab-
sorption and disposition.

Before beginning the subject of exposure, a distinction must be made between
drugs that act locally and those that act systemically. Locally acting drugs are adminis-
tered at the local site where they are needed. Examples of products for local admin-
istration of drugs are eye drops, inhalation products (for pulmonary diseases), nasal
sprays, intravaginal creams, and topical preparations for treating skin diseases. This
chapter, and indeed much of the book, emphasizes those drugs and situations in which
delivery to the site of action by the blood circulation is required. In general terms, we
say such drugs act systemically.

SYSTEMIC EXPOSURE

The response produced by a systemically acting drug is related in one way or an-
other to the amount entering the body and its duration there. Although responses can
be observed, often noninvasively and with ease (such as monitoring blood pressure),

17
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measuring the sojourn of drug within the body that caused the change in blood pres-
sure in the first place is difficult. Still, to understand the relationship between the
administration of drugs and the responses produced, we need to be able to follow the
events affecting the movement of drug to and from the site of action. Here, our options
are very limited. It is rare when we can measure drug directly at the site of action, such
as the brain or heart. Rather, we turn to more accessible sites to assess exposure to
the drug on the assumption that drug at this site reflects exposure at the active site.

Sites of Measurement

Various sites of exposure assessment are used, including plasma, serum, whole
blood, urine, milk, and saliva. The first three of these fluids (plasma, serum, and
blood) are obtained by invasive techniques. The differences among drug concentra-
tions in these three fluids are listed in Table 2-1. Urine, milk, and saliva are obtained
noninvasively.

The two fluids most commonly sampled are plasma and urine. Drug within blood
generally equilibrates rapidly with drug in blood cells and on plasma proteins. Accord-
ingly, plasma or serum, as well as whole blood, can be used to reflect the systemic
time course of drug. In practice, plasma is often preferred over whole blood for sev-
eral reasons: it is considered a cleaner fluid to handle and store; it is viewed as a closer
reflector than whole blood of the unbound plasma water concentration (see below);
and blood constituents can cause interference in some assays. Although plasma and
serum yield essentially equivalent drug concentrations, plasma is considered easier to
prepare because blood must be allowed to clot to obtain serum. During this process,
hemolysis can occur, producing a concentration that is neither that of plasma nor that
of blood, or causing an interference in the assay.

TABLE 2-1 | Differences Among Plasma, Serum, and Whole Blood
Drug Concentrations

Fluid Comment

Plasma Whole blood is centrifuged after adding an anticoagulant, such as heparin
or citric acid. The supernate, plasma, contains plasma proteins that often
bind drugs. The plasma drug concentration includes drug-bound and
unbound to plasma proteins.

Serum Whole blood is centrifuged after the blood has been clotted. Cells and
material forming the clot, including fibrinogen and its clotted form, fibrin,
are removed. Binding of drugs to fibrinogen and fibrin is insignificant.
Although the protein composition of serum is slightly different from that
of plasma, the drug concentrations in serum and plasma are virtually
identical, unless hemolysis of the blood cells containing drug has occurred
during isolation of the serum.

Whole blood Whole blood contains red blood cells, white blood cells, platelets, and
various plasma proteins. An anticoagulant is commonly added and drug
is extracted into an organic phase often after denaturing the plasma
proteins. The blood drug concentration represents an average over the
total sample. Concentrations in the various cell fractions and in plasma
may be very different.
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Unbound Drug Concentration

The total plasma (or serum) drug concentration includes both unbound and
protein-bound drug. However, it is only unbound drug that passes across cell mem-
branes to reach sites of storage, elimination, or activity; protein-bound drug and the
binding protein are generally too large to do so. Because the ratio of unbound to total
drug, fraction unbound, in plasma usually does not change, it makes little difference
whether total or unbound drug is measured. However, in conditions in which binding
is altered, such as the presence of another drug that displaces the drug of interest
from its binding protein, renal disease, hepatic disease, surgery, and severe burns, the
unbound concentration is generally a better correlate of drug at the active site than
the total concentration.

Exposure-Time Profile

Drug Concentration (ug/L)

100

The systemic exposure-time profile is a function of the rate and extent of drug in-
put, distribution, and elimination. Fig. 2-1 shows the salient features of the systemic
exposure-time profile after a patient has ingested a single oral dose. The highest
measured concentration is called the maximum concentration, C,,,,, or maxi-
mum systemic exposure. The time of its occurrence is called the time of maxi-
mum concentration, ¢,,,,, or time of maximum exposure. Both depend on how
quickly the drug enters into and is eliminated from the body, and the frequency of
sampling. The area under the concentration—-time curve over all time, abbreviated as
AUQC, is a measure of the total systemic exposure to the drug. The concentration
profile before the peak is a function of how quickly the drug enters the systemic
circulation. The area under the curve up to t,,,, is a measure of early exposure to
the drug.

The measured peak concentration (peak systemic exposure) of the example
in Fig. 2-1 is 96 ng/L, and the peak time is 3.0 hours. To get the AUC, the concen-
tration must be integrated with respect to time. A common way to accomplish
this is by approximating the areas between measurements as trapezoids and
summing up the areas of the successive trapezoids (see Appendix D for further
details).

Maximum Concentration

FIGURE 2-1 Drug concentration-time curve af-

- ter a single extravascular dose showing the maxi-
mum systemic exposure (C,,,,) and the time of its

Time of Maximum occurrence (t,,)- The area under the curve (AUC)

i P/ Concentration represents total systemic exposure to drug; the
o 5 A 13 4 area up to ., is @ measure of early exposure to

the drug. The concentration could represent drug
Hours in whole blood, plasma, or serum.
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PERIOD OF OBSERVATION

A basic kinetic principle is to make observations within the time frame of the events
of interest. An atomic physicist measures atomic events that occur within microsec-
onds or nanoseconds. A geologist, on the other hand, may be studying plate tectonics,
which occur on the scale of hundreds of thousands to millions of years. To appreciate
the events, both of these individuals must make their observations consistent with the
time frame of the kinetic events.

The same principles apply to drugs. Sometimes, drugs have a very short sojourn
within the body. After an intravenous bolus dose of such drugs, most of the dose may
leave the body within minutes to hours. Other drugs remain in the body for days,
weeks, or months. The period of measurement of systemic exposure must then be
tailored to the kinetics of the specific drug of interest.

ANATOMIC AND PHYSIOLOGIC CONSIDERATIONS

Measurement of a drug in the body is usually limited to plasma, and occasionally to
blood. Nonetheless, the information obtained at these sites has proved to be very
useful. Such usefulness can be explained by anatomic and physiologic features that
affect a drug’s passage through the body after its administration.

Blood is the most logical site for measurement of drug in the body. Blood receives
drug from the site of administration and carries it to all the organs, including those
in which the drug acts and those in which it is eliminated. This movement of drug is
depicted schematically in Fig. 2-2.

Sites of Administration

There are several sites at which drugs are commonly administered. These sites may
be classified as either intravascular or extravascular. Intravascular administration
refers to the placement of a drug directly into the blood—either intravenously or
intra-arterially.

Extravascular modes of administration include the intradermal (into the skin),
intramuscular, oral, pulmonary (inhalation), subcutaneous (into fat under skin), rec-
tal, and sublingual (under the tongue) routes. After extravascular administration, an
additional step, namely, absorption, is required for the drug to reach the systemic site
of measurement relative to that required after intravascular administration.

Another term often used is parenteral administration. This refers to admin-
istration apart from the intestines. Today, the term is generally restricted to those
routes of administration in which drug is injected through a needle, and includes in-
tramuscular, intravascular, and subcutaneous routes. Thus, although the use of skin
patches or nasal sprays (for systemic delivery) are strictly forms of parenteral admin-
istration, this term is not used for them.

Events After Entering Systemically

Once entered systemically, a drug is distributed to the various organs of the body by
the blood. Distribution is influenced by organ blood flow, organ size, binding of drug
within blood and in tissues, and movement across tissue membranes.

The two principal organs of elimination, the liver and the kidneys, are shown sep-
arately in Fig. 2-2. The kidneys are the primary organs for excretion of the chemically
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unaltered, or unchanged, drug. The liver is the usual organ for drug metabolism; how-
ever, the kidneys, the intestinal tissues, and other organs can also play an important
metabolic role for certain drugs. The metabolites so formed are either further me-
tabolized, or excreted unchanged, or both. The liver may also secrete (actively trans-
port) unchanged drug into the bile. The lungs are, or may be, an important route for
eliminating volatile substances, for example, gaseous anesthetics. Another potential
route of elimination (not shown) is lactation. Although generally an insignificant route
of elimination in the mother, drug in milk may be consumed in sufficient quantity to
affect a suckling infant.

Drugs are rarely given alone as a pure substance. They are formulated into a
product that is convenient for the patient and optimizes the drug’s performance when
administered. For example, tablets and capsules permit a fixed dose to be easily ad-
ministered orally. The formulation of the product may result in rapid release of the ac-
tive drug, or its release may be modified to diminish fluctuation in systemic exposure
between doses or to allow less frequent dosing.

CHEMICAL PURITY AND ANALYTIC SPECIFICITY

A general statement needs to be made about the chemical purity of prescribed medi-
cines and the specificity of chemical assays. Over the years, a major thrust of the phar-
maceutical industry has been to produce therapeutic agents and products that are not
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only as safe and effective as possible, but well characterized to ensure reproducible
qualities. The majority of administered drug products today are therefore prepared
with essentially pure drugs and, together with specific analytic techniques for their
determination in biologic fluids, definitive information about their pharmacokinetics
is gained. However, a large number of drug substances are not single chemical enti-
ties but rather mixtures. This particularly applies to stereoisomers and protein drugs.
The most common stereoisomers found together in medicines are optical isomers, or
compounds for which their structures are mirror images; the drug substance is often a
racemate, a 50:50 mixture of the R- and S-isomers. Some drug substances contain geo-
metric isomers, such as cis and trans. Still others, especially proteins of high molecu-
lar weight derived from natural products or through fermentation, may be a mixture of
structurally related, but chemically distinct, compounds. Each chemical entity within
the drug product can have a different pharmacologic, toxicologic, and/or pharmacoki-
netic profile. Sometimes these differences are small and inconsequential; other times,
the differences are therapeutically important. For example, dextroamphetamine
(S-isomer) is a potent central nervous stimulant, whereas the R-isomer is almost de-
void of such activity. To avoid possible misinterpretation, stereospecific assays are
now commonly employed to measure individual isomers following administration of
racemic mixtures, and many stereoisomers are increasingly developed and marketed
as single chemical entities, such as S-naproxyn, a nonsteroidal anti-inflammatory
agent, and tamsulosin (R-isomer: Flomax), an a-adrenergic blocking agent to treat
benign prostatic hyperplasia. In contrast, many new protein and polypeptide drugs
are large and complex that defy ready chemical analysis; for these drugs, the assay is
often based on a measure of activity, which may not be specific to the administered
compound and so require careful interpretation.

Some medicinal products contain several active compounds, an example being
the combination of a thiazide diuretic and a B-adrenergic blocking agent to lower
blood pressure—each acting by a different mechanism. Specific assays are therefore
needed to follow the pharmacokinetics of each compound. Herbal preparations con-
tain a myriad of compounds, some of which may be active, although firm evidence
of clinical activity with many is lacking. Moreover, given the variable composition of
such preparations and the uncertainty as to what might contribute to any observed ef-
fect, attempting to characterize the input-exposure-response relationships, if indeed
there are any, for herbal products is highly problematic. An added concern exists fol-
lowing drug administration, namely, the formation of metabolites. To be of value, an
analytic procedure must distinguish between drug and metabolite(s) that may have
pharmacokinetic and pharmacodynamic properties very different from those of the
parent compound. Today, most assays for small molecular weight drugs have this de-
sired specificity.

During drug development, radiolabeled drugs are used to determine the complete
fate of drug and related materials after administration, which presents a potential
problem. Incorporation of one or more radionuclides, usually *C, into the molecular
structure allows for simple and ready detection within a complex biologic milieu, but
not necessarily of the administered drug. Complete recovery of all of a radiolabeled
dose in urine following oral drug administration is useful in identifying the ultimate lo-
cation of drug-related material, but may provide little to no kinetic information about
the drug itself. Consider, for example, a case in which the entire dose of an orally
administered drug is destroyed in the gastrointestinal tract; yet, degradation products
enter the body and are ultimately excreted into the urine. Full recovery of radioactivity
may suggest that the drug is completely available systemically when, in fact, it is not.
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A basic lesson is learned here. Distinguish carefully between drug and metabolite(s).
Many metabolites are of interest, especially if they are active or toxic. Each chemical
entity must be considered separately for kinetic data to be meaningful.

DEFINITIONS

Although the processes of absorption, distribution, and elimination are descriptive
and their meanings are apparent at first glance, it is only within the context of ex-
perimental observation that they can be quantified (Chapters 5, 7, and 11). General
definitions of the processes follow.

Systemic Absorption

Systemic absorption is the process by which unchanged drug proceeds from site of
administration to site of measurement within the body, usually plasma derived from
an arm vein. To illustrate why systemic absorption is defined in this way, consider the
events depicted in Fig. 2-3 as a drug, given orally, moves from the site of administra-
tion (mouth) to the general circulation.

Several possible sites of loss exist along the way. One site is the gastrointestinal lu-
men where decomposition may occur. Suppose, however, that a drug survives destruc-
tion in the lumen only to be completely metabolized by enzymes as it passes through
the membranes of the gastrointestinal tract. One would ask—Is the drug absorbed?
Even though the drug leaves the gastrointestinal tract, it would not be detected in the
general circulation. Hence, the drug is not absorbed systematically. Taking this argu-
ment one step further—Is the drug absorbed if all of the orally administered drug were
to pass through the membranes of the gastrointestinal tract into the portal vein (which
collects all blood perfusing the stomach and intestines) only to be metabolized com-
pletely as the blood passes through the liver? If we were to sample the portal blood
entering the liver, the answer would be positive. However, if blood or plasma in an arm
vein is the site of measurement, as is common, the answer would be negative because
no drug would be detected. Indeed, loss at any site prior to the site of measurement
decreases systemic absorption. The gastrointestinal tissues and the liver, in particular,
are often sites of loss. The requirement for an orally administered drug to pass through
these tissues, before reaching the site of measurement, interconnects the extent of
systemic absorption and elimination. This loss of drug as it passes through these tis-
sues is called the first-pass effect. Drugs that show extensive first-pass loss may re-
quire much larger oral than intravenous doses to achieve the same therapeutic effect.

FIGURE 2-3 A drug, given as a solid,

encounters several barriers and sites of

loss in its sequential movement (colored

arrows) through the gastrointestinal

tissues and the liver. Incomplete dis-
To Site of solution, degradation in the gut lumen,
Measurement Mmetabolism by enzymes, and efflux by
transporters, in the gut wall are causes
of incomplete input into the systemic
circulation. Removal of drug as it first
passes through the liver may further re-
To Feces duce systemic input.

Gut Wall

Metabolism
Biliary Excretion

Metabolism
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The movement of drug across the intestinal epithelium is often called absorption,
or, more precisely, intestinal absorption. But it is extremely difficult to measure in
vivo. As mentioned, assessment of intestinal absorption requires measurement of drug
in the portal vein draining the intestine, a very invasive procedure. Moreover, in itself,
intestinally absorbed drug is only of direct interest clinically if the drug acts directly on
or within the liver. In most cases, and the ones of primary focus in this book, drugs act
systemically and, to that extent, intestinal absorption is only one component of sys-
temic absorption (hereafter simply called absorption, unless otherwise specified).

Absorption is not restricted to oral administration. The term also applies follow-
ing intramuscular, subcutaneous, and all other extravascular routes of absorption, for
which first-pass loss is also possible. Monitoring intact drug in plasma offers a useful
means of assessing the entry of drug into the systemic circulation after administration
by any extravascular route.

The term bioavailability is used as a measure of the extent of system absorption.
It is defined as the fraction, or percentage, of the administered dose systematically ab-
sorbed intact. The oral bioavailability of drugs ranges from virtually zero, such as for
the bisphosphonate drug alendronate (0.5%) used to strengthen bone to limit fractures
in the elderly, to virtually 100% for caffeine.

Disposition

As absorption and elimination of drugs are connected for physiologic and anatomic
reasons, so too are distribution and elimination. Once absorbed systematically, a drug
is delivered simultaneously by arterial blood to all tissues, including organs of elim-
ination. Distinguishing between elimination and distribution as a cause for a decline
in concentration in plasma is sometimes difficult, especially during the earlier times
following drug administration before tissue distribution is complete. Disposition is
the term used to embrace both processes. Disposition may also be defined as all the
kinetic processes that occur to a drug subsequent to its systemic absorption. By defi-
nition, the components of disposition are distribution and elimination.

Distribution

Distribution is the process of reversible transfer of a drug to and from the site of
measurement and the peripheral tissues. An example is distribution between blood
and muscle. The pathway for return of drug need not be the same as that leaving the
circulation. For example, drug may be excreted in the bile, stored in and released from
the gallbladder, transited into the small intestine via the common bile duct, and reab-
sorbed there back into the circulation. By doing so, the drug completes a cycle, the en-
terohepatic cycle, a component of distribution (Fig. 2-4). The situation is analogous
to one in which water is pumped from one reservoir into another, only to drain back
into the original one. Food causes the gallbladder to contract and empty the stored
bile into the small intestine via the common bile duct, which exits there. Consequently,
one sometimes observes multiple peaks in the systemic circulation at sampling times
just following food ingestion.

Elimination

Elimination is the irreversible loss of drug from the site of measurement. Elimination
occurs by two processes: excretion and metabolism. Excretion is the irreversible loss
of chemically unchanged compound. Metabolism is the conversion of one chemical
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species to another and is usually mediated by enzymes. Occasionally, metabolites are
converted back to the drug. For example, the anti-inflammatory steroid prednisolone
is metabolized to inactive prednisone, which is converted, by a different enzyme, back
to prednisolone. As with enterohepatic cycling, this metabolic interconversion be-
comes a route of drug elimination only to the extent that the metabolite is excreted or
otherwise irreversibly lost from the body.

When a compound fails, partially or completely, to be reabsorbed from the gas-
trointestinal tract after biliary secretion, it is excreted from the body via the feces.
For example, the hydroxylated metabolites of zafirlukast, an anti-asthmatic drug, are
quantitatively excreted in the feces. Indeed, the metabolites in feces account for about
90% of an oral dose of this drug.

BASIC MODEL FOR DRUG ABSORPTION AND DISPOSITION

The complexities of human anatomy and physiology appear to make it difficult, if not
impossible, to model how the body handles a drug. It is surprising then that simple
pharmacokinetic models have proved useful in many applications and are emphasized
throughout this book.

One conceptually useful model is that of accounting for drug both inside and out-
side the body. Such a model is depicted in Fig. 2-5 (next page).

Compartments

The ovals in Fig. 2-5 represent compartments that logically fall into two classes:
transfer and chemical. The absorption site, the body, and excreta are clearly differ-
ent places. Each place may be referred to as a location or transfer compartment.
Sometimes, more complex models in which the body consists of two or more trans-
fer compartments are used. In contrast to location, metabolism involves a chemical
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Absorption Excretion
Drug at .
Absorption ) — Dél;%;n —_— Exg:j;ed
FIGURE 2-5 A drug is simultaneously ab- Site
sorbed into the body and eliminated from it by l Metabolism
excretion and metabolism. The processes of

absorption, excretion, and metabolism are indi-
cated with arrows, and the compartments with Metabolite
ovals. The compartments represent different lo- in Body

cations and different chemical species (color =
metabolite). Metabolite elimination may occur Metabolite
by further metabolism (not shown) or excretion. Elimination

Eliminated
Metabolite

conversion. The metabolite in the body is therefore in a compartment that differs
chemically from that of the drug. Excreted drug and eliminated metabolite are treated
as separate compartments. In this model, eliminated metabolite includes renally ex-
creted metabolite as well as all subsequent metabolic products of the metabolite in the
body, bile, and urine.

The model in Fig. 2-5 is readily visualized from mass balance considerations. The
dose is accounted for at any time by the molar amounts in each of the compartments:

Amount of Amount Amount Amount of Amount of
Dose = drug at + ofdrug + ofdrug + metabolite + metabolite Ea.2-1
absorption site in body excreted in body eliminated

The mass balance of drug and related material with time is shown in Fig. 2-6.
Because the sum of the molar amounts of drug in transfer and chemical components
is equal to the dose, the sum of the rates of change of the drug in these compartments
must be equal to zero so that:

Rate of changeof _ Rateofdrug _ Rateof drug Eq. 22

drug in body absorption elimination

100 Drug at Absorption Site

Drug in Bod
80 9 y

Eliminated Metabolite

60

40
Excreted Drug

Percent of Dose

FIGURE 2-6 Time course of drug and metabolite
in each of the compartments shown in Fig. 2-5. The 20
amount in each compartment is expressed as a per-

centage of the dose administered. In this example,

the dose is completely absorbed. At all times, the 0=
sum of the molar amounts in the five compartments 0 6 12 18 24
equals the dose. Hours

Metabolite
in Body
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Metabolites

Metabolites are sometimes thought of as weakly active or inactive end-products. For
many drugs, this is the case, but for many others it is not. Sometimes, the compound
administered is an inactive prodrug that must be metabolized to the active com-
pound. A prodrug is often developed intentionally to overcome an inherent problem
with the active drug, such as poor or highly variable oral absorption. Examples of
prodrugs include most of the angiotensin-converting enzyme (ACE) inhibitors, used
to lower blood pressure; dolasetron mesylate, used to prevent chemotherapy-induced
nausea and vomiting; pivampicillin, an ester that improves the oral bioavailability of
ampicillin; and famciclovir, a prodrug of the antiviral agent penciclovir. Many drugs
produce metabolites that augment the activity of the administered compound, as in
the case with sildenafil, an agent used to treat erectile dysfunction. Some drugs form
metabolites that produce other effects. For example, acyl glucuronides of a number
of drugs (polar esters of the drug formed by its conjugation with glucuronic acid), in-
cluding several nonsteroidal anti-inflammatory agents, react with some proteins and
have been implicated in a wide range of adverse effects, including hypersensitivity
reactions and cellular toxicity. The need to consider metabolites is clear.

SUMMARY

¢ Plasma is commonly used to measure systemic exposure to a drug.

¢ Intravascular administration refers to placing a drug directly into the systemic cir-
culation (blood vessels). Extravascular administration refers to administration at
all other sites.

e The terms pharmacokinetics, absorption, distribution, disposition, metabolism, ex-
cretion, first-pass loss, enterohepatic cycling, and compartment are all defined.

e Mass balance concepts can help in evaluating a drug’s absorption and disposition.

e It is important to determine the contribution of metabolites to the activity seen with
an administered compound.

REVIEW

Absorption Extravascular Plasma drug
Area under the plasma administration concentration
concentration—time First-pass loss Prodrug
curve Fraction unbound Routes of
Biliary excretion Intramuscular route administration
Bioavailability Intravascular route Serum concentration
Blood drug Local administration Subcutaneous route
concentration Maximum Sublingual
Compartment concentration administration
Disposition Maximum systemic Systemic absorption
Distribution exposure Systemic exposure
Early exposure Metabolic Time of maximum
Enterohepatic interconversion concentration
cycling Metabolism Time of maximum

Excretion Oral route exposure



28 SECTION | » Basic Considerations

KEY RELATIONSHIPS

Amount of Amount Amount Amount of Amount of
Dose = drug at + ofdrug + ofdrug + metabolite + metabolite
absorption site in body excreted in body eliminated

Rateof changeof _ Rateofdrug _ Rate of drug

drug in body absorption elimination

STUDY PROBLEMS

1. Which of the following reasons explain(s) why plasma, rather than whole blood

or serum, is the most common site used to assess the systemic exposure of
drugs?

L

II.
II1.

Constituents in whole blood interfere with the quantification of drugs in many
assays.

Serum is harder to obtain than plasma.

Hemolysis of blood cells can be a problem.

A. Tonly E. Iand III
B. II only F. Il and III
C. III only G. All
D.IandII H. None

2. Which of the following conditions explain(s) why, for a given blood sample follow-

ing drug administration, the concentration of a drug is likely to be higher in whole
blood than in plasma?

L

II.

II1.

Drug readily enters blood cells and is extensively bound there, but not to
plasma proteins. Acetazolamide is an example.

Drug is not bound to plasma proteins or blood cells, and is unable to cross the
membranes of blood cells. Gentamicin is an example.

Drug is extensively bound to plasma proteins, but not within or to blood cells.
Warfarin is an example.

A. Tonly E. Iand III
B. II only F. Il and III
C. III only G. All
D.IandII H. None

3. In which of the following conditions can the total concentration of drug in plasma

serve as an alternative to the pharmacologically active unbound drug to track
events in the body?

I.
II.

When the drug is very highly bound to plasma proteins.
When disease alters the degree of plasma protein binding.

III. When the drug is displaced from its plasma binding site by other drugs.

A. Tonly E. Iand III
B. II only F. Il and III
C. III only G. All
D.IandII H. None

4. Which of the following statements explains why measurement of drug in plasma

can be used for interpreting kinetic events in the body and relating concentration
to response?
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Plasma Concentration (nM)

12

I. Drug in plasma reflects events at the site of action at all times.
II. Most sites of action are inaccessible for sampling.
III. Drug in plasma reflects what enters and leaves the body.

A. T only E. Iand III
B. I only F. Il and III
C. III only G. Al
D.IandII H. None

. Which one of the following statements is the most incorrect, after swallowing a

single oral dose of a drug?

a. Enterohepatic cycling is a component of drug distribution, not elimination.

b. A drug, labeled with a radioactive atom, is given orally. Complete recovery of
the radioactive dose in urine does not guarantee that the drug is completely ab-
sorbed systemically.

c. A drug is completely recovered (100%) as a metabolite in the feces. Fecal excre-
tion is therefore the primary route of elimination of this drug.

d. Systemic absorption refers to the process by which unchanged drug proceeds
from the site of administration (oral in this case) to the site of measurement
within the body.

. Fig. 2-7 shows the plasma concentration-time profiles of a drug (black line) and its

major metabolite (red line) after a single intravenous dose of drug. Only the drug

has activity.

a. Draw a line on the graph to show the measured (by the analytical method used)
concentration—time profile when a nonspecific assay, which equally measures
drug and metabolite, is used.

b. Briefly discuss problems that may be associated with the use of the measured
concentration, using the nonspecific assay, in interpreting this drug’s pharma-
cokinetics and response with time.

. Identify which one or more of the following statements below is (are) correct

after a single oral dose of drug. For the incorrect one(s), state the reason why, or

supply a qualification.

a. The maximum amount of drug in the body occurs when the rate of absorption
and the rate of elimination are equal.

b. The rate of change of amount of drug in the body equals the rate of elimination
at all times after drug absorption is complete.

- 1 FIGURE 2-7 Plasma concentration-time profiles of a
6 12 18 drug (black line) and its major metabolite (red line) after a
Hours single intravenous dose of drug.
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10.

c. The rate of change of drug in the body approaches the rate of absorption at the
peak time.

d. The rate of drug absorption equals the rate of drug elimination minus the rate of
change of drug in the body.

. a. Midazolam exhibits a substantial “first-pass effect” after its oral administration.

Explain what is meant by first-pass effect, and briefly discuss its impact on sys-
temic exposure following an oral dose relative to an intravenous dose of drug.
b. Do you think the terms “first-pass effect” or “first-pass loss” can be applied to
routes of administration other than oral, such as intramuscular, subcutaneous,
sublingual, if there is loss of drug before reaching the systemic circulation?

. Would you consider transdermal (applied to skin) and intranasal (sprayed into na-

sal cavity) administrations to be forms of parenteral administration when systemic
activity is intended? Briefly discuss.

An analytical method used to measure a given drug does not distinguish between
R- and S-isomers. Discuss how this can lead to problems in interpreting plasma data
following administration of a racemic mixture.



Exposure-Response

Relationships

OBJECTIVES

The reader will be able to:

Explain why plasma drug concentration can serve as a useful correlate of response.

Define the following terms: acquired resistance, agonist, all-or-none response, antagonist, baseline,
biomarker, clinical response, cumulative frequency, disease progression, endogenous, exogenous,
full agonist, full antagonist, graded response, inducer, inhibitor, maximum effect, maximum response,
partial agonist, partial antagonist, pharmacodynamics, placebo, potency, quantal response, safety
biomarker, specificity, steepness factor, surrogate end point.

Briefly discuss issues involved in the assessment of drug effect.

Describe, with examples, how the intensity of a graded response changes with drug concentration
at the site of action.

Describe the parameters of the model that often characterizes the relationship between a graded
response and plasma drug concentration.

Describe how to relate an all-or-none response to plasma drug concentration.
Discuss the importance of potency, maximum effect, and specificity in drug therapy.

Briefly discuss why the more important features of the exposure-time profile after a single dose of
drug vary with the condition being treated.

rugs produce a therapeutic effect when there is an adequate exposure-time pro-
file at the target site, that is, the location where the therapeutic response is initi-
ated. Often, the target is distant from the site of application, a common example being
that of antidepressant drugs taken orally. For these drugs, exposure at the target site
within the brain occurs through delivery of drug via the alimentary canal and the sys-
temic circulation. And, because drug concentration cannot be or is rarely measured
within the brain or indeed at any other site of action within the body, measurement of
systemic drug exposure offers a generally useful substitute for exposure at the active
site. Although, as mentioned in Chapter 2, the potential role of metabolites should
always be kept in mind, the subsequent discussion is based on the assumption that it
is the administered compound that drives the response.
Drugs interact with components within the body to produce a response. These
components are commonly proteins, such as enzymes or receptors, or they may be

31
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genes or DNA itself. When acting on enzymes, drugs can be inducers, which increase
synthesis, or activators, leading to an increase in the activity of the enzyme. They can
also act as inhibitors, effectively decreasing enzyme activity. Similarly, other drugs
produce their effects by causing up- and down-regulation of a protein responsible
for the drug’s effect by increasing or decreasing its concentration. Drugs that act on
receptors are said to be either agonists or antagonists, depending on whether they
increase or diminish the functional response of the receptor. When they produce the
maximum possible effect, they are said to be full agonists or full antagonists. Com-
pounds that fail to achieve the greatest effect, even at very high concentrations, are
said to be partial agonists or partial antagonists.

In this chapter, we consider the relationship between response and systemic
exposure of a drug, that is, its pharmacodynamics. In subsequent chapters, we
integrate pharmacokinetics with response over time, in which case we speak of
pharmacokinetic—-pharmacodynamic (PK/PD) modeling in the sense that we are
linking a model of the pharmacokinetics with a model of the pharmacodynamics of a
drug to obtain a complete picture of the relationship between drug administration and
response over time.

CLASSIFICATION OF RESPONSE

There are a variety of ways to classify response. Clinically, the most important is
whether the effect produced is desired or adverse. However, this classification gives
little insight into the mechanisms involved. For example, for some drugs, the adverse
effect is simply an extension of the desired effect and is entirely predictable from its
pharmacology. An example is the oral anticoagulant warfarin. It is used clinically to re-
duce the risk of developing an embolism by decreasing the tendency of blood to clot,
whereas the adverse and potentially fatal effect is internal hemorrhage due to exces-
sive anticoagulation. In many other cases, the adverse effect occurs via a completely
different and often more unpredictable mechanism, such as the hepatic or cardiac
toxicity caused by some antibiotics.

Another form of classification is whether the measured effect is a clinical re-
sponse, a surrogate end point, or a biomarker. Clinical responses may be divided
into subjective and objective measures. Subjective measures are personal judgments
made by either the patient or the clinician (investigator) and include psychological
evaluations, description of the degree of relief from pain, and assessment of ability to
do daily chores, which may collectively form part of a global measure of “quality of
life.” Examples of objective measures are an increase in survival time, stroke preven-
tion, or prevention of bone fracture. However, although these objective measures are
clearly therapeutically relevant, the need for another measure arises in many cases
because the clinical response may not be fully manifested for many years, and a more
immediate measure is sought to guide therapy or simply to know that an effect has
been produced. An example is the use of antihypertensive agents to reduce the risk of
morbidity of several sequelae of prolonged hypertension, such as blindness and renal
failure, as well as premature mortality. These outcomes are evident only after years of
prolonged treatment. A more rapid, ready, and simple measure of effect, which cor-
relates strongly with the clinical outcome, is needed. Measurement of blood pressure
has been and continues to be used to achieve this goal. Because lowering of blood
pressure has been shown through many large studies to correlate with the clinical
effect, it is called a surrogate (or substitute) end point, in this case one that is on the
causal pathway to the clinical effect.



CHAPTER 3 = Exposure-Response Relationships 33

The last category of response is the biomarker, which broadly may be considered
as any measurable effect produced by a drug. It may be a change in a laboratory test,
such as blood glucose when evaluating antidiabetic drug therapy, a change in a phys-
iologic test, such as the response time in a simulated driving test when evaluating an
antidepressant with concern about possible changes in motor reflex, or the binding of
a positron-emitting (PET)-labeled drug to a specific brain receptor determined using
positron emission tomography (PET), a noninvasive technique that measures exter-
nally the location and quantity of the labeled compound within the brain. These are
examples of biomarkers that are intended to relate in some way to the desired action
of the drug. Others, called safety biomarkers, are general measures not specifically
related to the drug and are used to monitor for potential adverse effects. Examples are
liver function tests, white cell count, erythrocyte sedimentation rate, and fecal blood
loss. Drugs often produce multiple effects; the biomarker may therefore not be at all
related to the clinical effect of the drug. In this sense, all pharmacodynamic responses
are biomarkers unless they are either accepted as the clinical response, which is rarely
the case, or they have been shown through rigorous evaluation to predict clinical re-
sponse, in which case they are classified as surrogate end points. Clearly, biomarkers
are most likely to serve as surrogate end points if they are on the causal pathway be-
tween drug action and clinical response.

Most drugs used clinically act reversibly in that the effect is reversed when the
concentration at the site of action is reduced. An exception is the class of anticancer
drugs known as alkylating agents, such as busulfan. These compounds covalently, and
hence irreversibly, bind to DNA causing death of proliferating cells, taking advantage
of the fact that cancer cells proliferate more rapidly than most healthy cells within
the body. Many responses produced are graded, so called because the magnitude or
intensity of the response can be scaled or graded within an individual. An example
of a graded response, shown in Fig. 3-1, is anesthesia produced by ketamine given
intravenously.

The intensity of a graded response varies continuously with the drug concen-
tration in plasma within the individual. Many other pharmacologic and adverse re-
sponses do not occur on a continuous basis; these are known as quantal responses,
for instance, when the response is placed in several levels or categories or when it is,
by nature or by choice, all-or-none. An example of a categorized response is pain in

100
S (+)-ketamine FIGURE 3-1 Changes in the electroencephalographic me-

T dian frequency were followed to quantify the anesthetic ef-

fect of R(—)-ketamine and S(+)-ketamine in a subject who
received an infusion of these two optical isomers on sepa-
Emax  rate occasions. Shown is the percent reduction in the median
frequencies versus plasma concentration. Although charac-
teristic S-shaped, or sigmoidal, curves are seen with both
compounds, they differ in both maximum effect achieved,
? E..a @nd concentration needed to produce 50% of £,,,, the
Cso- S(+)-ketamine appears to be a partial antagonist (reduc-
Ermax tion in electroencephalographic measure) and less potent
than the R(-) isomer. These relationships may be considered
direct ones as no significant time delay was found between
response and plasma concentration. (Redrawn from Schuttler
T T J, Stoeckel H, Schweilden H, et al. Hypnotic drugs. In: Stoeckel
H, ed. Quantitation, Modeling and Control in Anesthesia. Stutt-
Plasma Concentration (mg/L) gart, Germany: Georg Thieme Verlag, 1985:196-210.)
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which a patient is asked to evaluate his/her pain as severe, strong, tolerable, or minor.
Categorizing the symptoms of depression is another example. An obvious but extreme
example of an adverse all-or-none event is death. Another is the statistical suppression
of a cardiac arrhythmia. The measure is then all or none—there is or is not a statisti-
cally significant reduction. A graded (continuous) response can be made quantal by
establishing limits, for example, by asking the question: Does a drug reduce blood
pressure by 20 mm Hg or does it not?

ASSESSMENT OF DRUG EFFECT

Most drugs do not occur naturally within the body, so that when they are found in
plasma, we can be confident that they have been taken. Exceptions are drugs that
are normally produced within the body, that is, endogenous compounds, such as in-
sulin, or are found in our diet, such as caffeine. There is always a basal plasma con-
centration of insulin, a protein secreted by the pancreas, and a correction is needed
in its measured concentration if we wish to characterize the kinetics of externally,
or exogenously, administered insulin. In contrast to drug concentration, a baseline
almost always exists when attempting to assess drug effect. For example, antihyper-
tensive drugs act by lowering blood pressure in hypertensive patients. Hence, the drug
effect is the difference between the high baseline blood pressure in such a patient and
the blood pressure when the patient is on antihypertensive therapy. For many drugs,
there is an additional factor to consider, the placebo effect. A placebo effect, based
on one’s perception, is a deviation from the baseline value produced when the patient
takes or receives what has all the appearances of drug treatment but lacks the active
principle. This may take the form of giving the patient a tablet that looks and tastes
identical to the one containing the drug. Thus, in general, when attempting to assess
response following drug administration, we can write:

Measured _ Drug + Placebo

= + Baseline Eq. 3-1
response response response

An additional issue is that not only does drug response vary with time after drug
administration but so, commonly, do both the placebo effect and the baseline. Hence,
separating and characterizing the true drug effect requires careful attention to these
other factors. This is equally true when assessing both the desired and the adverse
effects of the drug. Let us examine several examples to illustrate these points.

Fig. 3-2 shows FEV, (the volume exhaled during the first second of a forced expi-
ration started from the level of total lung capacity), a common measure of respiratory
function with time following the oral administration of placebo and 10-mg montelu-
kast, a specific leukotriene receptor antagonist that improves respiratory function in
asthmatic patients. Notice both the appreciable placebo response and the positive ef-
fect of montelukast, seen as the difference in FEV, between the two treatments, which
is sustained over the 24-hour period. In this study, and commonly in others, there is
no specific and independent assessment of the normal changes in baseline over time;
these are subsumed in the assessment after drug treatment and placebo and are as-
sumed to be independent of treatment.

Sometimes the baseline is relatively stable over the period of assessment of
drug effect, but this is not always so. Many physiologic processes undergo rhythmic
changes with time. For some, the period of the cycle approximates a day (a so-called
circadian rhythm), such as that seen with the hormone cortisol. For others, the pe-
riod is much shorter or much longer than 1 day, sometimes being as long as 1 month,
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Percent Change in FEV,

Change in Average Muscle

from Baseline

Strength Score

FIGURE 3-2 Figure showing changes in FEV,, a measure
of respiratory function, with time following administration
of a single dose of a placebo (color) or montelukast (10 mg,
black), a specific leukotriene receptor antagonist, in asth-
matic patients. Notice both the appreciable difference in
FEV, from baseline between the two treatments, which is
Placebo sustained over the 24-hour period response and also the
positive effect of montelukast seen as the difference in FEV,
between the two treatments, which is sustained over the
24-hour period of study. (Redrawn from Dockendorf RJ,
Baumgartner RA, Leff JA, et al. Comparison of the effects

N
o
)

Montelukast

=y
[3,]
1

-
o
1

0 T — T T T of intravenous and oral montelukast on airway function: a
0 6 12 18 24 double blind, placebo controlled, three period, crossover
Hours after Treatment Dose study in asthmatic patients. Thorax 2000;55:260-265.)

such as with hormones associated with the estrus cycle. Correcting for the variable
baseline is then more difficult. Returning to Fig. 3-2, we see that after placebo, FEV,
first increases with time and then wanes (with a time course relatively similar to that
observed following drug administration), although this is not always the case. How-
ever, without independent baseline data, it is not possible to know how much of the
temporal change in FEV, is due to a change in the baseline function, and how much
to the placebo. Placebo effects can be subtle even when using what are thought to be
objective assessments, such as loss of weight. They are commonly extensive when
assessing subjective effects, such as a feeling of well-being or depression, or a sense of
nausea or dizziness. Indeed, the interaction between the mind and various physiologic
processes can be very strong. Because placebo effects can be clinically significant,
double-blind placebo-controlled trials, in which neither the clinician nor the patient
knows whether placebo or active treatment has been given, are usually employed to
assess drug effects; but there is still a potential for bias because both the clinician and
the patient believe each patient may be taking the drug.

The clinical benefit of many drugs requires that drug treatment be continued for
many months or years. During this time, the baseline itself often changes, reflecting
the natural course of the disease or condition. Consider, for example, the data in Fig. 3-3
showing the change in average muscle strength in a group of boys with Duchenne
dystrophy, a degenerating muscle disease associated with a gene defect. The aim of
the study was to assess the potential benefit of the corticosteroid prednisone, which
is converted in the body to the active prednisolone. The study was randomized and

0.4 -
0.3 mg/kg Prednisone

0.2 FIGURE 3-3 Mean changes in the score for
average muscle strength in placebo- (black cir-
cle) and prednisone-treated groups (colored
diamond, 0.3 mg/kg daily; colored triangle, 0.75
mg/kg daily) of male children suffering with
Duchenne dystrophy after the initiation of treat-
ments. The solid continuous straight black line

0.15 mg/kg Prednisone

N Placebo
N

—0:27 S represents the average natural course of the
. g change in muscle strength score observed in an-
other group of 177 such patients who received

-0.4 T T T T T 1 no treatment. (Redrawn from Griggs RC, Moxley
0 2 4 6 RT, Mendell JR, et al. Prednisone in Duchenne

Months dystrophy. Arch Neurol 1991;44:383-388.)
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double-blinded. Patients were assigned to one of three treatments: placebo, 0.3 mg/
kg prednisone, or 0.75 mg/kg prednisone in the form of 1 capsule daily, with the study
period extending over 6 months.

The data in Fig. 3-3 show several interesting points. First, at best the placebo ap-
peared to produce an initial slight benefit when judged against the natural progres-
sion of the disease, but it was not statistically significant. Second, prednisone had
a dose-dependent positive effect. For patients receiving 0.3 mg/kg prednisone daily,
muscle strength increased to a maximum by the end of the first month of treatment
and then declined in parallel with the natural course of the disease. A similar pattern
was seen in the patient group receiving the 0.75 mg/kg daily dose, except that the im-
provement was greater and continued over approximately 3 months of treatment be-
fore declining once again in parallel with the natural progression of the disease. From
these findings, we can conclude that prednisone provides relief of the symptoms but
does not alter the course of the underlying disease.

Fig. 3-4 schematically generalizes the distinction between symptomatic relief and
cure against the background of the natural course of a physiologic function. A charac-
teristic of virtually all of our physiologic functions is that they tend to decline with ad-
vancing age beyond around 20 years. The rate of decline varies for different functions,
but is commonly around 1% per year (see also Chapter 13). Many chronic diseases
accelerate this rate of decline, as occurs in patients with chronic renal disease or Alz-
heimer’s disease. Alternatively, a drug may arrest disease progression, thereby stabiliz-
ing the function, such that the measured function subsequently declines at the normal
physiologic rate. A drug is curative if it restores the function in the patient back to
within the normal range expected of an otherwise healthy person. For example, some
drugs cure certain cancers in that such patients no longer exhibit the signs of the dis-
ease and go on to live a normal life span. This is an example of a long-term cure. An
example of a short-term cure is the abolition of a severe “stress” headache, which fails
to return. Obviously, there are many shades of effectiveness between symptomatic
relief and long-term cure.

RELATING RESPONSE TO CONCENTRATION

Because most sites of action lie outside the vasculature, such as within the brain,
delays often exist between plasma concentration and the response produced. Such de-
lays can obscure underlying relationships between concentration and response. One
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potential solution is to measure concentration at the site of action. Although this may
be possible in an isolated tissue system, it is rarely a practical possibility in humans.
Apart from ethical and technical issues that often arise, an additional complexity is
that many observed responses in vivo represent an integration of multiple drug ef-
fects and events at numerous sites within the body. Another approach to solving the
relationship between plasma concentration and response is to develop a model that
incorporates the time course of drug movement between plasma and site of action,
thereby predicting “effect site” concentrations that can then be related to response.
Still another approach is to relate plasma concentration to response under conditions
whereby a constant concentration is maintained using a constant rate of drug input,
which obviates consideration of the time course of its distribution. Whatever the ap-
proach adopted, the resulting concentration-response relationships for most drugs
have features in common.

Graded Response

Response increases with concentration at low concentrations and tends to approach
a maximum at high values. Such an effect is seen for the anesthetic ketamine, as il-
lustrated in Fig. 3-1. R(-)-ketamine and S(+)-ketamine are optical isomers that, as
the racemate (50%/50% mixture of the isomers), constitute the commercially available
intravenous (IV) anesthetic agent, ketamine. Although both compounds have an an-
esthetic effect, they clearly differ from each other. Not only is the maximum response
(F ) With R(-)-ketamine less than that with S(+)-ketamine, but the plasma concen-
tration required to produce 50% of F ., referred to as the Cjy, value, is also greater
(1.8 mg/L vs. 0.7 mg/L). Although the reason for the differences is unclear, these ob-
servations stress the importance that stereochemistry can have in drug response, and
that drugs acting on even the same receptor do not necessarily produce the same
maximal response.

An equation to describe the response E associated with the types of observations
seen in Fig. 3-1 for ketamine is:

Y
— Emax : C
Cio +C’

E Eq. 3-2

where E |, and Cs, are as defined above and y is a steepness factor that accommo-
dates for the steepness of the curve around the Cj, value. The intensity of response is
usually a change in a measurement from its basal value expressed as either an abso-
lute difference or a percent change. Examples are an increase in blood pressure and
a decrease in blood glucose, expressed as a percentage of the baseline. One should
always keep in mind that unbound drug drives response, and therefore the unbound
concentration should be used when relating response to systemic exposure, partic-
ularly when plasma protein binding varies extensively. In the case of ketamine, the
extent of plasma protein binding of (+)- and (-)-isomers is the same, so this is not the
explanation for the difference in measured potency.

Although empirical, Equation 3-2 has found wide application. Certainly, it has the
right properties; when C = 0, E is zero, and when C greatly exceeds Cs,, response ap-
proaches E, ... Fig. 3-bA (next page) shows the influence of y on the steepness of the
concentration-response relationship.

The larger the value of y, the greater is the change in response with concentra-
tion around the Cj, value. For example, if ¥ = 1, then, by appropriate substitution
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FIGURE 3-5 Linear (A) and semilogarithmic (B) concentration-response plots, predicted according to Equa-
tion 3-2, for three hypothetical drugs that have the same Cs,, the concentration at which the response is one-half
the maximum value, but different values of the steepness factor, 7. At low concentrations, the effect increases
almost linearly with concentration (A), when y= 1, approaching a maximal value at high concentrations. The
greater the value of y the steeper is the change in response around the C;, value. Between 20% and 80% of
maximal effect, the response appears to be proportional to the logarithm of the concentration (B) for all values
of % Concentrations are expressed relative to Cs,.

into Equation 3-2, the concentrations corresponding to 20% and 80% of maximal re-
sponse are 0.25 and 4 times Cj,, respectively, a 16-fold range. Whereas, if y = 2, the
corresponding concentrations are 0.5 and 2 times Cj,, only a 4-fold range. Using the
percent decrease in heart rate during a standard exercise as a measure of response
to propranolol, the average value of ¥ is close to 1 (Fig. 3-6). Generally, the value of
y for drugs lies between 1 and 3. Occasionally, it is much greater, in which case the
effect appears almost as an all-or-none response because the range of concentrations
associated with minimal and maximal responses becomes so narrow.

A common form of representing concentration-response data is a plot of the
intensity of response against the logarithm of concentration. Fig. 3-56B shows this
transformation of the curves in Fig. 3-5A. This transformation is popular because it
expands the initial part of the curve, where response is changing markedly with a
small change in concentration, and contracts the latter part, where a large change
in concentration produces only a slight change in response. It also shows that be-
tween approximately 20% and 80% of the maximum value, response appears to be
proportional to the logarithm of concentration, regardless of the value of the steep-
ness factor, y. This relationship occurs with propranolol within the range of unbound
concentrations of 1 and 10 pg/L, as shown in Fig. 3-6B after transformation of the data
in Fig. 3-6A.

The greatest response produced clinically for some drugs may be less than that
pharmacologically possible. For example, for a drug stimulating heart rate, the entire
cardiovascular system may deteriorate, and the patient may die long before the heart
rate approaches its maximum value. Other adverse effects of the drug or metabolite(s)
may further limit the maximally tolerated concentration in vivo. As a general rule, it is
more difficult to define the E,,, of an agonist than of an antagonist. For an antagonist,
such as a neuromuscular blocking agent used to prevent muscle movement during sur-
gery, the maximum possible effect is easy to identify; it is the absence of a measurable
response. That is, total muscle paralysis. For an agonist, it is not always certain how
great the response produced can be.
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. ; FIGURE 3-6 A. Response, measured by the
0 10 20 3'0 percent decrease in exercise-induced tachycar-
dia, to propranolol increases with an increase in
the unbound concentration of the drug in plasma.
B. The same data as in (A), except that now con-
centration is plotted on a logarithmic scale. The
data points represent measurements after sin-
gle and multiple (daily) oral doses of two 80-mg
tablets of propranolol (black circle) or a 160-mg
modified-release capsule (color) in an individual
subject. The solid line is the fit of Equation 3-2 to
the data. The response appears to follow the £,
model with a y of 1, an £, of 40%, and a Gy, of
5.3 pg/L. (Redrawn from Lalonde RL, Straka RJ,
Pieper JA, et al. Propranolol pharmacodynamic
modeling using unbound and total concentra-
0.1 1.0 10.0 100.0 tions in healthy volunteers. J Pharmacokinet
Unbound Concentration (ug/L) Pharmacodyn 1987;15:569-582.)

Unbound Concentration (ug/L)

Quantal Response

All the preceding examples are graded responses. Unlike a graded response, a quantal
response cannot be correlated continuously with concentration. Instead, the overall
response is evaluated from the cumulative frequency or likelihood of the event
with concentration. This is illustrated in Fig. 3-7 (next page) by a plot of cumulative
frequency of satisfactory control in patients receiving the opioid analgesic alfentanil
to supplement nitrous oxide anesthesia during surgery. In such cases, Cj, refers to the
concentration that produces the predetermined response in 50% of the patients, and
the shape of the cumulative probability—concentration curve is determined by the dis-
tribution of values in the patient population. Fig. 3-7 also shows that the concentration
needed to produce an effect may vary with the specific application. In this case, the
mean Cj, values for the three procedures were in the order: upper abdominal surgery
> lower abdominal surgery > breast surgery. In common with other opioids, the cu-
mulative frequency of the response vs. concentration curve is very steep in all three
procedures. These data show that there is a narrow range of alfentanil concentrations
between that which just begins to produce a satisfactory response in some patients
and that which produces a satisfactory response in all patients for each type of surgery.

It should also be noted that when the quantal response is categorical, within the
patient population, at any given drug concentration the sum of the probabilities of
finding patients in each of the categories, for example of pain relief (no relief, mild,
moderate, or full relief), always adds up to 100%. What changes with drug concen-
tration is the probability in each category, with a shift toward a higher probability of
patients experiencing full pain relief and a lower probability of no pain relief as drug
concentration increases.
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FIGURE 3-7 The relationship between the cumulative
frequency in satisfactory response versus the mean ar-
terial concentration obtained for alfentanil, an opioid
analgesic, during the intraoperative period in each of

three surgical groups of patients receiving nitrous oxide > 100 Breast et
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Desirable Characteristics

Plasma Alfentanil Concentration (mg/L)

There is a tendency to think that the most important pharmacodynamic characteristic
of a drug is its potency, expressed by its Cj, value (ideally of the unbound drug). The
lower the Cj, the greater is the potency of the compound. Certainly, potency is import-
ant, as generally the higher its value, the lower is the concentration needed to drive
a therapeutic response. However, several other factors are also equally, if not more,
important. One is the selectivity of the drug, that is, a greater therapeutic response
relative to its adverse responses.

One way of increasing potency is to increase lipophilicity, for example, by adding
lipophilic groups onto the molecule that increase binding to the specific target site.
However, this approach also tends to increase its binding to many other nonspecific
sites within the body, which may result in an increase in its side effects, relative to
the desired effect, and therefore a decrease in its overall specificity, or the converse.
Another very important factor is the maximum effect of the drug. That is, the great-
est possible effect, E,,,, that can be achieved with the compound. Returning to the
example of ketamine (Fig. 3-1), it is apparent that however high we increase the con-
centration of R(-)-ketamine, we can never achieve the same maximum response as
can be achieved with the S(+)-isomer. Clearly, if the desired therapeutic response de-
mands that the effect be greater than can be achieved with R(-)-ketamine then, no
matter how potent this compound, it would be of little therapeutic value when given
alone. The last important pharmacodynamic factor is the steepness factor, y. If it is
very high, it may be difficult to manage the use of the drug because only a small shift
in concentration around the Cy, causes the response to change from zero to full effect,
and vice versa.

EXPOSURE-RESPONSE RELATIONSHIPS

So far, relationships between response and measures of drug exposure have been
explored. In clinical practice, decisions have to be made as to the dosage regimen
needed to ensure optimal benefit within the confines of the conditions in which the
patient receives a drug. This is a complex decision involving consideration of many
factors, including not only the pharmacokinetics and pharmacodynamics of the drug
but also the nature of the disease being treated, as well as a host of patient factors,
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both clinical and social. Some of these aspects are considered in the remainder of the
book. However, at this point some broad issues centered around exposure-response
relationships are worth considering.

Drugs are given to achieve therapeutic objectives; the practical question is, how
best to do so? One approach is to examine the pharmacokinetics of a drug. In Fig. 3-8
are typical plots of plasma drug concentration with time following oral administration
of a single dose.

One may then ask: What feature of the exposure profile is most important in the
context of the desired therapeutic objective? One may argue that attention should al-
ways be placed on unbound drug, as this is the active component because bound drug
is too large to cross membranes and interact with many target sites. But as discussed
in Chapter 2, as long as the fraction unbound in plasma does not vary that much, as is
often the case, then relating response to total drug in plasma is reasonable. In Fig. 3-8A
are displayed the concentration—time profiles for two drugs achieving the same max-
imum concentration (C,,,,) and the same time to reach C,,,, (t,..x) but differing in the
kinetics of decline in their concentrations beyond the peak. For some drugs intended
to be given chronically, it is important to only maintain the plasma concentration
above a defined minimum, below which little clinical benefit is derived, even though
a pharmacologic response may be measurable at still lower concentrations. Then a
distinct advantage exists for the drug with the slower decline in exposure because the
duration of clinical effect is clearly longer. For other drugs, however, such as those
taken for the relief of a headache, the critical factor is the rapid achievement of an
adequate concentration, after which maintenance of exposure becomes less import-
ant. Then C,,, and ¢,,, become the important determinants of efficacy, in which case
there may be little difference between the two drugs in Fig. 3-8A. However, there may
be benefit in having a rapid fall in plasma concentration, if prolonged exposure to the
drug leads to an increased risk of adverse effects.

Now consider the kinetic events depicted in Fig. 3-8B in which total exposure (AUC)
is the same for a drug but input is slower in one case than the other, leading to a slower
decline in concentration. A slowed input may be a disadvantage if response is related
directly to concentration because C,,,, would be lower and t,,,, would occur later, with
the possibility of failing to achieve a sufficiently adequate clinical response. Speed of
input would be of limited importance, however, if the clinical benefit for the drug were
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FIGURE 3-8 Schematic representations of the plasma concentration-time profiles after a single oral dose.
A. For two drugs that produce similar peak concentrations and time to peak are shown, but one (colored line)
declines more slowly than the other, thereby creating a greater total exposure (AUC) and higher concentrations
at later times. B. For a drug that produces the same total AUC when given in two different dosage forms, the
peak concentration is lower and later for the one (colored line) with the slower absorption.



42

SECTION | = Basic Considerations

determined by the total exposure (total AUC) rather than a particular concentration.
These simple scenarios, as sometimes occur, clearly demonstrate that the relative ther-
apeutic importance of different parts of the exposure-time profile of a drug depends on
the clinical application and the nature of the exposure-response relationship.

Armed with the basic concepts of input—-exposure and exposure-response, we

now need to turn our attention in Section II, to a more in-depth consideration of the
determinants of these relationships after a single dose before moving on further in
Section III, to the application of this information to the design of dosage regimens. We
begin by examining the critical role played by membranes.

SUMMARY

Drugs act to provide symptomatic relief or to arrest or cure a disease or condition.
When assessing drug effects, both the baseline and the placebo effect need to be
taken into account.

The measure of drug response may be a biomarker, a surrogate end point, or a clini-
cal response, and may be either a measure of its effectiveness or its safety.

Drug response may be quantal or graded. Those that are quantal may be categorical
or all-or-none in nature.

On increasing drug concentration, a graded response increases toward a maximal
value, E, ..

For graded responses, the concentration-response relationship may be character-
ized by Cy, E\ .z, and 7.

Between 20% and 80% of the maximum response, the intensity of a graded response
varies approximately linearly with the logarithm of the plasma concentration.

For a quantal response, the relationship with concentration is best seen by plot-
ting the cumulative frequency or likelihood of response against concentration, or
its logarithm.

The relative therapeutic importance of different parts of the exposure-time profile
of a drug depends on the clinical application, and the nature of the concentration—
response relationship.

REVIEW

Agonist Maximum response
All-or-none response Partial agonist
Antagonist Partial antagonist
Baseline Pharmacodynamics
Biomarker Pharmacokinetic/pharmacodynamic
Clinical response modeling
Cumulative frequency Placebo

Disease progression Potency
Endogenous Quantal response
Exogenous Safety biomarker
Full agonist Selectivity

Full antagonist
Inducer
Inhibitor

Steepness factor
Surrogate end point
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KEY RELATIONSHIPS

Measured _  Drug . Placebo g
response response response
14
Csyo +C !

STUDY PROBLEMS

1. Which, if any, of the following terms used in classifying drug response is (are) cor-
rectly described?
I. Surrogate end point refers to any response that a drug produces without re-
gard to its relationship to the clinical effect.
II. A safety biomarker is a response that is safe to use.
II1. Clinical responses can be divided into subjective and objective categories. An
objective measure of drug response is one in which quantitative information
is obtained.

A. Tonly E. Tand III
B. II only F. Il and III
C. III only G. All

D. IandII H. None

2. The potencies of two drugs are compared in three different ways below. The two
drugs act on the same receptor. Which of the statements below is (are) good de-
scription(s) of the outcome of the comparison?

I. The drug given in the lower dose to achieve the same response is the most
potent.
II. When the intensity of response is the same, it is the drug with the lower C,,,
after a single dose that is the more potent.
III. The unbound concentration of the more potent of the two drugs during
chronic therapy is lower than that of the less potent drug when the intensity
of response is the same.

A. Tonly E. ITand III
B. II only F. Il and III
C. III only G. All

D. IandII H. None

3. Which one of the following statements assessing drug response is the most accurate?

a. The placebo response is just the difference between the measured response to a
drug and the baseline.

b. The baseline is the difference between the measured response and the placebo
response.

c. The drug response is the difference between the measured response and the
baseline.

d. The measured response is the sum of the drug response, the placebo response,
and the baseline.

e. The drug response is the difference between the measured response and the
placebo response.
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. The general model for a graded drug response is

Y
— Emax . C
Cy +C’

E

Which of the following statements is (are) likely to be true:

I. When the value of 7, the steepness factor, is much greater than one in a
mean“response versus concentration” plot, the response has the appearance
of an “all-or-none” one.

II. The value of Cy;is the concentration at which the response is one-half the max-
imum (£,,,,/2) regardless of the y value of the steepness factor.
IIT. On comparing two drugs that are equally bound to plasma proteins, the one
with the lower Cj, on chronic therapy is the more potent one.

A. T only E. Iand III
B. Il only F. Il and III
C. III only G. Al

D. IandII H. None

. What is meant by the words “agonist and antagonist” when referring to drug

response?

. a. What is a placebo effect, and why is it so important to determine it when assess-

ing the effect of drugs?

b. Blood CD4 count is used as a measure of the strength of the immune system and
to gain an estimate of the beneficial effect of drug therapy in the treatment of pa-
tients with AIDS or HIV infection. Changes in blood CD4 count during treatment
with placebo and zidovudine, a nucleoside reverse transcriptase inhibitor, are
displayed in Fig. 3-9. Discuss what effect zidovudine has on CD4 count in light
of these observations.

. Fig. 3-10 (next page) displays the relationship between the percent increase in the

[electroencephalographic (EEG) amplitude, expressed as a change from baseline,
ameasure of the central nervous system effect, and the plasma concentration of the
benzodiazepine alprazolam.

a. Is the measured effect graded or quantal?

b. Estimate the F, ...

c. Estimate the Cy,.

d. Is the value of the slope factor approximately one, or significantly greater?

400 - Zidovudine Treatment
t
£ 375
]
3
~ 350 A Placebo
§
FIGURE 3-9 Changes in the blood CD4 count 2
in HIV patients receiving either placebo (black 8 325 1
line) or zidovudine treatment (colored line).
(From Sale M, Sheiner LB, Volberding P, et al. Zi-
dovudine response relationships in early human 300 +———T 7T T
immunodeficiency virus infection. Clin Pharmacol 0 20 40 60 80 100

Ther 1993;54:556-566.) Weeks
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FIGURE 3-10 Mean change over baseline in
the [-electroencephalographic (EEG) ampli-
tude against alprazolam concentration in sub-
jects receiving 1 mg alprazolam intravenously.
(From Venkatakrishnan K, Culm KE, Ehrenberg
BL, et al. Kinetics and dynamics of intravenous
adinazolam, N-desmethyladinazolam, and al-
prazolam in healthy volunteers. J Clin Pharmacol
2005;45: 529-537)

8. Fig. 3-11 is aplot of the cumulative incidence of hepatic toxicity (taken to be greater
than a threefold increase in serum alanine aminotransferase [ALT], a measure of
inflammation of the liver) and the total AUC of a drug in the patient population
following chronic therapy. Corresponding plots against the maximum plasma con-
centration, or concentration at any particular time after administration of the drug,
failed to show as significant a relationship as seen with AUC.

a. Is the measured effect graded or quantal?
b. Why might hepatic toxicity be better correlated with AUC than any particular
concentration of the drug?

10
AUC (Log scale)

100

FIGURE 3-11 Incidence of hepatic toxicity (expressed
as percentage of the patient population with at least a
threefold increase in serum ALT) against the AUC of a

drug.
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FIGURE 3-12 Time course of the FEV, after administration of a 4
placebo Handihaler (black circle) and a Spiriva Handihaler (col-
ored circle) after a single dose of tiotropium bromide. (Adapted 1.0 T T T T T T 1
from data in Physician’s Desk Reference. 60th Ed. Montvale, NJ: -1012345678910111213
Medical Economics Co.; 2006;900.) Hours

9.

10.

Fig. 3-12 shows the forced expiratory volume in one second (FEV,) for tiotropium
bromide inhalation powder (Spiriva). Complete the table below to show the mea-
sured response, drug response, and placebo response to the drug at the 6-hour
time point (shown by arrow). Use the value at time -1 in the graph for the base-
line, and assume that the baseline does not change with time.

Measured, drug, and placebo responses to Spiriva 6 hours after its
inhalation.

FEV, ()
FEV, (% of baseline)

The concentration—response relationship in a patient population for a drug that
is measured by an all-or-none response is characterized by a Cj, of 100 pg/L and
a y value of 2. Calculate the range of concentrations that are needed to achieve
responses in 20% and 80% of the total population. To address this question assume
that the model of Equation 3-2 can be applied to a quantal response.
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Determining Factor

OBJECTIVES

The reader will be able to:

¢ Define the following terms: active transport, hydrophilic, hydrophaobic, lipophilic, lipophaobic, para-
cellular permeation, passive diffusion, passive facilitated transport, permeability, transcellular perme-
ation, and transporter.

e List two examples of transporters involved in systemic absorption after oral administration, and three
involved in the distribution of drugs into and out of tissues, including eliminating organs.

e Distinguish between perfusion rate-limited and permeability rate-limited passage of drugs through
membranes.

e Describe the role of pH in the movement of drugs through membranes.
e Describe the consequences of the reversible nature of movement of drugs through membranes.

o far in this book, emphasis has been placed on input-response and exposure—

response relationships. This section focuses primarily on factors controlling the
input-exposure relationship, particularly their influence on a drug’s pharmacokinetic
parameters. In this chapter, we discuss the role and function of membranes primarily
in the context of drug absorption and disposition, although many aspects are equally
important in pharmacodynamics. We do so because essentially all drugs must pass
through one or more membranes between the site of administration and the site of
action to elicit a systemic response. This is followed in Chapter 5 by a discussion of
the kinetics of drug disposition after intravenous administration, and in Chapter 6 by
a consideration of the physiologic and physicochemical determinants of drug disposi-
tion. The next two chapters of this section cover the kinetics of drug absorption and
disposition following extravascular administration (Chapter 7), and the physiologic
and physicochemical determinants of drug absorption (Chapter 8). The last chapter in
this section deals with response following a single dose (Chapter 9).

The order of the chapters within this section is worth commenting on. Although
extravascular administration, and particularly oral dosing, is much more common
than intravenous administration and therefore might reasonably be expected to be
discussed first, a problem arises; namely, observations in the systemic circulation af-
ter an extravascular dose depend on both input and disposition, with no way to view
or readily interpret drug input alone from such data. It is therefore helpful to first
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appreciate disposition principles gained following intravenous administration before
analyzing observations after extravascular administration.

Before examining membranes as a determinant of drug absorption and disposi-
tion, a few terms commonly applied to the physicochemical properties of drugs need
to be defined. Hydrophilic and hydrophobic are adjectives that refer to water (hy-
dro-)-loving (-philic) and -fearing (-phobic) properties. Similarly, lipophilic and lipo-
phobic are adjectives that relate to lipid (lipo-) -loving and lipid-fearing properties. In
general, the terms hydrophilic and lipophobic are interchangeable and imply that a
substance is soluble in water, but very poorly soluble in nonpolar lipids. Similarly, the
terms lipophilic and hydrophobic are interchangeable and refer to substances that are
soluble in lipids, but very poorly soluble in water. A common measure of lipophilic-
ity (or hydrophobicity) of a substance is its partition between n-octanol (an organic
solvent with hydrogen bonding properties aimed at mimicking the physicochemical
properties of tissue membranes) and water. The higher the partition coefficient,
the ratio of drug concentrations in the two phases at equilibrium, the greater is the
lipophilicity. Some compounds, such as alcohol, are readily soluble in both water and
many lipids. Others, such as digoxin, are poorly soluble in both water and lipids. Thus,
both solubility and partition coefficient are important in absorption and disposition.

MEMBRANES

Movement through membranes is required for absorption into the body, for distribu-
tion to the various tissues of the body, including the active site, and for elimination
from the body. This movement is known as drug permeation, a term that is often
used more specifically to describe the processes and transport systems (transport-
ers) that facilitate movement across membranes. The physicochemical, anatomic, and
physiologic factors that determine the rapidity of drug permeation are the focus of this
chapter. Understanding these processes is a prerequisite for an appreciation of factors
controlling the pharmacokinetics and pharmacodynamics of drugs.

Cellular membranes are composed of an inner, predominantly lipoidal, matrix
covered on each surface by either a continuous layer or a lattice of protein (Fig. 4-1,
upper section of drawing). The hydrophobic portions of the lipid molecules are ori-
ented toward the center of the membrane, and the outer hydrophilic regions face
the surrounding aqueous environment. For some drugs, facilitative mechanisms are
embedded in the protein lattice. Narrow aqueous-filled channels exist between some
cells, such as blood capillary membranes, the glomerulus of the kidney, and intestinal
epithelia.

The permeation or passage of drugs is often viewed as movement across a series
of membranes and spaces, which, in aggregate, serve as a “functional” macroscopic
membrane. The cells and interstitial spaces that lie between the intestinal lumen and
the capillary blood perfusing the intestine, those that separate the brain from the
blood, and the skin (Fig. 4-1) are examples. Each of the interposing cellular mem-
branes and spaces impede drug transport to varying degrees, and any one of them can
be the slowest step, rate-controlling the overall process. In the small intestine, it is the
apical side of the epithelial cells, that is, the side facing the lumen. In the brain, it is the
cells of, and those surrounding, the capillaries, while in the skin, the stratum corneum
is the major site of impedance. These complexities of structure make it difficult to
accurately extrapolate the quantitative features of drug transport from one membrane
to another. Nonetheless, much can be gained by considering the general qualitative
features governing drug movement across these “functional” membranes.
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Cell Membrane

Skin Hair Shaft

Sweat Gland Duct
Hair Follicle

Stratum
Epidermis { Corneum

» «— Papillary Layer
2 Tactile Corpuscle

Sebaceous Gland
<+— Nerve

Dermis

Arrector Pili Muscle

<— Adipose Tissue

Subcutaneous Layer Sweat Gland

FIGURE 4-1 Functional membranes vary enormously in structure and thickness. They can be as thin as a
single-cell membrane of approximately 1 X 107 cm thickness (top) to as thick as the multicellular barrier of the
skin (bottom). This multicellular barrier extends from the stratum corneum to the upper part of the papillary layer
of the dermis, adjacent to the capillaries of the microcirculation, a distance of approximately 2 X 1072 cm. The
cell membrane consists of a bimolecular leaflet, with a lipid interior and a polar exterior, dispersed through which
are globular proteins, depicted as large solid irregular-shaped bodies. (Cell membrane reproduced from Singer
SJ, Nicolson GL. The fluid mosaic model of the structure of cell membranes. Science 1972;175:720; copyright
1982 by the AAS; skin was kindly drawn by Mandy North.)

THE PROCESSES OF DRUG PERMEATION

Drug permeation can be broadly divided into transcellular and paracellular pro-
cesses, as shown in Fig. 4-2 (next page). Transcellular movement, which involves the
passage of drug through cells, is the most common route of drug permeation. Some
drugs, however, are too polar to pass across a lipoidal cell membrane; for these, gen-
erally only the paracellular pathway through aqueous channels between the cells is
available. Other drugs move across some cells by facilitative mechanisms, also called
carrier-mediated transport, a topic covered later in this chapter.

Protein Binding

Before considering the determinants of the movement of drug across membranes, a
comment needs to be made about protein binding. Many drugs bind to plasma proteins
and tissue components (discussed in Chapter 6). Such binding is generally reversible
and usually so rapid that equilibrium is established within milliseconds. In such cases,
the associated (bound) and dissociated (unbound) forms of the drug can be assumed
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to be at equilibrium at all times and under almost all circumstances. Only unbound
drug is generally capable of diffusing through cell membranes. Proteins, and hence
protein-bound drug, are much too large to do so. Hence, one of the factors determin-
ing the net driving force for drug permeation is the difference in unbound concentra-
tions across the membrane.

Diffusion

One process by which drugs pass through membranes is diffusion, the natural ten-
dency for molecules to move down a concentration gradient. Movement results from
the kinetic energy of the molecules. Because no work is expended by the system, the
process is known as passive diffusion. Paracellular passage is always passive; so,
too, is the transcellular permeation of many, particularly lipophilic, drugs.

To appreciate the properties of passive diffusion across a membrane, consider
a simple system in which a membrane separates two well-stirred aqueous compart-
ments. The driving force for drug transfer is the difference between the unbound
concentrations in compartment 1, Cu;, and compartment 2, Cu,. The net rate of per-
meation is:

Net rate of permeation = P X SA X (Cu; — Cu,) Eq. 4-1

where P = permeability, SA = surface area, and Cu, — Cu, = the concentration difference.

The importance of the surface area of the membrane is readily apparent. For ex-
ample, doubling the surface area for the same volume of fluid doubles the probability
of collision with the membrane and thereby increases the permeation rate twofold.
Some drugs readily pass through a membrane; others do not. This difference in ease
of penetration is quantitatively expressed in terms of the permeability, P, of the drug
with units of velocity (e.g., pm/min). Note that the product P X SA has the units typical
of flow, volume/time.

Drug Properties Determining Passive Permeability

Three major molecular properties affecting, and sometimes limiting, the passive dif-
fusion of a drug across a given membrane are: size, lipophilicity, and charge (or de-
gree of ionization). These properties, together with the nature of the membrane and
the medium on either side, determine the overall speed of movement of a compound
across the membrane.

Molecular size has only a small impact on diffusion of substances in water. How-
ever, it has a major impact on movement through membranes. This sensitivity to size
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is due to the relative rigidity of cell membranes, which sterically impedes drug move-
ment. To appreciate the impact of molecular size on the (paracellular) movement be-
tween cells, consider, for example, the passage of three water-soluble drugs, atenolol,
oxytocin, and calcitonin-salmon, across two membranes, the relatively loosely knit
nasal membranes and the more tightly knit gastrointestinal membranes. Atenolol,
used in the treatment of hypertension, is a small stable molecule (246 g/mol) that read-
ily passes across the nasal membranes and is even reasonably well absorbed across
the gastrointestinal membranes with an oral bioavailability of 50%, facilitating its oral
dosing. Oxytocin, a moderate-sized cyclic nanopeptide (1007 g/mol) used to induce
labor, also rapidly crosses the nasal membranes paracellularly, but is almost totally
unable to cross the gastrointestinal membranes because of its size. On the other hand,
calcitonin-salmon, a synthetic polypeptide of 32 amino acids (3432 g/mol) used in the
treatment of postmenopausal osteoporosis, is so large that it is only 3% absorbed from
a nasal spray and cannot pass across the intestinal epithelium. Furthermore, the ma-
jority of the nasally applied oxytocin and calcitonin runs down the nasal cavity into
the throat and is swallowed. The swallowed peptide then undergoes extensive deg-
radation (digestion) by peptidases in the gastrointestinal tract such that these two
drugs, and other drugs with these properties, are not prescribed for oral dosing.

A second determinant of permeability is lipophilicity. Generally, the more lipophilic
a molecule the greater is its permeability, but, as mentioned, size is also important.
Small lipid-soluble un-ionized drugs tend to traverse lipid membranes transcellularly
with ease. This tendency and the effect of molecular size are shown in Fig. 4-3 for
transdermal passage of a variety of uncharged molecules. Notice, as mentioned above,
that as size increases, permeability drops sharply. For example, for only a doubling
of molecular weight from 400 to 800 g/mol for molecules with the same lipophilicity,
permeability decreases by a factor of almost 2.5 log units, or 300-fold.

The importance of lipophilicity and molecular size is also supported by obser-
vations of the movement of various drugs into the central nervous system (CNS), as
shown in Fig. 4-4 (next page). The brain and spinal cord are protected from exposure
to a variety of substances. The protective mechanism was observed many years ago
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FIGURE 4-4 Relationship between permeability of a drug across the blood-brain barrier and its n-octanol/
water partition coefficient, a measure of lipophilicity. Generally, permeability increases progressively with in-
creasing lipophilicity (black circles), but not always. For compounds such as vinblastine and vincristine (color),
the permeability is lower than expected, owing in large part to their being substrates for the efflux transporter,
P-glycoprotein, which pumps these compounds out of the brain back into cerebral blood. Both axes are loga-
rithmic. (Adapted from a chapter by Greig N. Drug delivery to the brain by blood-brain barrier circumvention
and drug madification. In: Neuwelt E, ed. Implication of the Blood-Brain Barrier and Its Manipulation. New York,
NY: Plenum Publishing Company; 1989:311-367. Basic Science Aspects; vol 1.)

when various hydrophilic dyes, injected intravenously into animals, stained most tis-
sues of the body, but not the CNS, which appeared to exclude them. Thus, the concept of
high impedance to the movement of these substances into the brain arose, namely, the
blood-brain barrier. The barrier exists because of very tight junctions between
the endothelial capillary cells as well as highly resistant glial processes surrounding
the capillaries. Fig. 4-4 clearly shows that lipophilicity, as measured by the n-octanol/
water partition coefficient, is a major correlate of permeability of drugs across the
blood-brain barrier. The two major exceptions, the anticancer drugs vinblastine and
vincristine, are large molecules (molecular masses of 814 and 824 g/mol, respectively),
and, as stated above, size is a major determinant of passage across membranes. The
drugs are also good substrates of efflux transporters, a topic of the next section.

Charge is the third major constraint to transmembrane passage. Again, there is
considerable variation in the impedance of different membranes to charged mole-
cules, but with a few exceptions (e.g., those involving paracellular permeation across
the blood capillary membranes and renal glomerulus), the effect of charge is always
large. The larger and more hydrophilic a molecule, the lower is its permeability across
membranes. Permeability is further reduced if the molecule is also charged.

Most drugs are weak acids or weak bases and exist in solution with their un-ion-
ized and ionized forms in equilibrium with each other. Increased total concentration
of drug on the side of a membrane where pH favors greater ionization of drug has
led to the pH partition hypothesis. According to this hypothesis, only un-ionized
nonpolar drug penetrates the membrane, and at equilibrium, the concentrations of
the un-ionized species are equal on both sides of the membrane. However, the total
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FIGURE 4-5 When a drug is a weak acid or weak
base, its total concentration on one side of a lipid
membrane may be very different from that on the
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concentrations may be very different because of the differences in degree of ioniza-
tion, as shown in Fig. 4-5. The topic of ionization and the pH partition hypothesis is
expanded upon in Appendix C.

The majority of evidence supporting the pH partition hypothesis stems from stud-
ies of gastric secretion, intestinal absorption, and renal excretion—all anatomic loca-
tions where pH is highly variable and different. The pH of gastric fluid varies between
1.5 and 7.0; that of intestinal fluids varies between 6.2 and 7.5, whereas urine pH varies
between 4.5 and 7.5. Elsewhere in the body, changes in pH tend to be much smaller
and to show less deviation from the pH of blood, 7.4. An exception is the acidic (pH 5)
lysosomal region of cells where digestion of intracellular material takes place.

Despite its general appeal, the pH partition hypothesis fails to explain certain ob-
servations. Some small quaternary ammonium compounds (e.g., bethanachol chlo-
ride), which are always ionized, elicit systemic effects when given orally. These and
the ionized form of other compounds move through the gastrointestinal membranes,
although at a slow and unpredictable rate. For some small compounds, permeation
is paracellular, whereas for many others permeating transcellularly, influx and efflux
transporters are involved. For these reasons, although the trend is for greater accumu-
lation on the side that favors ionization, quantitative prediction of the influence of pH
on the movement of drugs across a membrane is often inaccurate.

Membrane Characteristics

Although molecular size, lipophilicity, and charge are generally key determinants of
passage of compounds across membranes, properties of the membrane itself are also
important. Some membranes, such as the renal glomerulus and blood capillaries of most
tissues, are highly permeable to molecules up to 5000 g/mol in size with little effect of
charge or lipophilicity. In these cases, drug transfer occurs paracellularly by movement
through large fenestrations (windows) in the membrane. Movement of plasma water
through the fenestrations (a convective process) augments the transport. Table 4-1 lists
membranes in general ascending order (from blood capillaries to blood-brain barrier)
with regard to the influence of size, lipophilicity, and charge on drug permeation.
Another determinant of permeability is membrane thickness, the distance a mol-
ecule has to traverse from the site of interest (e.g., an absorption surface) to a blood
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TABLE 4-1 | Properties of Different Membranes

Blood capillaries (except in testes,
placenta, and most of the CNS)

Renal glomerulus

Nasal mucosa
Buccal mucosa
Gastrointestinal tract

Transport through membranes is basically independent
of lipophilicity, charge, and molecular size (up to
~5000 g/mol). For larger molecules, charge is also
important, with negatively charged molecules showing
lower permeability.

Transport affected by lipophilicity, charge, and
molecular size. Nasal mucosa is generally more porous
than gastrointestinal tract.

Lung
Hepatocyte Transport is highly dependent on lipophilicity, charge,
Renal tubule and molecular size.

Blood-brain barrier

capillary. The shorter the distance, the higher is the permeability. This distance can
vary from about 0.005 to 0.01 pm (for cell membranes) to several millimeters (at some
skin sites, Fig. 4-1, lower part of figure).

Movement across membranes continues toward equilibrium, a condition in
which the concentrations of the diffusing (generally unbound and uncharged) spe-
cies are the same in the aqueous phases on both sides of the membrane. Movement
of drug between these phases still continues at equilibrium, but the net flux is zero.
Equilibrium is achieved more rapidly with highly permeable drugs, and when there is
a large surface area of contact with the membrane, that is when the P X SA product
is high.

Initially, when drug is placed on one side of the membrane, it follows from Equa-
tion 4-1 that the rate of its movement across the membrane is directly proportional
to concentration (Fig. 4-6). For example, the rate of its passage is increased twofold
when the concentration of drug is doubled. Stated differently, each molecule diffuses
independently of the other, and there is no upper limit to the rate of transport unless
the drug alters the nature of the membrane or one reaches the solubility of the drug.
Both absence of competition between molecules and lack of an upper limit to the rate
of passage are characteristics of passive diffusion.
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S
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Carrier-Mediated Transport

Although many drugs passively move through cells, for many others, the movement
is facilitated; that is, their passage across a membrane is facilitated or faster than
expected from their physicochemical properties assuming passive diffusion alone.
Fig. 4-7 shows several types of facilitated processes. The first example is passive fa-
cilitated diffusion, in which movement is facilitated by a transporter, or transport
system, which aids in speeding up the bidirectional process but does not change the
condition at equilibrium. Such transporters are sometimes known as equilibrating
transporters.

Passive facilitated diffusion is exemplified by the gastrointestinal absorption of
many nucleosides and nucleobases, and their transmembrane passage into and out
of tissue cells. It is a passive process; the nucleosides and nucleobases move down
a concentration gradient without expenditure of energy, and, at equilibrium, the con-
centrations across the membrane are equal. At high plasma drug concentrations, how-
ever, the rate of transport reaches a limiting value or transport maximum. This is a
characteristic of facilitated transport processes, as shown schematically in Fig. 4-6,
and these processes are therefore commonly said to show capacity-limited trans-
port. Furthermore, in common with other carrier-mediated systems, passive facili-
tated transport is reasonably specific and is inhibited by other substrates of the same
carrier. Drugs, so handled, include cytarabine, used to treat hairy cell leukemia, and
gemcitabine, used in treating pancreatic cancer.

Additional types of facilitated transport, shown in Fig. 4-7 for intestinal transport,
require energy and are capable of moving drug against an opposing concentration
gradient. They are ATP (adenosine triphosphate)-dependent, the source of the energy
on conversion of ATP to ADP (adenosine diphosphate), and are examples of active
transport systems, sometimes known as concentrating transporters. The direc-
tion of net movement may be either into the cell (influx or uptake transporter) or
out of the cell (efflux transporter) and may occur on either the apical (lumen) or
basolateral (blood) side of the membrane. Intracellular metabolizing enzymes may

Lumen

o
Apical
o
Basolateral i
o
Blood

FIGURE 4-7 The intestinal epithelium, which exemplifies the general transport properties of membranes, forms
a selective barrier against the entry of drugs into the blood. Movement into (influx) and out of (efflux) the epithe-
lial cells occurs by facilitative mechanisms, involving equilibrating transporters (bidirectional passive transport
at either or both the apical and basolateral membranes (in black) and concentrating transporters (in color).
Concentrating transporters require energy and may involve influx (second cell), in which case the drug concen-

trates in the cell, or efflux, in which case the drug is kept out of the cell (last two cells) and can be located on
either the apical (third cell, lumen) or basolateral (fourth cell, blood) side of the cell.
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TABLE 4-2 | Examples of Transporters and Their Substrates

Cellular
Transport
Human Gene Common Name Other Names Substrates Direction
Concentrating Transporters
ABCBI1 MDRI P-glycoprotein Cationic or neutral drugs Efflux
ABCC2 MRP2 cMOAT Anionic drug conjugates, Efflux
Methotrexate
ABCG2 BCRP? MXRI Doxorubicin Efflux
SLCO1B1 OATP1B1 Atorvastatin Influx
SLC21A6 OATP-C? LST-1 Benzylpenicillin Influx
OATP2 Digoxin
OATP6 Pravastatin, Rifampicin
SLC22A8 OAT3 Methotrexate Influx
Equilibrating Transporters
SLC29A1 ENT1 Purine and pyrimidine Both
SLC29A2 ENT2 Nucleosides Both

“Breast cancer resistance protein.
bQrganic anion-transporting polypeptide.
Adapted from information kindly provided by Jash Unadkat, University of Washington.

convert the drug to another substance before they both reach the blood. Apical efflux
transporters and intracellular enzymes in the intestines can, by concerted action, ma-
terially reduce systemic absorption of some drugs given orally.

Efflux transporters also play a major role in removing metabolic end products and
xenobiotic (foreign) substances from cells and organs. Our awareness of the therapeu-
tic importance of efflux transporters began when certain tumor cells were observed
to be resistant to specific anticancer drugs. A transporter appeared to exclude many
drugs from the cell—the multiple drug-resistant receptor (MDR1). A specific glyco-
protein, which resides in the cell membrane and is called permeability glycoprotein,
or P-glycoprotein (170,000 g/mol), was found to be responsible. This ATP-dependent
transporter is located in the cell membrane of many organs and tissues. It also plays a
major role in the hepatic secretion into bile of many drugs, the renal secretion of many
others, and the rate and extent of absorption of some drugs from the gastrointestinal
tract. Many other drug transporters have been identified. Examples of equilibrating
and concentrating transporters and their substrates are listed in Table 4-2. The loca-
tion of these transporters and the processes in which they are involved in drug absorp-
tion and disposition are shown schematically in Fig. 4-8.

The CNS exemplifies, perhaps to the greatest extent, the consequences of the
presence of carrier-mediated transport on drug distribution. The apparent lack of
movement across the blood-brain barrier is explained not only by the lipoidal na-
ture of the barrier, but also by the presence of transporters. Many of these are efflux
transporters—P-glycoprotein being the most important one identified so far—that
have the potential to keep the unbound concentration in the CNS relatively low com-
pared with that in plasma, even at equilibrium.

To appreciate whether a transporter is likely to influence the relative concen-
tration of drug on either side of a membrane, consider Fig. 4-9, which schematically
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FIGURE 4-8 Selected transporters involved in intestinal absorption and in disposition of drugs within the liver,
kidney, and brain. The names of these transporters and their general transport function within each of these
tissues are identified. The arrows point in the direction of the transport process.

shows three permeation processes in the brain; passive diffusion, passive facilitated
diffusion, and active efflux transport. In Fig. 4-9A, the passive processes are fast, and
active efflux transport is relatively slow or absent. As a consequence, the unbound
concentration in the brain is virtually the same as that in plasma at equilibrium. In
Fig. 4-9B, the passive processes are slow compared with the efflux process, so that

Unbound Drug Concentration
(shown in color)

Blood “Barrier”  Brain Blood “Barrier”  Brain
FIGURE 4-9 Substances enter the brain by simple diffusion (dashed arrow) and facilitated diffusion (open
arrow). A: Even when active efflux transporters (solid arrow) are also involved, the equilibrium ratio of unbound
concentrations, brain to blood, can be close to one if the passive processes are inherently faster than the efflux
transport (fine arrow), or close to zero if the opposite is true (B; thick efflux arrow). For substances whose phys-
icochemical properties (small in size, lipophilic, no charge) make them diffuse quickly, equilibrium tends to be

rapidly achieved.
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FIGURE 4-10 The mean steady-state unbound concentration-time profile of the HIV protease inhibitor in-
dinavir in cerebrospinal fluid (color), a surrogate for extracellular brain fluid, and plasma (black) over a dosing
interval during chronic oral administration of 800 mg every 8 hours in eight symptom-free adults with HIV type 1
infection. A. Linear plot. B. Semilogarithmic plot. Note the much lower average unbound indinavir concentration
in cerebrospinal fluid than in plasma. Also, note that the unbound cerebrospinal fluid concentration peaks much
later than does that of plasma, and it has a greatly reduced fluctuation. These observations are consequences of
the drug being actively transported out, resulting in a slow and incomplete movement of drug into the cerebro-
spinal fluid. (Data from Haas DW, Stone J, Clough LA, et al. Steady-state pharmacokinetics of indinavir in cere-
brospinal fluid and plasma among adults with human immunodeficiency virus type 1 infection. Clin Pharmacol
Ther 2000;68:367-374.)

the unbound concentration within the brain always remains low compared with that
in plasma. The apparent lack of entry into the CNS is shown in Fig. 4-10 for indinavir,
a relatively large compound (MW = 712 g/mol) that has been used for treating HIV in-
fections. Such concentration gradients are also found for vinblastine and vincristine,
mentioned previously.

Antihistamines demonstrate the importance of drug transport and lipophilicity in
drug action. Unlike the first-generation antihistamines, which caused drowsiness, the
second-generation antihistamines are essentially devoid of sedative properties, not
because they interact at a different receptor or have a stimulating effect, but because
they penetrate the blood-brain barrier poorly. This poor penetration is a consequence
of their being good substrates for the efflux transporter, P-glycoprotein, as well as
being more hydrophilic (Fig. 4-9B).

BLOOD FLOW VERSUS PERMEABILITY

Perfusion-Rate Limitation

Blood, while perfusing tissues, delivers and removes substances. Accordingly, viewing
any tissue as a whole, the movement of drug through membranes cannot be separated
from perfusion considerations. Perfusion is usually expressed in units of milliliters
per minute (mL/min) per gram of tissue. When movement through a membrane readily
occurs, the slowest or rate-limiting step in the entire process is perfusion, not perme-
ability, as shown in Fig. 4-11A. The initial rate of movement of drug into a tissue is
determined by the rate of its delivery, which depends on blood flow.

Similarly, the concentration of a highly permeable drug in blood leaving a tissue is
at equilibrium with that in the tissue. Thus, blood flow determines how quickly drug
is both taken up by, and removed from, the tissue. Such a perfusion-rate limitation
is exemplified in Fig. 4-12 (on p 62) for the passage of selected hydrophilic substances
across the jejunal membranes of a rat, from lumen to blood. The blood acts as a sink
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FIGURE 4-11 The limiting step controlling rate of movement of drug across membranes, from blood to tis-
sue or the converse, varies. A. If membranes offer no resistance (noted by /arge arrows), drug in the blood
leaving the tissue is in virtual equilibrium with that within the interstitial fluids and cells; blood and tissue may
be viewed as one compartment. Here, movement of drug is limited by blood flow, a perfusion-rate limitation.
B. A permeability-rate limitation exists if membrane resistance to drug movement becomes high (noted by small
arrows); movement into such tissues is both slow and insensitive to changes in perfusion. Also, equilibrium is not
achieved between cells and blood by the time the blood leaves the tissue; blood and tissue cells must now be
viewed as separate drug compartments. For some tissues, such as muscle, kidneys and heart, the permeability
limitation is at the cell membrane (B1). For others, such as the CNS, an additional permeability limitation occurs
at the capillary membrane (B2). Interstitial fluid also flows into the lymphatic system. Although low at 1-10 mL/
min/70 kg, compared with a blood flow of 5000 mL/min/70 kg, lymph flow plays a major role in keeping the
concentration of slowly diffusing molecules, especially proteins, low in the interstitial fluid, relative to that in
the blood. The lymphatic pathway is also important for the systemic absorption of macromolecules after intra-
muscular and subcutaneous administration (see Chapter 7). These large molecules move through the capillary
membranes so slowly that by default they mostly reach the systemic blood by moving through the lymphatic
vessels, which in turn empty into the systemic blood via the vena cava. For macromolecules, then, the arrows in
the lower graph become thin ones, and movement into lymph predominates.
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FIGURE 4-12 The rate of passage of a substance
across the jejunum of a rat was determined by measur-
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by carrying drug away from the absorption site to the other tissues of the body. Tri-
tiated water (MW = 18 g/mol) moves freely through the membrane, and its rate of
passage increases with increasing perfusion. The passage of ethanol (MW = 46 g/mol)
is similarly mostly perfusion rate-limited, as is the passage of many small lipophilic
molecules across the intestinal epithelium (not shown) and many other membranes.

Permeability-Rate Limitation

As cell membrane resistance to drug passage increases, the rate limitation moves away
from one of perfusion to one of permeability. The problem now lies in penetrating the
membrane, not in delivering drug to or removing it from the tissue (Fig. 4-11B). As
mentioned previously, this increase in resistance may arise for the same drug crossing
membranes of increasing thickness; for example, the multiple cell layers of the skin
epidermis are less permeable to a drug than is the single-cell layer of the capillary ep-
ithelium. For the same membrane, as previously discussed, resistance increases with
increasing size and polarity of the molecule. Thus, transport across the jejunum is
slower for the pentose sugar ribitol (MW = 152 g/mol) and many other large polar com-
pounds than for ethanol or water, which results in decreased sensitivity to changes in
perfusion (Fig. 4-12).

With large differences in perfusion and permeability of various tissues, it would
appear to be impossible to predict tissue distribution of a drug. However, either of
these two factors may limit the rate of extravasation, movement out of the vascu-
lature, thereby simplifying the situation and allowing some conclusion to be drawn.
Consider, for example, the following question: “Why, on measuring total tissue con-
centration, does the intravenous anesthetic propofol enter the brain much more rap-
idly than it does muscle tissue; yet for penicillin, the opposite is true?” The explanation
lies in both the physicochemical properties of these drugs and the anatomic features
of these tissues.

Propofol is a small (178 g/mol), nonpolar, highly lipophilic, very weak acid
(pK, = 11) that is insignificantly ionized at plasma pH (7.4). As such, its entry into both
brain and muscle occurs readily and is perfusion-rate limited. Because perfusion of
the brain, at an average of 0.5 mL/min/g of tissue, is much greater than that of muscle,
at 0.025 mL/min/g of tissue, entry of propofol into the brain is the more rapid process,
which explains its use in rapidly inducing anesthesia.
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Penicillin, a polar, relatively strong, acid (pK, = 2.7), MW 334 g/mol, is essentially
fully ionized at pH 7.4 and does not readily pass through cell membranes. The faster
rate of entry of penicillin into muscle than into the brain arises from the greater poros-
ity of blood capillaries in muscle. As depicted in Fig. 4-11B1, for many tissues such as
muscle and subcutaneous tissue, capillary membranes are very porous and have little
influence on the entry of drugs of usual molecular weight (100400 g/mol), and even
larger molecules up to 5,000 g/mol, into the interstitial fluids between cells, regardless
of the drug’s physicochemical properties. There may well be a permeability limitation
at the tissue cell membrane, but in terms of measurement of drug in the whole tissue,
there appears to be minimal impedance to entry of either ionized or polar compounds,
or both. Other tissues (Fig. 4-11B2), such as much of the CNS, anatomically have a
permeability limitation at the capillary level that impedes movement of drug into the
tissue as a whole, as observed with penicillin. As mentioned previously, this observa-
tion, especially with a number of polar organic dyes, led to the concept of the blood—
brain barrier.

For macromolecules (>10,000 g/mol), especially charged or polar ones, movement
across the capillary membrane is slow (permeability rate-limited). As a consequence,
molecules that do slowly move from blood to the intestinal space tend not to return by
this same route but rather, by default, move into the lymphatic system, which drains
interstitial fluid from virtually all tissues. There is also a slow convective flow of wa-
ter in the direction of the lymph, which may impede the back diffusion. The average
flow of interstitial fluid into the lymph capillaries within the body is about 10 mL/min,
whereas the rate of return of lymph to the blood is about 1 mL/min. The difference is
accounted for by reabsorption of water from the lymphatic vessels and lymph nodes.
As shown in Fig. 4-11, the flow of interstitial fluid into lymph capillaries and the re-
turn of lymph to the blood are much slower than the flow of blood to and from the
body’s tissues (~5000 mL/min). Nevertheless, the lymphatic system plays a major role
in keeping the concentration of such large molecules lower in the interstitial fluids
than in plasma. It is also important in determining the rate and extent of systemic
absorption of macromolecules after their intramuscular or subcutaneous administra-
tion, a topic covered in Chapter 8.

REVERSIBLE NATURE OF DRUG PERMEATION

It is important to remember that drug permeation across membranes is generally bi-
directional. One tends to think of the movement between gastrointestinal lumen and
blood as unidirectional, resulting in drug absorption. Normally, with very high initial
concentrations of drug in the gastrointestinal lumen after oral administration, relative
to the unbound drug concentration in blood, the net rate of movement is indeed to-
ward the systemic circulation. However, important applications can be made of move-
ment in the opposite direction. For example, repeated oral administration of charcoal
or the ion-exchange resin cholestyramine can hasten removal from the body of drugs
such as digoxin, phenobarbital, and the active immunomodulatory metabolite of the
prodrug leflunomide in cases of overdose. Data for the leflunomide metabolite are
given in Table 4-3 (next page). Because of repeated administration of charcoal and
extensive adsorption of the drug on to charcoal, the lumen of the gastrointestinal tract
acts as a sink. The metabolite is removed both directly from blood via the intestinal
membranes and by preventing its reabsorption after its biliary excretion. In general, to
optimize removal, it is important to maintain distribution of adsorbent along the entire
gastrointestinal tract by administering it repeatedly. Even with proper distribution of
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TABLE 4-3 | Time to Reduce the Plasma Concentration of the Active Metabolite

of the Prodrug Leflunomide by 50% in the Presence and Absence of
Activated Charcoal Treatment

No Charcoal Treatment Charcoal Treatment?

Time for plasma concentration to drop in half  14-18 days 1-2 days

Suspension of activated charcoal was given (orally or by nasogastric tube) in a dosage of 50 g every 6 hours.
“Rozman B. Clinical pharmacokinetics of leflunomide. Clin Pharmacokinet 2002;41:421-430.

the adsorbent, the overall rate of transfer into the intestinal lumen depends on the per-
meability of the functional membranes along the length of the gut, as well as on blood
flow to these various sites. When elimination primarily occurs by biliary excretion, as
with the leflunomide metabolite, then it may be particularly important for the adsor-
bent to be in the duodenum in sufficient amounts to adsorb drug when the gallbladder
empties, that is, after eating.

Adsorbents such as charcoal and cholestyramine are also administered (often by
nasogastric tube) to decrease the rate and extent of absorption of drugs and other
substances after their oral intake in cases of acute intoxication. One key to the suc-
cess of these procedures is to administer the adsorbent while much of the substance
still resides in the stomach to prevent or slow its intestinal absorption. Even if most
of the dose has been systemically absorbed, the adsorbent may still help remove the
substance from the body by the processes discussed in the previous paragraph.

The concepts of this chapter on passage of drugs across membranes are import-
ant to an understanding of movement of drugs into, within, and out of the body. In the
following chapters these concepts are incorporated with other principles dealing with
drug distribution, elimination, and absorption.

SUMMARY

e Molecular size, lipophilicity, charge, degree of ionization, blood flow, and protein

binding play major roles in determining the permeation of drugs across membranes.

Drug movement across membranes can be classified as transcellular and paracellular.

Paracellular movement is always passive.

Transcellular movement occurs by both passive diffusion and facilitated processes.

Facilitated transport can be passive or active (requiring energy). The transport sys-

tems are called transporters.

¢ Both influx (uptake) and efflux transporters are involved in the absorption of many
drugs in the gastrointestinal tract. They also contribute to movement into and out of
various tissue cells, including those of organs of elimination, thus influencing drug
disposition.

¢ In general, movement across membranes is bidirectional. For example, after a single
dose, drug that distributes from blood to most tissues subsequently fully returns
to the systemic circulation to be eliminated in the liver, kidneys, or other organ(s).
Sometimes, drug movement can be virtually unidirectional when an efficient active
transport process is present, as with the P-glycoprotein efflux transporter.

e Efflux transporters are particularly important in excluding many drugs from
the brain and in reducing the systemic absorption of many drugs after their oral
administration.
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¢ Oral administration of charcoal or cholestyramine is sometimes useful to treat over-
dosed patients. These adsorbents act to reduce systemic absorption (if recently
taken) and to hasten drug removal from the body.

REVIEW

Active transport
Blood-brain barrier
Capacity-limited transport
Capillary membranes
Carrier-mediated transport
Charcoal

Cholestyramine
Concentrating transporters
Diffusion

Drug overdose

Drug permeation

Efflux transporter
Equilibrating transporters
Extravasation

Facilitated transport
Hydrophilic

Hydrophobic

Influx (uptake) transporter
Ionization

Lipophilic

Lipophobic

Membranes
n-Octanol/water partition coefficient
Paracellular permeation
Partition coefficient
Passive diffusion

Passive facilitated diffusion
Perfusion rate-limited
Permeability

Permeability rate-limited
P-glycoprotein

pH partition hypothesis
Protein binding
Transcellular permeation
Transporter

Transport maximum
Unbound drug

STUDY PROBLEMS

1. Which of the following statements is (are) correct?

I.

II.

III.

Cell membranes comprise a hydrophilic interior and lipid exterior with globu-
lar proteins protruding from the surface.

In vivo, membranes within the liver always limit the rate of movement of mol-
ecules from blood to the interior of hepatic cells.

The rate of passive diffusion of a molecule across a membrane is directly
proportional to the difference in its concentrations on the two sides of the
membrane.

A. Tonly E. Tand III
B. II only F. Il and III
C. III only G. All
D.Tand I H. None

2. Which of the following statements apply (ies) to active transport?

I.
II.

III.

Active transport exhibits concentration dependence.

Equilibrium of compound across the membrane is achieved when the concen-
trations of the diffusing species on both sides of the membrane are equal.
Active transport requires energy.

A. Tonly E. Tand Il

B. II only F. Il and III

C. III only G. All

D.Tand I H. None
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4.

. Rank, from high to low, the expected order of decreasing resistance of the follow-

ing membranes to permeation of a compound.

a. Cerebral capillary

b. Renal glomerulus

c. Muscle capillary

d. Intestinal epithelium

Which of the following statements accurately characterize(s) P-glycoprotein?

I. Ttis a glycoprotein found in the interior of cells in many parts of the body.

I1. It is typically an influx transporter for many drugs.

II1. Ttis an equilibrating (passive) transporter.

A. T only E. Iand III
B. Il only F. Il and III
C. III only G. Al
D.IandII H. None

. Which one of the following statements correctly describes the effect of pH on the

passive movement of drugs across intestinal membranes?
I. Lipophilic weak acids generally cross intestinal membranes faster at higher
than lower pH values.

II. At equilibrium in a system in which there is a pH gradient across a membrane,
the total concentration of a lipophilic weak acid is higher on the side with the
higher pH.

II1. For a given total concentration, a lipophilic weak base is expected to cross a
membrane more quickly at a pH below than at one above its pKa.

A. T only E. Iand III
B. I only F. Il and III
C. III only G. Al

D. IandII H. None

. Which of the following statements is (are) true?

I. When the surface area of a membrane is doubled, so is its permeability to a
drug.
II. Protein binding in the aqueous phases on either side of a membrane dimin-
ishes the permeability of the membrane to a drug.
IIT. The thinner a membrane, the higher is its expected permeability.

A. T only E. Iand III
B. I only F. Il and III
C. III only G. Al
D.IandII H. None

. Charcoal can be given to help detoxify a patient who has absorbed and overdosed

on some drugs, such as the active metabolite of the prodrug leflunomide. How

should the charcoal be administered to treat a patient who has overdosed several

hours before on leflunomide?

a. As a single 10-g intravenous dose.

b. As a single 50-g dose by nasogastric tube.

c. As a 50-g dose given repeatedly by the oral or nasogastric routes every 6 hours
until the patient has adequately responded or too many doses have been given.

d. It should not be given for this drug.

e. As a single 50-g dose by the oral route.

. Briefly discuss the meaning of the following properties and how they are commonly

assessed: hydrophilic, hydrophobic, lipophilic, and lipophobic.
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9.

10.

State how transporters are involved in the systemic absorption, distribution, and

elimination of drugs, and give an example of each.

For each of the following statements, indicate whether it is true or false. If false or

ambiguous, provide an explanation for why it is so.

a. The difference between equilibrating and concentrating transporters is that drug
only reaches equilibrium across a membrane in the case of the former kind of
transporter.

b. When the initial rate of distribution of a drug into a tissue fails to increase with
an increase in the rate of blood perfusion, the distribution to that tissue is said to
be permeability-rate limited.

c. All other factors being the same, absorption from solution within a given region
of the small intestine where the pH is 6.4 is expected to be faster for a weak acid
with a pK, of 10.0 than for a weak base with a pK, of 10.0.






Quantifying Events Following

an Intravenous Bolus

OBJECTIVES

The reader will be able to:

e Define the meaning of the key terms listed in the Key Term Review at the end of the chapter.

e Explain why plasma concentration often tends to fall exponentially following an IV bolus dose of
drug.

e Calculate the elimination rate constant when the half-life is known, and vice versa.

e Explain why clearance is additive and how hepatic clearance is usually measured.

e Estimate from plasma and urine data after an intravenous dose of a drug: half-life, elimination rate
constant, volume of distribution, total clearance, fraction excreted unchanged, and renal clearance.

e (Calculate the concentration of drug in the plasma and the amount of drug in the body with time after
an intravenous dose, given values for the pertinent pharmacokinetic parameters.

e Explain the statement “Half-life, and elimination rate constant, depend upon clearance and volume
of distribution, and not vice versa.”

e Discuss the kinetic consequences of it often taking some time to establish distribution equilibrium
between drug in plasma with that in tissues.

ntravascular administration ensures that the entire dose of a drug enters the

systemic circulation. By rapid injection, elevated concentrations of drug can be
promptly achieved; by infusion at a controlled rate, a constant concentration, and
often response, can be maintained. With no other route of administration can plasma
concentration be as promptly and efficiently controlled. Intra-arterial administration
is used less frequently than intravenous (IV) administration because it has greater
inherent manipulative dangers. It is generally reserved for situations in which a higher
exposure in a specific tissue, relative to others, is desired and is achieved by injecting
drug into the artery directly perfusing the target tissue.

The disposition characteristics of a drug are defined by analyzing the temporal
changes of drug in plasma and urine following IV administration. How this informa-
tion is obtained after rapid injection of a drug is the topic of this chapter. The under-
lying processes controlling or determining distribution and elimination form the basis
of Chapter 6.
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APPRECIATION OF KINETIC CONCEPTS

In the last topic of Chapter 3, we considered the impact that various shapes of the
exposure profile after an oral dose may have on the clinical utility of a drug. Figs. 5-1
and 5-2 provide a similar set of exposure-time profiles except that the drugs are now
given as an IV bolus.

Several methods are used for graphically displaying plasma concentration—time
data. One common method that has been mostly used in the preceding chapters, and
shown on the left-hand side of Figs. 5-1 and 5-2, is to plot concentration against time.
Depicted in this way, the plasma concentration is seen to fall in a curvilinear man-
ner. Another method of display is a semilogarithmic plot of the same data (right-hand
graphs in Figs. 5-1 and 5-2). The time scale is the same as before, but now the ordinate
(concentration) scale is logarithmic. Notice now that all the profiles decline linearly
and, being straight lines, it is much easier in many ways to predict the concentration at
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FIGURE 5-1 Drugs A (black circle) and B (colored circle) show the same initial (peak) exposure, but have
different half-lives and total exposure-time profiles (AUC). Regular (cartesian) plot (/eft). Semilogarithmic plot
(right). Doses of both drugs are the same.
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FIGURE 5-2 Drugs C (black circle) and D (colored circle) have the same half-life but different initial and total
exposure-time (AUC) profiles. Regular (cartesian) plot (/eft). Semilogarithmic plot (right). Doses of both drugs
are the same.
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any time. But why do we get a linear decline with time when plotting the concentra-
tion data on a semilogarithmic scale, and what determines the large differences seen
in the profiles of the four drugs?

Volume of Distribution and Clearance

To start to answer these questions, consider the simple scheme depicted in Fig. 5-3.
Here, the drug is placed in a well-stirred reservoir with its contents continuously re-
circulated through an extractor that removes some drug on each passage through it.
The scheme applies to a person as well, in which case the reservoir is the body and
the extractor is the liver or kidneys. The drug concentrations in the reservoir, C, and
that coming out of the extractor, C,,, can be measured. The initial concentration in
the reservoir, C(0), depends on the amount introduced, Dose, and the volume of the
reservoir, V. Therefore,
Dose

c) = Eq. 5-1

Fluid passes through the extractor at a flow rate, @. With the concentration of drug
entering the extractor being the same as that in the reservoir, C, it follows that the rate
of input into the extractor is @ - C. Of the drug entering the extractor, a fraction, E,
is extracted (by elimination processes) on each passage through the extractor, never
to return to the reservoir. The corresponding rate of drug leaving the extractor and
returning to the reservoir is therefore @ - C,,, which is less than the rate of entry. The
rate of elimination (or rate of extraction) is then:

Rate of elimination = Q- C-E = Q(C - C,,) Eq. 5-2
from which it follows that the extraction ratio, E, of the drug by the extractor is
given by:

E = Q'(C - Cout) _ (C - Cout) Eq. 5-3
Q-C C

Thus, we see that the extraction ratio can be determined experimentally by measuring
the concentrations entering and leaving the extractor and normalizing the difference
between them by the entering concentration.

Reservoir

C= Amount
Volume

FIGURE 5-3 Schematic diagram of a
perfused organ system. Drug is placed
into a well-stirred reservoir, volume V,
from which fluid perfuses an extractor at
flow rate Q. A fraction of that presented
to the extractor, E, is removed on each
passage through it; the remainder, 1 - £,
Q returns to the reservoir. C and G, are

m the concentrations of drug in the res-

c c ervoir (and entering the extractor) and
out leaving the extractor, respectively. For
modeling purposes, the amount of drug
in the extractor is negligible compared

Fraction extracted during with the amount of drug contained in
passage through extractor, E the reservoir.
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Conceptually, it is useful to relate the rate of elimination to the measured concen-
tration. This parameter is called clearance, CL. Therefore,

Rate of elimination = CL-C Eq. 5-4

Note that the units of clearance are those of flow, which can be expressed in milliliters
per minute (mL/min) or liters per hour (I/hr). This conclusion follows because rate of
elimination is expressed in units of mass per unit time, such as pg/min or mg/hr, and
concentration is expressed in units of mass per unit volume, such as ng/L or mg/L.

An important relationship is also obtained by comparing the equalities in Equa-
tions 5-2 and 54, yielding

CL=Q-E Eq. 5-5

This equation provides a physical interpretation of clearance. Namely, clearance is the
volume of the fluid presented to the eliminating organ (extractor) that is effectively
completely cleared of drug per unit time. For example, if @ = 1 /min and £ = 0.5, then
effectively 500 mL of the fluid entering the extractor from the reservoir is completely
cleared of drug each minute. Also, it is seen that in the case of a perfect extractor
(E =1), CL equals @, and the rate of extraction (CL - C) is equal to, and cannot exceed,
the rate of delivery (@ - C). Under these circumstances, clearance is limited by, and
therefore sensitive to, flow to the extractor.

Two very useful parameters in pharmacokinetics have now been introduced,
volume of distribution (volume of the reservoir in this example) and clearance
(the parameter relating rate of elimination to the concentration in the systemic [res-
ervoir]| circulation). The first parameter predicts the plasma concentration for a given
amount in the body. The second provides an estimate of the rate of elimination at any
concentration.

First-Order Elimination

The question that remains is: How quickly does drug decline from the reservoir? This
may be answered by considering the rate of elimination (CL - C) relative to the amount
present in the reservoir (A), a ratio commonly referred to as the fractional rate of
elimination, k

Rate of elimination =~ CL-C _ CL-C

k = = = Eq. 5-6
Amount in the reservoir A vV.-C
or
CL
k= Eq. 5-7
1%

This important relationship shows that k depends on clearance and the volume of the
reservoir, two independent parameters. Note also that the units of k are reciprocal
time. For example, if the clearance of the drug is 1 L/hr and the volume of the reser-
voir is 10 L, then k = 0.1/hr or, expressed in percentage, 10%/hr. That is, 10% of that in
the reservoir is eliminated each hour. When expressing k, it is helpful to choose time
units so that the value of k is much less than 1. For example, if instead of hours we
had chosen days as the unit of time, then the value of clearance would be 24 L/day,
and therefore k = 2.4/day, implying that the fractional rate of elimination is 240%/day,
a number that is misleading.

To further appreciate the meaning of k, consider the data in Table 5-1, which
shows the loss of drug in the reservoir with time when k = 0.1/hr. Starting with 100
mg, in 1 hour 10% has been eliminated, so that 90 mg remains. In the next hour, 10% of
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TABLE 5-1 | Amount Remaining in the Reservoir Over a 5-Hour Period

(After Introduction of a 100-mg Dose of a Drug With an Elimination
Rate Constant of 0.1 /hr)

Amount Remaining in Reservoir

Time Interval (hr) Amount Lost During Interval (mg) at the End of the Interval (mg)?
0 — 100

0-1 10 90.0

1-2 9 81.0

2-3 8.1 72.9

3-4 73 65.6

4-5 6.36 59.0

4If the time unit of k had been made smaller than hours, the amount lost (hence remaining in the reservoir) with time would
be slightly different. This is because in this calculation, the assumption is made that the loss occurs at the initial rate through-
out the interval, when in reality it falls exponentially. In the limiting case, the fraction remaining at time ¢t is e % (Equation
5-10), which in the above example is 60.63% at 5 hr.

90 mg, or 9 mg, is eliminated, leaving 81 mg remaining at 2 hours, and so on. Although
this method illustrates the application of k in determining the time course of drug
elimination, and hence drug remaining in the body, it is rather laborious and has some
error associated with it. A simpler and more accurate way of calculating these values
at any time is used (see Fraction of Dose Remaining below).

Considering further the rate of elimination, there are two ways of determining it
experimentally. One method mentioned previously is to measure the rates entering
and leaving the eliminating organ, although in practice this is inherently difficult. The
other method is to determine the rate of loss of drug from the reservoir, since the only
reason for the loss from the system is elimination in the extractor. Hence, by reference
to Equation 5-6, it follows that

Rate of elimination = —% =k-A Eq. 58
where —dA is the small amount of drug lost (hence the negative sign) from the reser-
voir during a small interval of time di. Processes, such as those represented by Equa-
tion 5-8, in which the rate of the process is directly proportional to the amount present,
are known as first-order processes in that the rate varies in direct proportion to the
amount there raised to the power of one (A! = A). For this reason, the parameter k is
frequently called the first-order elimination rate constant. Then, substituting A =
V. C on both sides of Equation 5-8, and dividing by V gives:

ac
-——=k-C Eq. 5-9
dt
which, on integration, yields:
C=C(0)-e*! Eq. 5-10

where e is the natural base with a value of 2.71828. Equation 5-10 is known as a mono-
exponential equation in that it involves a single exponential term. Examination
of this equation shows that it has the right properties. At time zero, e*! = ¢ = 1, so
that C = C(0) and, as time approaches infinity, e approaches zero and so, therefore,
does concentration. Equation 5-10 describes the curvilinear plots in Figs. 5-1 and 5-2.
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To see why such curves become linear when reservoir concentration is plotted on a
logarithmic scale, take the logarithms of both sides of Equation 5-10.

InC=InC0)-k-t Eq. 5-11

where In is the natural logarithm. Thus, we see from Equation 5-11 that In C'is a linear
function of time with a slope of -k, as indeed observed in Figs. 5-1 and 5-2. Moreover,
the slope of the line determines how fast the concentration declines, which in turn is
governed by V and CL, independent parameters. The larger the elimination rate con-
stant k, the more rapid is drug elimination.

Half-Life

Commonly, the kinetics of a drug is characterized by a half-life (¢,,), the time for the
concentration (and amount in the reservoir) to fall by one half, rather than by an elim-
ination rate constant. These two parameters are of course interrelated. This is seen
from Equation 5-10. In one half-life, C = 0.5 x C(0); therefore,

0.5 x C(0) = C(0)- e+t Eq. 5-12
or
e =05 Eq. 5-13

which, on inverting and taking logarithms on both sides, gives
In(2)

lyp = T Eq. 5-14
Further, given that In (2) = 0.693,
0.693
lyp = —— Eq. 5-15
k
or, on substituting CL/V for k, leads to another very important equation
0.693-V
12 = CL Eq. 5-16

From Equation 5-16, it should be evident that half-life is controlled by and directly
proportional to V and inversely proportional to CL.

To appreciate the application of Equation 5-16, consider creatinine, a product of
muscle catabolism and used to assess renal function. For a 70-kg, 20-year-old male pa-
tient, creatinine has a clearance of 7.2 L/hr and is evenly distributed throughout the
42 L of total body water. As expected by calculation using Equation 5-16, its half-life is
4 hours. Inulin, a polysaccharide also used to assess renal function, has the same clear-
ance as creatinine in such a patient, but a half-life of only 1.5 hours. This compound is
too large (molecular weight is approximately 5000 g/mol) and polar to enter cells, and
consequently, it is restricted in its distribution to the 16 L of extracellular water; that is,
its “reservoir” size is smaller than that of creatinine, which explains its shorter half-life.

Fraction of Dose Remaining

Another view of the kinetics of drug elimination may be gained by examining how the
fraction of the dose remaining in the reservoir (A/Dose) varies with time. By reference
to Equation 5-10, and multiplying both sides by V

A k-
Fraction of dose remaining = p Eq. 5-17
Dose
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Sometimes, it is useful to express time relative to the half-life of the drug. The benefit
in doing so is seen by letting n be the number of half-lives elapsed after a bolus dose
(n = t/ty). Then, as k = 0.693/t,,, one obtains

Fraction of dose remaining = ¢™*'¢ = ¢0-6%n Eq. 5-18

Since e %% = 1% it follows that

n
Fraction of dose remaining = ( % ) Eq. 5-19

Thus, %2 or 50% of the dose remains after 1 half-life, and %4 (V2 x ¥2) or 256% remains after 2
half-lives, and so on. Satisfy yourself that by 4 half-lives only 6.25% of the dose remains
to be eliminated. You might also prove to yourself that 10% remains at 3.32 half-lives.

If one uses 10% as a value for the percent remaining when the drug has been es-
sentially eliminated, then 3.32 half-lives is the time. Some prefer a more conservative
value and use 5 half-lives as the time to practically eliminate a drug. For a drug like es-
molol (used in patients during surgery to prevent or treat tachycardia), with a 9-minute
half-life, 5 half-lives is close to 45 minutes, whereas for a drug like dutasteride (used
to treat benign prostatic hyperplasia), with a 5-week half-life, the corresponding time
is nearly 6 months. Because of the long half-life and the effects of dutasteride on the
formation of the potent androgen dihydrotestosterone, patients are told not to donate
blood for at least 6 months after discontinuing therapy with this drug.

Clearance, Area, and Volume of Distribution

We are now in a position to fully explain the different curves seen in Figs. 5-1 and 5-2,
which were simulated applying the simple scheme in Fig. 5-3. Drugs A and B in Fig.
5-1A have the same initial (peak) concentration after administration of the same dose.
Therefore, they must have the same volume of distribution, V, which follows from
Equation 5-1. However, Drug A has a shorter half-life, and hence a larger value of k,
from which we conclude that, since k¥ = CL/V, it must have a higher clearance. The
lower total exposure (AUC) seen with Drug A follows from its higher clearance. This
is seen from Equation 5-4, repeated here,

Rate of elimination = CL-C
By rearranging this equation, it can be seen that during a small interval of time d¢
Amount eliminated in interval d¢ = CL- C- dt Eq. 5-20

where the product C - dt is the corresponding small area under the concentration—
time curve within the time interval dt. For example, if the clearance of a drug is 1 I/
min and the area under the curve between 60 and 61 minutes is 1 mg-min/L, then the
amount of drug eliminated in that minute is 1 mg. The total amount of drug eventually
eliminated, which for an IV bolus equals the dose administered, is assessed by adding
up or integrating the amounts eliminated in each time interval, from time zero to time
infinity, and therefore,

Dose = CL-AUC Eq. 5-21

where AUC is the total exposure. Thus, returning to the drugs depicted in Fig. 5-1,
since the clearance of Drug A is higher, its AUC must be lower than that of Drug B
for a given dose. On passing, it is worth noting that in practice once AUC is known,
clearance is readily calculated. Furthermore, if this is the only parameter of interest,
there is no need to know the half-life or volume of distribution to calculate clearance.
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Finally, Equation 5-21 is independent of the shape of the concentration-time profile.
The critical factor is to obtain a good estimate of AUC (See Appendix D).

Now consider the two drugs, C and D, in Fig. 5-2 in which, once again, the same
dose of drug was administered. From the regular plot, it is apparent that as the initial
concentration of Drug C is higher, it has a smaller V. And, as the total exposure (AUC)
of Drug C is the greater, it has the lower clearance. However, from the semilogarithmic
plot, it is apparent that because the slopes of the two lines are parallel, they must have
the same value of the elimination rate constant, k¥ (Equation 5-11), and hence the same
value of half-life (Equation 5-15). These equalities can arise only because the ratio
CL/V is the same for both drugs. The lesson is clear: The important determinants of
the kinetics of a drug following an IV bolus dose are clearance and volume of dis-
tribution. These parameters determine the secondary parameters, k and ¢, and the
resultant kinetic process.

A CASE STUDY

In reality, the body is more complex than depicted in the simple reservoir model. The
body comprises many different types of tissues and organs. The eliminating organs,
such as the liver and kidneys, are much more complex than a simple extractor. To
gain a better appreciation of how drugs are handled by the body, consider the data in
Fig. 5-4 showing the decline in the plasma concentration of diazepam displayed as both
regular and semilogarithmic plots, following a 10-mg IV bolus dose to a young male
adult. This drug is administered intravenously for the treatment of muscle spasms.
As expected, the decline in concentration displayed on the regular plot is curvilinear.
However, contrary to the expectation of the simple reservoir model of a monoexpo-
nential decline, the decline in the semilogarithmic plot is clearly biphasic, a phase with
arapid decline followed by one with a slower decline, with the rapid phase lasting for
about 1 hour. The early phase is commonly called the distribution phase, and the
latter the terminal or elimination phase.
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FIGURE 5-4 A. Plasma concentration of diazepam with time after a 10-mg IV bolus dose of diazepam in a
young male adult. B. The data in (A) are redisplayed as a semilogarithmic plot. Note the short distribution phase
and that the time taken for the concentration to decrease from 20 pg/L to 10 pg/L (colored lines), the half-life, is
about 22 hours. (Figure adapted from the data of Greenblatt DJ, Allen MD, Harmatz JS, et al. Diazepam disposi-
tion determinants. Clin Pharmacol Ther 1980;27:301-312.)
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Distribution Phase

The distribution phase is so called because distribution into tissues primarily deter-
mines the early rapid decline in plasma concentration. For diazepam, distribution is
rapid and occurs significantly even by the time of the first measurement in Fig. 5-4,
15 minutes. This must be so because the amount of diazepam in plasma at this time
is only 1.2 mg. This value is calculated by multiplying the plasma concentration
at 15 minutes, 0.40 mg/L, by the physical volume of the plasma, 3 L, in an average
adult. The majority, 8.8 mg or 88% of the total (10 mg) dose, must have already left
the plasma and been distributed into other tissues. An initial dilution space of
approximately 25 L (10 mg/0.4 mg/L) is needed to account for the initial concen-
tration. Among the tissues that account for this space are the well-perfused liver
and kidneys, which also eliminate drug from the body. However, although some
drug is eliminated during the early moments, the fraction of the administered dose
eliminated during the distribution phase is small for diazepam, and for many other
drugs. This statement is based on exposure considerations and is discussed more
fully later in this chapter. Nonetheless, because both distribution and elimination
are occurring simultaneously, it is appropriate to apply the term disposition kinet-
ics when characterizing the entire plasma concentration—time profile following an
IV bolus dose.

Terminal Phase

During the distribution phase, changes in the concentration of drug in plasma reflect
primarily movement of drug within, rather than loss from, the body. However, with
time, distribution equilibrium of drug in tissue with that in plasma is established in
more and more tissues, and eventually, changes in plasma concentration reflect a pro-
portional change in the concentrations of drug in all other tissues and therefore in the
amount of drug in the body. During this proportionality phase, the body acts kineti-
cally as a single container or compartment, much like in the reservoir model. Because
decline of the plasma concentration is now associated solely with elimination of drug
from the body, this phase is often called the elimination phase, and parameters asso-
ciated with it, such as k and #,,, are called the elimination rate constant and elimi-
nation half-life.

Elimination Half-Life

The elimination half-life, also called the terminal half-life as it is the half-life of the
terminal phase, is the time taken for the plasma concentration, as well as the amount
of the drug in the body, to fall by one-half. The terminal half-life of diazepam deter-
mined by the time taken to fall from 20 to 10 pg/L, for example, is 0.9 days, or 22 hours
for this subject (Fig. 5-4B). This is the same time that it takes for the concentration to
fall from 10 to 5 pg/L. In other words, the elimination half-life of diazepam is indepen-
dent of the amount of drug in the body. It follows, therefore, that less drug is elimi-
nated in each succeeding half-life. Initially, there is 10 mg, the dose, in the body. After
1 half-life (22 hours), 5 mg remains in the body, assuming that distribution equilibrium
was virtually spontaneous (a reasonable approximation in the case of diazepam be-
cause distribution is so much faster than elimination). After 2 half-lives (44 hours),
2.5 mg remains, and after 3 half-lives (66 hours, or 2.7 days), 1.256 mg remains. For
practical purposes, all of the drug (97%) may be regarded as having been eliminated
by b5 half-lives (4.5 days).
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Clearance

This parameter is obtained by calculating total exposure, since CL = Dose/AUC.
For diazepam, total AUC in this subject is 6.60 mg-hr/L, and so CL =10 mg/6.60 mg-
hr/L, or 1.5 L/hr. That is, 1.5 L of plasma is effectively cleared completely of drug
each hour.

Volume of Distribution

The concentration in plasma achieved after distribution is complete is a function of
dose and extent of distribution of drug into the tissues. This extent of distribution
can be determined by relating the concentration obtained with a known amount of
drug in the body. This is analogous to the determination of the volume of the res-
ervoir in Fig. 5-3 by dividing the amount of compound added to it by the resultant
concentration after thorough mixing. The volume measured is, in effect, a dilution
space but, unlike the reservoir, this volume is not a physical space but rather an
apparent one.

The apparent volume into which a drug distributes in the body at equilibrium is
called the (apparent) volume of distribution. Plasma, rather than blood, is usually
measured. Consequently, the volume of distribution, V, is the volume of plasma at the
drug concentration, C, required to account for all drug in the body at equilibrium, A.

A
V=—
CQ ] Eq. 5-22
£ . . 5-
Volume of distribution = ount o g in body

Plasma drug concentration

Volume of distribution is useful in estimating the dose required to achieve a given
plasma concentration or, conversely, in estimating the amount of drug in the body
when the plasma concentration is known.

Calculation of volume of distribution requires that distribution equilibrium be
achieved between drug in tissues and that in plasma. The amount of drug in the body
is known immediately after an IV bolus; it is the dose administered. However, distribu-
tion equilibrium has not yet been achieved, so, unlike the reservoir model we cannot
use, with any confidence, the concentration obtained by extrapolating to zero time to
obtain an estimate of V. To overcome this problem, use is made of a previously derived
important relationship k¥ = CL/V, which on rearrangement gives

CL

V= i Eq. 5-23
or, since k = 0.693/t,,, and the reciprocal of 0.693 is 1.44
V=144-CL-t, Eq.5-24

So, although half-life is known, we need an estimate of clearance to estimate V. Substi-
tuting CL = 1.5 L/hr and ¢, = 22 hours into Equation 5-24 gives a value for the volume
of distribution of diazepam in the subject of 48 L.

Volume of distribution is a direct measure of the extent of distribution. It rarely,
however, corresponds to a physical volume (values for a 70-kg adult), such as plasma
volume (3 L), extracellular water (16 L), or total body water (42 L). Drug distribution
may be to any one or a combination of tissues and fluids of the body. Furthermore,
binding to tissue components may be so great that the volume of distribution is many
times the total body size.

To appreciate the effect of tissue binding, consider the distribution of 100 mg of a
drug in a 1-L system composed of water and 10 g of activated charcoal, and where 99%
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of drug is adsorbed onto the charcoal. When the charcoal has settled, the concentra-
tion of drug in the aqueous phase would be 1 mg/L; thus, 100 L of the aqueous phase, a
volume 100 times greater than that of the entire system, would be required to account
for the entire amount in the system.

Clearance and Elimination

Knowing clearance allows calculation of the rate of elimination for any plasma con-
centration. Using Equation 5-4, since CL = 1.5 L/hr, the rate of elimination of diazepam
from the body is 0.15 mg/hr at a plasma concentration of 0.1 mg/L (100 pg/L). One can
also calculate the amount eliminated during any time interval, as illustrated in Fig. 5-5.
Thus, it follows from Equation 5-20 that multiplying the area up to a given time [AUC(0,
t)] by clearance gives the amount of drug that has been eliminated up to that time.

Alternatively, when the area is expressed as a fraction of the total AUC, one obtains
the fraction of the dose eliminated. The fraction of the total area beyond a given time is
a measure of the fraction of dose remaining to be eliminated. For example, in the case
of diazepam, by the end of day 1 the area is 53% of the total AUC. Therefore, 53% of the
administered 10-mg dose, or 5.3 mg, has been eliminated from the body; 4.7 mg has yet
to be eliminated.

Distribution and Elimination: Competing Processes

Plasma Diazepam
Concentration, pg/L

Previously, it was stated that little diazepam is eliminated before the attainment of
distribution equilibrium. This conclusion is based on the finding that the area under
the concentration—-time profile during the distribution phase (up to 6 hours; see Fig.
5-4B) represents only a small fraction of the total AUC, and hence a small fraction of
the total amount eliminated. This occurs because the speed of tissue distribution of
this and many other drugs is much faster than that of elimination. These competing
events of distribution and elimination, which determine the disposition kinetics of a
drug, are shown schematically in Fig. 5-6. Here, the body is portrayed as a compart-
mental model, comprising two body pools, or compartments, with exchange of drug
between them and with elimination from the first pool. One can think of the blood,

400
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100 FIGURE 5-5 A linear plot of the same
plasma concentration-time data for diaze-
pam as displayed in Fig. 5-4A. The area up
to 1 day is 53% of the total AUC, indicat-
0 ing that 53% of the dose administered has

ol ol ! been eliminated by then. The area beyond
0 1 2 3 4 5 6 day represents the 47% of the adminis-
Days tered drug remaining to be eliminated.
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liver, kidneys, and other well-perfused organs into which drug equilibrates rapidly as
being part of this central pool where elimination and input of drug occurs, and one
can think of the more slowly equilibrating poorly perfused tissues, such as muscle
and fat, as the other pool. The size of each arrow represents the speed of the process;
the larger the arrow, the faster the process. Two scenarios are depicted. The first,
and the most common, scenario, depicted in Fig. 5-6A, is one in which distribution is
much faster than elimination. Displayed is a semilogarithmic plot of the fraction of an
IV bolus dose within each of the pools, as well as the sum of the two (total fraction
remaining in the body), as a function of time. Notice that, as with diazepam, a biphasic
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FIGURE 5-6 The events occurring within the body after an IV bolus dose are the result of interplay between
the kinetics of distribution and elimination. Distribution is depicted here (fop of figure) as an exchange of drug
between a central pool (comprising blood and rapidly equilibrating tissues, including the eliminating organs, liver
and kidneys) and a pool containing the more slowly equilibrating tissues, such as muscle and fat. Because of
distribution kinetics, a biexponential decline is seen in the semilogarithmic plot of drug in the central pool (and
hence plasma).

Two scenarios are considered. The first (A, /eft side) is one in which distribution is much faster than elimina-
tion, shown by large arrows for distribution and a small one for elimination. Distribution occurs so rapidly (seen
as large colored arrows) that little drug is lost before distribution equilibrium is achieved, when drug in the slowly
equilibrating pool parallels that in the central pool, as is clearly evident in the semilogarithmic plot of events with
time. Most drug elimination occurs during the terminal phase of the drug; this is seen in the linear plot of percent
of dose eliminated with time. In the second scenario (B, right side), distribution (small arrows) is much slower
than elimination (farge colored arrow). Then, because of distribution kinetics, a biexponential decline from the
central pool is still evident, but most of the drug has been eliminated before reaching the terminal phase when
distribution equilibration has been achieved. In this scenario, the phase associated with the majority of elimina-
tion is the first phase, and not the terminal exponential phase.
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FIGURE 5-7 Semilogarithmic (A, to 24 hours) and linear (B, to 6 hours as noted in A) plots of the decline in
the mean concentration of anakinra after the intravenous administration of a bolus of 82 mg in healthy sub-
jects. Notice that, although a multiexponential decline is seen in the semilogarithmic plot with a terminal phase
reached soon after 6 hours (indicated by arrow), based on analysis of the linear plot, essentially all the area, and
hence elimination, have occurred before reaching the terminal phase. This is a result of elimination being much
faster than tissue distribution. (Redraw from data in Yang B-B, Baughman S, Sullivan JT, Pharmacokinetics of
anakinra in subjects with different levels of renal function. Clin Pharmacol Ther 2003;74:85-94.)

curve is seen and that little drug is eliminated from the body before distribution equi-
librium is achieved; thereafter, during the terminal phase, drug in the two pools is in
a pseudoequilibrium, and the only reason for the subsequent decline is elimination of
drug from the body. The decline (half-life) of drug in plasma then reflects the decline
of the total amount of drug in the body.

Next, consider the situation, albeit less common, depicted in Fig. 5-6B. Here, dis-
tribution of drug between the two pools is slow, and elimination from the central pool
is rapid. Once again, a biphasic curve is seen. Also, during the terminal phase, at which
time distribution equilibrium has been achieved between the two pools, the only rea-
son for decline is, again, elimination of drug from the body, and events in plasma
reflect the decline in the rest of the body. There the similarity ends. Now, most of the
drug has been eliminated from the body before distribution equilibrium is achieved,
so there is little drug left to be eliminated during the terminal phase, and the amount
in the peripheral compartment, although small, is much greater than that in the central
compartment. An example of this latter situation is shown in Fig. 5-7 for anakinra, a
drug used to treat rheumatoid arthritis. This protein (17,258 g/mol) is rapidly cleared
from the body by the kidneys and permeates very slowly into many cells of the body.
Most of an intravenous dose of this protein drug is eliminated before distribution equi-
librium is reached. Hence, with respect to drug elimination, it is the first phase and not
the terminal phase that predominates. In conclusion, assigning the terminal phase to
be the elimination phase during which the majority of elimination occurs is generally
reasonable and, unless mentioned otherwise, is assumed to be the case for the rest of
this book. However, keep in mind, there are exceptions.

PATHWAYS OF ELIMINATION

The aminoglycoside antibiotic gentamicin is almost totally excreted unchanged in
urine. Other drugs are extensively metabolized usually within the liver with little re-
nally excreted. Knowing the relative proportions eliminated by each pathway is im-
portant as it helps to predict the sensitivity of clearance of a given drug in patients
with diseases of these organs, or who are concurrently receiving other drugs that
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affect these pathways, particularly metabolism. Of the two, renal excretion and he-
patic metabolism, the former is much the easier to quantify, achieved by collecting
unchanged drug in urine; there is no comparable method for determining the rate of
hepatic metabolism.

Renal Excretion as a Fraction of Total Elimination

The fraction excreted unchanged in the urine after a single IV dose, fe, is an import-
ant pharmacokinetic parameter. It is a quantitative measure of the contribution of re-
nal excretion to overall drug elimination. Knowing fe aids in establishing appropriate
modifications in the usual dosage regimen of a drug for patients with varying degrees
of renal function. Among drugs, the value of fe lies between 0 and 1.0. When the value
is low, which is common for many highly lipophilic drugs that are extensively metab-
olized, excretion is a minor pathway of drug elimination. Occasionally, as in the case
of gentamicin and the B-adrenergic blocking agent atenolol used to lower blood pres-
sure, renal excretion is virtually the sole route of elimination, in which case the value
of fe is close to 1.0. By definition, the complement, 1 — fe, is the fraction of the IV dose
that is eliminated by other mechanisms, usually hepatic metabolism.

An estimate of fe is most readily obtained from cumulative urinary excretion data
following IV administration of a single dose, since, by definition,
_ Total amount excreted unchanged

fe = Dose
In practice, care should be taken to ensure that all of the excreted urine is collected,
that is, over a sufficient period of time (usually 4-5 half-lives) so that a good estimate
of total amount excreted unchanged is obtained. This does make it particularly de-
manding for drugs with long half-lives.

Eq. 5-25

Additivity of Clearance

The clearance of a drug by one organ adds to clearance by another. This is a conse-
quence of the anatomy of the circulatory system. Consider, for example, a drug that is
eliminated only by renal excretion and hepatic metabolism. Then,

Rate of elimination = Rate of renal excretion + Rate of hepatic metabolism Eq. 5-26

Dividing the rate of removal associated with each process by the incoming drug con-
centration (blood or plasma), which for both organs is the same (C), gives the clear-
ance associated with that process:
Rate of elimination _ Rate of renal excretion N Rate of hepatic metabolism Eq. 5-27

C C C
Analogous to total clearance, renal clearance (CLy) is defined as the proportionality
term between urinary excretion rate of unchanged drug and plasma concentration.
Similarly, hepatic clearance (CLy) is the proportionality term between rate of hepatic
metabolism and plasma concentration. Therefore,

CL = CLy + CLy
Total clearance Renal clearance Hepatic clearance

Eq. 5-28

Recall, total clearance is determined from the total exposure following an IV dose
(Equation 5-21). Renal clearance can be determined experimentally from urinary ex-
cretion data and total clearance. This is readily seen by noting that fe is the ratio of
renal to total clearance, so that,

Renal clearance = fe- CL Eq. 5-29
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In contrast, rate and extent of metabolism can rarely be measured directly, but by tak-
ing advantage of the additivity of clearance, hepatic clearance (nonrenal clearance if
there are other eliminating organs) is readily estimated as the difference between total
and renal clearance, that is: CLy = (1 - fe) - CL.

HALF-LIFE, CLEARANCE, AND DISTRIBUTION

Fig. 5-8 summarizes the half-lives of a variety of prescribed drugs for various combi-
nations of clearance and volume of distribution in adults. One striking feature is the
enormous range of values for all three parameters with half-lives of 0.2 to 1000 hours,
volumes of distribution ranging 2000-fold, from 3 to 7000 L, and clearance values from
0.01 to close to 100 L/hr, a 10,000-fold range. Even so, note that there are many drugs
with half-lives of a similar value, such as 10 hours. This similarity arises because de-
spite differences in clearance and volume of distribution, their ratio is almost the
same. To appreciate the reason for these very wide ranges in clearance and volume of
distribution, and also the factors likely to influence them, we need to examine more
closely the processes involved, the subject of Chapter 6, where we first consider dis-
tribution and then elimination.
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FIGURE 5-8 Clearance (ordinate) and volume of distribution (abscissa) of selected acidic (b/ack circle) and ba-
sic (colored names), as well as protein (black triangle), drugs vary widely. Diagonal lines on the fully logarithmic
plot show the combinations of clearance and volume values with the same half-lives (hours). Note that drugs
with very low clearance and very large volumes (lower right-hand quadrant) are uncommon; their half-lives are
often too long for these drugs to be used practically in drug therapy. Note also that large protein drugs have
volumes of distribution close to plasma volume (3 L) and that basic compounds tend to have larger volumes of
distribution than acids. Digoxin and dutasteride are neutral compounds, while amphotericin B is both a weak
acid and a weak base.
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SUMMARY

Estimation of Disposition Parameters

Total clearance is estimated by dividing the administered IV dose by the total sys-
temic exposure-time profile (AUC).

Terminal half-life, and hence the elimination rate constant, are estimated from the
terminal linear slope of a semilogarithmic plot of the plasma concentration-time
profile.

Volume of distribution is calculated knowing clearance and terminal half-life.
Renal clearance is obtained from the product of the total fraction excreted in urine
unchanged and total clearance.

Total clearance is the sum of the clearances by eliminating organs.

Because the liver and kidneys are often the major organs of elimination, total clear-
ance is the sum of renal and hepatic clearances.

As total and renal clearances are readily measured, the difference between them is
nonrenal clearance, which can reflect elimination in several organs, but is usually
assumed to occur in the liver.

REVIEW

Clearance Half-life

Compartmental model Hepatic clearance
Disposition kinetics Initial volume of distribution
Distribution phase Loglinear decline
Elimination half-life Monoexponential equation
Elimination phase Renal clearance

Elimination rate constant Terminal half-life

Extraction ratio Terminal phase

First-order process Total clearance

Fractional rate of elimination Volume of distribution

Fraction excreted unchanged

KEY RELATIONSHIPS

_ Q'(C - Cout) _ (C - Cout)
Q-C c

E

Rate of elimination = CL - C

CL=Q-E
CL
k=—
\%4

Rate of elimination = —% =k-A

C=C(0)-e "

InC=InC0)-k-t
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- 0.693
1/2 L
_ 0.693-V
1/2 oL
. . k-t
Fraction of dose remaining = =e
Dose
Fraction of dose remaining = ( /2)
Dose = CL-AUC
A
V=—
C
o Amount of drug in body
Volume of distribution =
Plasma drug concentration
V=144-CL-t,
fo = Total amount excreted unchanged
Dose
CL = CLg + CLy
Total clearance Renal clearance Hepatic clearance

Renal clearance = fe- CL

STUDY PROBLEMS

1. Which of the statements below is (are) correct?

I. Drug A has a clearance that is twice as great as that of Drug B, but they
both have the same volume of distribution. Therefore, Drug A has the longer

half-life.

II. Drug A and Drug B have the same half-life, but very different volumes of distri-
bution. The AUC values of both drugs are expected, therefore, to be the same

when the same intravenous dose is given.

III. Drugs A and B have different clearance values and half-lives, so they cannot
have the same initial concentrations when given the same dose intravenously.

A. Tonly E. Iand III
B. Il only F. II and III
C. III only G. All

D. Tand I H. None

2. After an intravenous bolus of diazepam, the kinetics of the drug exhibits the char-
acteristics of a two-compartment model. Which of the following statements is (are)

correct for diazepam and other drugs showing this kinetic behavior?

I. Diazepam exhibits a rapid initial distribution phase followed by a slower elim-

ination phase.

II. The plasma concentration—time curve of diazepam can be simulated by the

sum of two exponential terms.
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IIT1. Diazepam shows an almost immediate equilibration of drug in plasma with
that in highly perfused tissues (central compartment) followed by a slower
distribution to other peripheral tissues (tissue compartment).

A. T only E. Iand III
B. I only F. Il and III
C. III only G. Al
D.IandII H. None

. Which one of the following statements below is correct for a drug whose dis-

position kinetics is described by a one-compartment model and a half-life of

10 hours?

a. The elimination rate constant (fractional rate of loss) of this drug is 0.00693/hr.

b. It takes 40 hours for 87.5% of an intravenous bolus dose to be eliminated from
the body.

c. The fraction of the dose remaining in the body at 20 hours following an intrave-
nous bolus dose is 0.125.

d. It takes twice as long to eliminate 37.5 mg following a 50-mg intravenous bolus
dose as it does to eliminate 50 mg after a 100-mg dose.

. Piroxicam, a nonsteroidal anti-inflammatory drug (NSAID), demonstrates first-

order elimination kinetics. It has a half-life of 48 hours in a specific male patient.
Roughly what percentage of an absorbed dose (absorption is finished in about
2 hours) would you expect to remain in the body of the patient 6 days after he took
a single 60-mg dose, instead of the usual 20-mg dose?

a.6.25% b.12.5% c¢.25% d.50% e.75%

. On Fig. 5-9, a semilogarithmic graph scaled to 24 hours, draw the time course of

each of the following two drugs as it would appear after an intravenous bolus dose.
Both drugs show one-compartment distribution characteristics and are given in a
dose of 10 mg.

Drug A: V=100 L; Half-life = 4 hours Drug B: V =500 L; Half-life = 12 hours

. When 2 mg of lorazepam, a drug used orally in the management of anxiety disorders

or for the short-term relief of the symptoms of anxiety or anxiety associated with
depressive symptoms, was administered intravenously as a bolus to a patient in a
clinical study, the following plasma concentration—time relationship was observed
during the terminal phase. The area under the curve associated with the distribution

y
[=]
o

10

Plasma Drug Concentration (ug/L)

FIGURE 5-9 Hours
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Plasma Theophylline Concentration (mg/L)

phase (first 2 hours) was small compared with the total area under the curve; there-
fore, a monoexponential model for the drug was deemed to be reasonable.

C =25-¢%%! (C in pg/L; t in hours)

Calculate the following values:

a. Volume of distribution

b. Elimination half-life

c. Total clearance

d. The plasma concentration 24 hours after a 4-mg dose.

7. The average clearance and volume of distribution of valproic acid, an antiepileptic

drug, in the adult patient population are 0.5 L/hr and 9 L, respectively.

a. Calculate the rate of elimination of valproic acid when the plasma concentration
is 30 mg/L.

b. Calculate the half-life of valproic acid.

c. What is the amount of valproic acid in the body at distribution equilibrium when
the plasma concentration is 60 mg/L?

d. What is the expected plasma concentration 12 hours after an intravenous 700-mg
dose of valproic acid (administered as the equivalent amount of the sodium salt)?

8. Fig. 5-10 shows a semilogarithmic plot of the plasma concentration—time profile of

theophylline, used in the treatment of chronic obstructive airways disease, follow-

ing a 500-mg intravenous bolus dose in a 70-kg patient. Notice that the decline is

biexponential, with the break in the curve between 30 minutes and 1 hour. Theoph-

ylline is 40% bound in plasma and freely passes across membranes and distributes

in all body water spaces. It is also extensively metabolized, with only 10% of the

dose excreted in the urine unchanged.

100
|
1@
[
)
e °®
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© ®
S 10 Py -
o
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N ‘_'
FIGURE 5-10 Semilogarithmic plot of the plasma
concentration-time profile of theophylline follow-
ing a 500-mg IV bolus dose in a 70-kg patient.
1 (From Mitenko PA, Ogilvie RI. Pharmacokinetics
0 2 4 6 8  of intravenous theophylline. Clin Pharmacol Ther

Hours 1973;14:509-513.)
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a. The total area under the plasma concentration—time profile of theophylline is
125 mg-hr/L. Calculate the total clearance of theophylline.

b. Is it appropriate to call the initial decline phase up to about 30 minutes the dis-
tribution phase, knowing that the AUC of theophylline up to that time is 13.1
mg-hr/L?

c. The plasma concentration at the first sampling time of 5 minutes is 33 mg/L.
What percentage of the dose has distributed out of the plasma by then? Also,
what tissues are most likely to be involved, and why?

. Calculate the renal clearance of theophylline.

. From the graph, estimate the half-life of theophylline.

Estimate the volume of distribution of theophylline.

. Determine the amount of theophylline remaining in the body 8 hours after a
500-mg intravenous dose.

9. Ascanbe seen from Fig. 5-8 of this chapter, the half-lives of diazepam, nortriptyline,

and warfarin are of a similar magnitude, around 30 hours.

a. From the respective values of clearance and volume of distribution of these
drugs obtained in Fig. 5-8 and listed in Table 5-2, plot on Fig. 5-11 the expected
plasma concentration—time profiles of these drugs for 14 days (336 hours) fol-
lowing a 10-mg intravenous dose of each, assuming that the decline can be well
characterized by a monoexponential equation.

b. Comment on the statement “half-life depends on clearance and volume of

0w 0o

distribution.”
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FIGURE 5-11 Hours

TABLE 5-2 | Estimated Pharmacokinetic Paramenters for Diazepam, Nortryptyline,

and Warfarin from data in Fig. 5-8

Drug Clearance (L/hr) Volume of Distribution (L) Half-life (hr)
Diazepam 1.6 80 35
Nortryptyline 30 1700 39

Warfarin 0.18 8 31
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TABLE 5-3 | Plasma Concentrations of Cocaine Base After a Single

IV Dose of 33 mg Cocaine Hydrochloride

Time (hr) 0.16 0.5 1.0 15 2 25 3.0
Concentration (ug/L) 170 122 74 45 28 17 10

10. The data given in Table 5-3 are the plasma concentrations of cocaine base as a
function of time after i.v. administration of 33 mg cocaine hydrochloride to a sub-
ject. (Molecular weight of cocaine hydrochloride = 340 g/mol; molecular weight of
cocaine = 303 g/mol.) (Adapted from Chow MJ, Ambre JJ, Ruo TI, et al. Kinetics of
cocaine distribution, elimination, and chronotropic effects. Clin Pharmacol Ther
1985;38:318-324.)

a. Prepare a semilogarithmic plot of plasma concentration versus time.

b. Estimate the half-life.

c. Estimate the total AUC of cocaine from the relationship AUC = C(0)/k, which is
obtained by integrating the exponential equation, C= C(0) - e™*

d. Calculate the clearance of cocaine.

e. Given that the body weight of the subject is 75 kg, calculate the volume of distri-
bution of cocaine in I/kg.






Physiologic and

Physicochemical
Determinants of Distribution
and Elimination

OBJECTIVES

The reader will be able to:

Describe the effects of a perfusion-rate limitation, a permeability-rate limitation, and the tissue-to-
blood equilibrium distribution ratio on the time required for drug distribution to the tissues.

Describe the relationship between volume of distribution of a drug and the size and affinity that it has
for the tissues involved in its distribution.

Describe the relationship between volume of distribution of a drug and its binding to constituents
in plasma and tissues.

Ascertain whether or not, for a given amount of drug in the body, the unbound plasma concentra-
tion is likely to be sensitive to variation in plasma protein binding when the volume of distribution is
known.

Calculate blood clearance when plasma clearance and plasma-to-blood concentration ratio are
known.

Calculate the extraction ratio of a drug across an eliminating organ given both blood clearance and
blood flow associated with that organ.

Describe what is meant by intrinsic hepatic clearance.

Ascertain from the value of an organ’s extraction ratio whether the clearance of a drug by that organ
is likely to be sensitive to changes in perfusion rate, cellular activity, or plasma protein binding.

Describe the role that biliary secretion can play in drug disposition.
Describe where filtration, secretion, and reabsorption of drugs occur within the nephron.

State the average values of hepatic blood flow, renal blood flow, and glomerular filtration rate in a
typical 20-year-old patient.

Given renal clearance and plasma protein binding data, determine whether a drug is predominately
reabsorbed from or secreted into the renal tubule.

Ascertain the relative contribution of the renal and hepatic routes to total elimination from total and
renal clearance values.

Define enterohepatic cycling of a drug and what is meant by enterohepatic cycling through a
metabolite.
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I n Chapter 5, we explored the kinetics of drug disposition, that is, the change in

the systemic exposure to a drug with time after its administration in an intrave-

nous bolus dose. In this chapter, we examine the physiologic and physicochemical
determinants of drug disposition.

WHY DOES DISTRIBUTION VARY SO WIDELY AMONG DRUGS?

In Chapter 5, we learned that the distribution of drugs varies widely. But why is this
the case? Recall that distribution refers to the reversible transfer of drug from one lo-
cation to another within the body. Definitive information on the distribution of a drug
requires its measurement in various tissues. Such data have been obtained in animals,
but for obvious reasons are lacking in humans, although there are some scattered data
from autopsy studies and from imaging with positron emitting labeled drugs, which
can be externally monitored. Much useful information on rate and extent of distribu-
tion in humans can be derived, however, from observations in blood or plasma alone.
This section explores distribution and its applications in drug therapy. It begins with
kinetic considerations and ends with equilibrium concepts.

Kinetics of Drug Distribution

Although it may have great viewer impact on TV and films to portray a person suc-
cumbing instantly to the deadly effects of an ingested drug or poison acting on the
heart, brain, or respiratory center, reality is different. Even if systemic absorption and
response at the target site were instantaneous—which they are not, as discussed in
Chapters 7 and 8—tissue distribution also takes time; it occurs at various rates and to
various extents, as illustrated by experimental data in Fig. 6-1. Several factors deter-
mine the distribution pattern of a drug with time. Included are delivery of drug to tis-
sues by blood, ability to cross tissue membranes, binding to constituents within blood
and tissues, and partitioning into fat. Tissue uptake from blood, commonly called
extravasation, continues toward equilibrium of the diffusible form of the drug (un-
ionized and not protein bound) between tissue and blood perfusing it. The kinetics of
distribution to a tissue can be controlled, or rate-limited, by either blood perfusion
(a delivery limitation) or tissue permeability (a membrane limitation), as discussed
qualitatively in Chapter 4. We now consider these issues more quantitatively.

1005

FIGURE 6-1 Semilogarithmic plot of the con-
centration (ug/g of tissue) of thiopental, a li-
pophilic drug in various tissues and plasma
(colored line) following an IV bolus dose of 25
mg/kg to a dog. Note the early rise and fall of
thiopental in a well-perfused tissue (liver), the
slower rise in muscle, a poorly perfused tissue,
and still slower rise in fat, a poorly perfused tis-
sue with a high affinity for thiopental. After 3
hours, much of the drug remaining in the body
is in adipose tissue. (Redrawn from Brodie BB,
Bernstein E, Mark L. The role of body fat in lim-
iting the duration of action of thiopental. J Phar-
macol Exp Ther 1953;105:421-426 © Williams &
Wilkins [1952].)

Thiopental Concentration,

ng per gram of tissue

-
o
'Y

Muscle Plasma

0.0

0.5

10 15 20 25 30 35
Hours



CHAPTER 6 = Physiologic and Physicochemical Determinants of Distribution and Elimination 93

Perfusion-Rate Limitation

A perfusion-rate limitation prevails when the tissue membranes present essentially
no barrier to distribution. As expected, this condition is likely to be met by small lipo-
philic drugs diffusing across most membranes of the body. As seen in Table 6-1, the
perfusion rate of tissues varies enormously from approximately 10 mL/min/g for lungs
down to a value on the order of only 0.025 mL/min/g for fat and resting skeletal mus-
cle. To obtain the blood flow to a tissue, the perfusion rate must be multiplied by the
mass of the tissue or organ of interest. All other factors, including organ mass, remain-
ing equal, well-perfused tissues take up a drug much more rapidly than do poorly per-
fused tissues. Moreover, as the subsequent analysis shows, there is a direct correlation
between tissue perfusion rate and the time required to distribute a drug to a tissue.

Fig. 6-2 (next page) shows blood perfusing a tissue in which distribution is per-
fusion rate-limited and no elimination occurs. The rate of presentation to the tissue,
which in this scheme is maintained constant throughout, is the product of blood flow
to it, @, and arterial blood concentration, C, that is,

Rate of presentation = Q- C, Eq. 6-1

TABLE 6-1 | Blood Flow, Perfusion Rate, and Relative Sizes of Different Organs

and Tissues Under Basal Conditions in a Standard 70-kg Human

Percent (%)

of Body Blood Flow Cardiac Output Perfusion Rate
Organ Weight (mL/min) (%) (mL/min/g of Tissue)
1. Adrenal glands 0.03 25 0.2 1.2
2. Blood 7 (5000) (100) -
3.Bone 16 250 5 0.02
4. Brain 2.0 700 14 0.5
5. Adipose 20° 200 4 0.03
6. Heart 0.4 200 4 0.6
7. Kidneys 0.5 1100 22 4
8. Liver 2.3 1350 27 0.8
Portal® 1.7 (gut) (1050) 21 -
Arterial - (300) (9] -
9. Lungs 1.6 5000 100 10
10. Muscle (inactive) 43 750 15 0.025
11. Skin (cool weather) 11 300 6 0.04
12.Spleen 0.3 77 1.5 0.4
13. Thyroid gland 0.03 50 1 2.4
Total body 100 5000 100 0.071

“Some organs, e.g., stomach, intestines, spleen, and pancreas are not included separately, but together (total weight of
1.2 kg), as the blood perfusing them forms the hepatic portal system.

bIncludes fat within organs.

Compiled and adapted from data in Guyton AC. Textbook of Medical Physiology. 7th ed. Philadelphia, PA: W.B. Saunders;
1986:230; Lentner C, ed. Geigy Scientific Tables. Vol. |. Edison, NJ: Ciba-Geigy, 1981; and Davies B, Morris T. Physiological
parameters in laboratory animals and humans. Pharm Res 1993;10:1093-1095.
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FIGURE 6-2 Drug is presented to a tissue at
an arterial concentration of C, and at a rate
equal to the product of blood flow, @, and Ca.
The drug leaves the tissue at a venous concen-
tration, G, and at a rate equal to Q - C,. The tis-
sue concentration, C;, increases when the rate
of presentation exceeds the rate of leaving in
the venous blood, and the converse. The amount
of drug in the tissue is the product of 14, the vol-
ume of the tissue, and the tissue drug concen-
tration. K,, the distribution ratio, is a measure of

the affinity of tissue for drug.

The net rate of extravasation is the difference between the rate of presentation and
the rate of leaving, @ - Cy, where Cy is the emergent venous concentration. Therefore,

Net rate of uptake = Q- (Cy — Cy) Eq. 6-2

Further, with no effective resistance to movement into the tissue, blood and tissue can
be viewed kinetically as one compartment, with the concentration in emergent venous
blood (Cy) in equilibrium with that in the tissue, Cy.

At any time, therefore,

Amount of drug in tissue = V- Cr = Vi Kp- Cy Eq. 6-3

where V; is the tissue volume and K5 is the tissue-to-blood equilibrium distribu-
tion ratio (C;/Cy), a measure of the affinity of tissue for the drug. The higher the
value of Kp, the greater is the tissue affinity. Furthermore, the fractional rate of exit,
or distribution rate constant, k, is given by

Rate of exit Qr-Cy
k., = — = Eq. 6-4
Amount in tissue  V; - Kp -Cy
or
Q./V,
k, = % Eq. 65

P

where Q;/V; is the perfusion rate of the tissue. The parameter k;, with units of recip-
rocal time, may be regarded as a measure of how rapidly drug would leave the tissue
if the arterial concentration were suddenly to drop to zero. It is analogous to the elim-
ination rate constant for loss of drug from the whole body, and, like elimination, the
kinetics of tissue distribution can be characterized by a tissue distribution half-life
for which

0.693  0.693-Kp
or (@r/Vr)

Distribution half-life = Eq. 6-6
Thus, drug leaves slowly from tissues that have a high affinity (Kp) for it and that are
poorly perfused. The reason for this is that, when affinity is high there is much drug in
the tissue, and with poor perfusion, it takes a long time to remove what is in the tissue.
The distribution half-life applies not only to efflux from, but also to uptake into, tis-
sues. That is, distribution is fastest into those tissues in which the tissue distribution
half-life is shortest. Furthermore, it takes approximately one distribution half-life to
reach 50% of the equilibrium value and, for practical purposes, 3.32 half-lives to reach
the equilibrium value. For example, with an average perfusion rate for the whole body
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TABLE 6-2 | Influence of Changes in Perfusion Rates and Tissue

Affinity on the Time to Achieve Distribution Equilibrium

Time to Achieve

Perfusion Rate Tissue Distribution Distribution
Tissue/Drug (mL/min/g of Tissue)? Ky Half-Life (min)” Equilibrium (min)¢
Influence of Perfusion Rate on Drug A
Kidney 4 1 0.173 0.57
Brain 0.5 1 1.386 4.60
Adipose 0.03 1 23.10 76.7
Influence of Affinity for Adipose
Drug A 0.03 1 23.10 76.7
Drug B 0.03 2 46.20 153
Drug C 0.03 10 231.0 767

“Although usually expressed and measured in these units, for calculating the times for drug distribution, the density of the
tissues is assumed to be 1, that is, 1 g/mL of tissue.

bCalculated using Equation 6-6.

3.32 X tissue distribution half-life.

of 5 L/min/70 kg (see Table 6-1) and for a drug with a tissue-to-blood equilibrium ratio
of 1, the average tissue distribution half-life is 10 minutes and, therefore, distribution
within the body would be complete well within 1 hour (6 half-lives). However, because
both perfusion and Kp vary among tissues, so does the time for achievement of distri-
bution equilibrium among them.

To appreciate the foregoing, consider the data provided in Table 6-2, in which are
listed the perfusion rates (from Table 6-1), Kp values, and corresponding tissue distri-
bution half-lives for various selected tissues, calculated using Equation 6-6. First, con-
sider the data for drug A in which K values in kidneys, brain, and fat are the same and
equal to 1. Given that the perfusion rates to these tissues are 4, 0.5, and 0.03 mL/min/g
of tissue, respectively, it follows that the corresponding half-lives for distribution are
0.17, 1.4, and 23 minutes. Thus, by 0.57 minutes (3.32 half-lives), drug in the kidneys
has reached equilibrium with that in blood, whereas it takes closer to 5 and 77 minutes
for equilibrium to be reached in brain and fat, respectively, which are tissues of lower
perfusion. Next, consider events in fat for drugs with different K7 values, namely 1, 2
and 10. Here, the corresponding half-lives are 23, 46, and 231 minutes. Now, not only is
the time taken for drug in tissue to reach equilibrium different, but so are the equilib-
rium tissue concentrations for a given plasma drug concentration.

These simple examples illustrate two basic principles: Both the approach toward
equilibrium during drug input and the loss of drug from a tissue on stopping drug in-
put take longer, the poorer the perfusion and the greater the partitioning of drug into
a tissue. The latter is contrary to what one might intuitively anticipate. However, the
greater the tendency to concentrate in a tissue, the longer it takes to deliver to that
tissue the amount needed to achieve distribution equilibrium, and the longer it takes
to redistribute drug out of that tissue. Stated differently, an increased affinity of drug
for a tissue accentuates an existing limitation imposed by perfusion.

Permeability Limitation

As discussed in Chapter 4, a permeability-rate limitation arises particularly for
polar drugs diffusing across tightly knit lipoidal membranes, such as the brain where
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FIGURE 6-3 The approach to equilibrium of

LS. The importance of dissociation constant
and lipid solubility in influencing the passage of
drugs into the cerebrospinal fluid. J Pharmacol
Exp Ther 1960;130:20-25. Copyright 1960, The
Williams & Wilkins Co., Baltimore).

drug in the cerebrospinal fluid (essentially de- —_
void of protein) with that unbound in plasma E’ i
is often permeability-rate limited. The rise in g .
the ratio of drug concentrations (cerebrospinal s 0.8 et
fluid/unbound drug in plasma) to equilibrium * 5 i
(when the ratio = 1) is shown for various drugs 3 S g
in the dog. The plasma concentration was kept & & %: 0.6 4
relatively constant thr_o_ughout t_heT stgdy. Notice ‘5 E 5 i Barbital
that when a permeability rate limitation occurs, © 8 i
the time to achieve equilibration is longer than E 5T 041
that when uptake is perfusion-rate limited, as o35
occurs with the lipophilic thiopental. (Redrawn g
from the data of Brodie BB, Kurz H, Schanker S 0.2
8

Thiopental
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the barrier is at the vascular level. Under these circumstances, there are large dif-
ferences in the permeability—hence ease of entry—among compounds for the same
tissue. A permeability-rate limitation simply decreases the speed of entry and hence
increases the time to reach distribution equilibrium over that of perfusion alone. This
is illustrated in Fig. 6-3, which shows the time course for approach to equilibrium
of various compounds between the cerebrospinal fluid of brain and that unbound in
plasma. The anesthetic thiopental is very lipophilic, and its entry into brain is essen-
tially perfusion-rate limited. The remaining compounds are more polar, and uptake is
slower. In addition to lipophilicity, degree of ionization is a determinant in that only
unionized drug penetrates the brain. For example, the partition coefficients of the
anti-inflammatory agent salicylic acid (pK,, 3) and pentobarbital (pK,, 7.8), a seda-
tive hypnotic, are similar; yet the time required to reach distribution equilibrium is
far shorter for pentobarbital than for salicylic acid because, being the weaker acid,
a greater percentage of pentobarbital is un-ionized within the plasma and tissue pH
range, 7.2-7.4.

At equilibrium, the unbound concentration in tissue would be expected to be the
same as that in plasma. Sometimes, however, this equality is not observed. Reasons
for lack of equality, such as pH gradients across cell membranes and active transport,
have been discussed in Chapter 4. Another reason for its occurrence in an eliminating
organ is maintenance of sink conditions by cellular metabolism.

Extent of Distribution

Multiple equilibria occur within plasma in which drugs can bind to various proteins,
examples of which are listed in Table 6-3. In plasma, acidic drugs commonly bind to
albumin, the most abundant plasma protein. Basic drugs often bind to o,;-acid gly-
coprotein and neutral compounds to lipoproteins. Some hormones bind preferen-
tially to specific proteins, such as cortisol to transcortin, thyroxine to thyroid-binding
globulin, and testosterone to one of the sex-binding globulins. Distribution within
each tissue also involves multiple equilibria. Within tissues, drugs can bind to a wide
variety of substances, such as neutral and acidic phospholipids, as well as partition
into fat.
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TABLE 6-3 | Representative Proteins to Which Drugs Bind in Plasma

Normal Concentrations

Protein Molecular Weight (g/mol) g/L M
Albumin 67,000 35-50 500-700
o,,-Acid glycoprotein 42,000 0.4-1.0 9-23
Lipoproteins 200,000-2,400,000 Variable —
Cortisol binding globulin 53,000 0.03-0.07 0.6-1.4
(transcortin)

Sex-binding globulin 90,000 0.0036 0.04

Apparent Volume of Distribution

The concentration in plasma achieved after distribution of drug throughout the body
is complete is a result of the dose administered and the extent of tissue distribution,
reflected by the volume of distribution. Recall from Equation 5-22 in the last chapter,
and repeated here, that

V- Amount in body at equilibrium _ A

Plasma drug concentration C

This parameter is useful in relating amount in body to plasma concentration, and the
converse. Recall, also, that V varies widely, with illustrative values ranging from 3 to
7000 L in an average 70-kg adult, the latter being a value far in excess of total body
size. On examination, most acids tend to have small volumes of distribution (<50 L),
and basic compounds much larger ones (>100 L). For example, reference to Fig. 5-8
(chapter 5) shows that the values of V for acidic drugs, such as the analgesic aspi-
rin, the diuretic furosemide, and the oral anticoagulant warfarin, all cluster around
10 L/70 kg. In contrast, for basic drugs such as the antihypertensive B-blocker propran-
olol, the analgesic morphine, and the antidepressant nortriptyline, V exceeds 100 L
and can be much higher, e.g., 7000 L, as seen for the antiarrhythmic drug amiodarone.

Knowing plasma volume, Vp, and volume of distribution, V, the fraction of drug in
body that is in and outside of plasma can be estimated. The amount in plasmais Vp - C;
the amount in the body is V- C. Therefore,

Fraction of drug in body in plasma = % Eq. 6-7

It is evident that the larger the volume of distribution, the smaller is the percentage in
plasma. For example, for a drug with a volume of distribution of 100 L, only 3% resides
in plasma.

The remaining fraction, given by

V-V Eq. 6-8

Fraction of drug in body outside plasma = v

includes drug in blood cells. For the example considered above, 97% is outside plasma.
Although this fraction can be readily determined from plasma data, the actual tissue
distribution of drug outside plasma cannot.

The reason why the volume of distribution is an apparent volume and why its
value differs among drugs may be appreciated by considering the simple model shown
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Plasma Tissue
FIGURE 6-4 The effect of tissue binding on
volume of distribution is illustrated by a drug
that distributes between plasma and a tissue.
The physiologic volumes are Vp and V4, respec-  Amount
tively. At equilibrium, the amount of drug in each
location depends on the equilibrium distribution
(partition) ratio, K, the plasma and tissue vol-
umes, and the plasma concentration.

—_
Volume —

in Fig. 6-4. In this model, drug in the body is entirely accounted for in plasma, of vol-
ume Vp, and one tissue compartment, of volume V. At distribution equilibrium, the
amount of drug in each location can be expressed in terms of their respective volumes
and concentrations (C, Cry)

A = Ve C + Ve C,
Amount Amount Amount Eq. 6-9
in body in plasma in tissue

And, since A = V- C (Equation 5-22), it follows, on dividing the equation above by
C, that

V=Vp+Vp-Kp Eq. 6-10

Since K, = C/C, the product Vi - Kp is the apparent volume of a tissue viewed from
measurement of drug in plasma. Thus, by expanding the model to embrace all tissues
of the body, it is seen that the volume of distribution of a drug is the volume of plasma
plus the sum of the apparent volumes of distribution of each tissue. For some tissues,
the value of Kj is large, which explains why the volume of distribution of some drugs,
such as basic compounds, can be much greater than total body size. Also, fat, for
example, occupies approximately 20% of body volume. If the Kp value of a drug in
fat is 10, then this tissue alone has an apparent volume of distribution of 140 L (0.2 x
70 x 10), twice that of body volume. Remember, that even when perfusion rate-limits
distribution, it takes many hours longer for distribution equilibrium to be achieved
when the drug has a high affinity for fat.

The volume of distribution of a specific drug can also vary widely among patients.
The reasons for such differences are now explored.

Plasma Protein Binding

The principal concern with plasma protein binding of a drug is related to its variability
within and among patients in various therapeutic settings. The degree of binding is
frequently expressed as the bound-to-total concentration ratio. This ratio has limiting
values of 0 and 1.0. Drugs with values greater than 0.90 are said to be highly bound.

As stated previously, unbound, rather than bound, concentration is more import-
ant in therapeutics. Consequently, the fraction unbound is more useful in pharmacoki-
netics than the fraction bound. The fraction in plasma unbound, fu, is

_ou

fuc

Eq. 6-11
Binding is a function of the affinity between protein and drug. Because the number of
binding sites on a protein is limited, binding also depends on the molar concentrations
of both drug and protein. The greater the protein concentration for a given drug con-
centration, the greater the fraction bound and the converse. In practice, only a small
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Percent Unbound
(100 fu)

100 Atenolol, Lithium, Metformin
Ranitidine

Venlafaxine, Zidovudine

- Indinavir, Penicillin G
Phenobarbital

Carbamazepine, Quinidine
Verapamil

Phenytoin
Paroxetine
Propranolol
Nifedipine

Amiodarone

Glipizide
Testosterone
Oxazepam
Furosemide
-| Diazepam

-1 Ketorolac

Warfarin, Ibuprofen
-4 Efavirenz

1 Naproxen

| Flubiprofen FIGURE 6-5 The fraction gf d'rug in plasma unbound
0.1 (expressed here in percent) varies widely among drugs.

percentage of the available sites on binding proteins is occupied at the therapeutic
concentrations of most drugs; fu is then relatively constant at a given protein concen-
tration and independent of drug concentration. Then, total plasma concentration is a
good measure of changes in unbound drug concentration. Occasionally, therapeutic
concentrations are sufficiently high that most of the available binding sites are occu-
pied, in which case fu is concentration-dependent. Approximate values of fu usually
associated with therapy for representative drugs are shown in Fig. 6-5.

For the remainder of the book, it is helpful to remember that pharmacologic activ-
ity relates to the unbound concentration. Plasma protein binding, then, is often only of
interest because the total plasma concentration is commonly measured and binding
sometimes varies, such as in renal and hepatic disease and with drug concentration.
The total concentration is commonly measured because of technical problems in read-
ily measuring the unbound concentration, such as physical problems in quantitatively
separating small molecular weight unbound drug from very large protein-bound drug,
and because of assay sensitivity problems, especially when fu is very small. The total
plasma concentration depends on both the extent of protein binding and the unbound
concentration, that is,

_cu

Su

C Eq. 6-12
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When conceptualizing dependency and functionality, this equation should not be
rearranged.

Tissue Binding

The fraction of drug in the body located in plasma depends on its binding to both
plasma and tissue components, as shown schematically in Fig. 6-6. A drug may have a
high affinity for plasma proteins, but may be located primarily in tissue if tissue com-
ponents have a higher affinity for drug than plasma proteins do. Unlike plasma bind-
ing, tissue binding of a drug cannot be measured directly. To separate unbound from
bound drug, the tissue must be disrupted, resulting in the loss of its integrity. Even so,
tissue binding is important in drug distribution.

Tissue binding may be inferred from measurement of drug binding in plasma. Con-
sider, for example, the following mass balance relationship:

V.-C = v, :C + Vi-Cr
Amount Amount Amount Eq. 6-13
in body in plasma in tissue

in which Vi is the volume outside plasma into which the drug distributes (which is
close to the total volume of tissue water), and Cy is the corresponding average total
tissue concentration that accounts for mass of drug in the tissues.

Dividing by C,
C
O A A A
Apparent Volume Apparent Eq. 6-14
volume of of volume of
distribution plasma tissue

Recall that fu = Cu/C. Similarly, for the tissue, fu; = Cu/Cp. Given that distribution
equilibrium is achieved when the unbound concentrations in plasma, Cu, and in tis-
sue, Cuq, are equal, that is, that there is no active transport into or out of the tissue, it
follows that

C Ju
T
— = Eq. 6-15
c Jur 4
which, on substituting into Equation 6-14, yields
U
V=V, +V, j{; Eq. 6-16
Plasma Tissue
Bound Bound
FIGURE 6-6 At equilibrium, the distribution of a i T i T
drug within the body depends on binding to both
plasma proteins and tissue components. In the Unbound Unbound

model, only unbound drug is capable of entering
and leaving the plasma and tissue compartments.

-

]

N\

J




CHAPTER 6 e Physiologic and Physicochemical Determinants of Distribution and Elimination 101

Volume of Distribution

(Blood, L)

From this relationship, it is seen that V increases when either fu increases or fu, de-
creases, and the converse.

By comparing Equations 6-10 and 6-16, it is seen that Kp = fu/fur. That is, Kp is
a measure of the relative binding of a drug between plasma and tissue. However, al-
though equivalent, the advantage of Equation 6-16 over Equation 6-10 is that it al-
lows for the interpretation of drug distribution among drugs, as well as when binding
is altered for a specific compound. To appreciate this interpretation, first consider
the statement, made earlier, that the volumes of distribution of basic drugs are much
larger than those of acidic ones. The difference cannot be ascribed to differences in
plasma binding. Examination of the data in Fig. 6-5 shows that there is no clear pat-
tern in the fraction unbound in plasma between these two classes of compounds. For
example, fu is 0.02-0.04 for furosemide and amiodarone, an acidic and a basic drug,
respectively. Yet, the former has a volume of distribution of 10 L, and the latter 7000
L. Therefore, the difference between acidic and basic drugs must lie in a much higher
tissue binding of bases (lower fur). The major group of binding constituents for ba-
sic drugs in tissues, to which acids do not bind, are acidic phospholipids, in addition
to adipose. Next, consider the data for propranolol in Fig. 6-7, which shows large
differences in V among subjects. The linear relationship between V and fu not only
indicates, from Equation 6-15, that V/fur is relatively constant (and, as the body water
content does not vary much among individuals, hence tissue binding is constant), but
also that differences in binding of propranolol in plasma among subjects account for
most of the variation observed in its volume of distribution.

The relationship expressed in Equation 6-15 explains why, because of plasma and
tissue binding, V rarely corresponds to a defined physiologic space, such as plasma
volume (3 L), extracellular water (16 L), or total body water (42 L). Even if V corre-
sponds to the value of a physiologic space, one cannot conclude unambiguously that
the drug distributes only into that volume. Binding of drugs in both plasma and spe-
cific tissues complicates the situation and often prevents any conclusion from being
made about the actual volume into which the drug distributes. An exception is when
drug is restricted to plasma; the volumes of distribution, apparent and real, are then
the same, about 3 L in an adult.

For drugs of high molecular weight, particularly antibody drugs, extravascular
distribution is very slow. For such drugs, the volume of distribution tends to be very
low, sometimes approaching that of plasma, 3 L. For example, for most antibody
drugs, V ranges between 3 and 8 L. However, for small molecular weight drugs, an

800 - °
600 -

FIGURE 6-7 The volume of distribution of
(+)-propranolol varies with the fraction un-
400 bound in plasma. The observation was made in
six control subjects (black circle) and in 15 pa-
200 tients with chronic hepatic disease (red circle)
after an IV 40 mg bolus dose of (+)-propran-
olol. (Data redrawn from Branch RA, Jones J,
0 . . . . . . Read AE. A study of factors influencing drug
0.0 0.1 0.2 0.3 disposition in chronic liver disease, using the

model drug (+)-propranolol. Br J Clin Pharma-
Fraction Unbound col 1976;3:243-249.)
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apparent volume of 3 L cannot be an equilibrium value, because plasma proteins
themselves equilibrate slowly between plasma and other extracellular fluids. The
apparent volume of plasma proteins, about 7.5 L for albumin, is perhaps a better
estimate of the minimum value for drugs strongly and predominantly bound to this
protein. For reasons just discussed, this lower limit tends to be seen more frequently
with acidic, predominantly ionized at pH 7.4, nonpolar drugs than with neutral, polar,
or basic ones.

For very polar, small (MW < 1000 g/mol) drugs that are not bound in either tissues
or plasma, the volume of distribution varies between the extracellular fluid volume
(16 L) and the total body water (42 L), depending on the degree to which the drug
gains access to intracellular fluids. Examples of compounds that distribute in total
body water, and that do not appreciably bind within plasma or in tissues, are caffeine
and alcohol, both small neutral molecules that pass freely through membranes. The
volume of distribution of these two compounds is about 40 L.

Amount in Body and Unbound Concentration

For many drugs, volume of distribution is greater than 50 L, implying that only a small
fraction of drug in body resides in plasma. Therefore, ignoring the first term, V; (3 L),
in Equation 6-16 and noting that fu - C = Cu, it follows that

\%
Amount in body =V-C ~ ——-Cu Eq. 6-17
JSuy

This equation indicates that the unbound concentration, Cu, which drives response,
is independent of plasma protein binding for a given amount of drug in the body and
that amount in the body is better reflected by Cu than C when plasma protein binding
is altered.

Sometimes, a larger than usual dose, often termed a loading dose, is given to
rapidly achieve a therapeutic response, putatively by rapidly producing a desired
unbound concentration (see Chapter 12). The question arises whether or not the
loading dose needs to be adjusted with variations in both plasma and tissue binding.
Based on the foregoing consideration, for drugs with a volume of distribution greater
than 50 L, it should be apparent that no adjustment in loading dose for altered plasma
protein binding is needed. The total plasma concentration does, of course, change
with altered plasma binding, but this is of no therapeutic consequence with respect
to loading dose requirements. If, however, tissue binding (fu;) were to change, so
would the initial value(s) of Cu (and C), necessitating a decision to change the load-
ing dose.

WHY DOES CLEARANCE VARY SO WIDELY AMONG DRUGS?

Processes of Elimination

Before answering the question as to why clearance varies so widely, a few words are
in order about processes of elimination and about clearance in general. For small
molecules, elimination occurs by excretion and metabolism. Some drugs are excreted
via the bile. Others, particularly volatile substances, are excreted in the breath. For
most drugs, however, excretion occurs predominantly via the kidneys. Indeed, some
drugs are eliminated almost entirely by urinary excretion, but these are relatively few.
Rather, metabolism is the major mechanism for elimination of drugs from the body,
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Metabolism
Other Hepatobiliary
Other CYPs 10% 6%
O,
Renal
CYP2C9 tena

7%

10%
CYP2D6

10%
28% UDPG
CYP3A4

FIGURE 6-8 Relative importance of route and mechanism of elimination of the top 200 prescribed drugs. The
segments of the pie in color refer to phase | metabolic reactions. The remaining segments refer to either phase Il
conjugative reactions or excretory processes within the liver and kidney. (From Williams JA, Hyland R, Jones BC,
et al. Drug-drug interactions for the UDP-glucuronosyltransferase substrates: a pharmacokinetic explanation for
typically observed low exposure [AUCi/AUC] ratios. Drug Metab Dispos 2004;32:1201-1208.)

as shown in Fig. 6-8 for the top 200 prescribed drugs. For most of these, metabolism
occurs predominately in the liver; for some, the intestinal wall is an additional site
of metabolism, which has implications for oral administration (see Chapter 8). For a
few drugs, metabolism is extensive in one or more other tissues, such as the kidneys,
lungs, and blood. These remarks should be contrasted with the processes responsi-
ble for the elimination of polypeptide drugs and therapeutic proteins. These undergo
degradation in the body to their constituent amino acids, which are then reutilized by
the body.

The most common routes of drug metabolism are oxidation, reduction, hydro-
lysis, and conjugation. Frequently, a drug simultaneously undergoes metabolism by
several competing (primary) pathways. The fraction going to each metabolite depends
on the relative rates of each of the parallel pathways. Metabolites may undergo further
(secondary) metabolism. For example, oxidation, reduction, and hydrolysis are often
followed by conjugation. These reactions occur in series or are said to be sequential
reactions. Because oxidation, reduction, and hydrolysis often occur first, they are
commonly referred to as phase I reactions, and conjugations as phase II reactions.
Some drugs, however, undergo only phase II reactions, and for others conjugation
occurs in parallel with Phase I reactions.

Generally, the liver is the major—sometimes only—site of drug metabolism. Occa-
sionally, however, a drug is extensively metabolized in one or more other tissues, such
as the kidneys, lungs, blood, and gastrointestinal wall.

Table 6-4 (next page) illustrates patterns of biotransformation (metabolism) of
representative drugs. The pathways of metabolism are classified by chemical alter-
ation. Several of the transformations occur in the endoplasmic reticulum of cells of
the liver and certain other tissues. On homogenizing these tissues, the endoplasmic
reticulum is disrupted with the formation of small vesicles called microsomes. For
this reason, metabolizing enzymes of the endoplasmic reticulum are called micro-
somal enzymes. Drug metabolism, therefore, may be classified as microsomal and
nonmicrosomal.

The major enzymes responsible for the oxidation and reduction of many drugs
belong to the superfamily of cytochrome P450 enzymes. The drug metabolizing en-
zymes of this vast superfamily are divided in humans into three major distinct families,
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TABLE 6-4 | Patterns of Biotransformation? of Representative Drugs”

Prodrug Drug Active Metabolite Inactive Metabolite®
Acetylsalicylic H) Salicylic acid (0] Salicyl (phenolic)
acid - — > glucuronide
Losartan O Losartan carboxylic

acid
Morphine © Morphine

> 6-glucuronide
(8] Morphine
> 3-glucuronide

Ibuprofen (0)] Hydroxyibuprofen
Simvastatin (9)) Simvastatin
~ hydroxyacid
Nitroglycerin H) 1,2 Dinitroglycerin
Warfarin R) Warfarin alcohol

>

“Classification: C, conjugation; H, hydrolysis; O, oxidation; R, reduction.
bFor some drugs, only representative pathways are indicated.
“Inactive at concentrations obtained following the administration of a therapeutic dose of the parent drug.

designated CY(cytochrome)P(450) 1, 2 and 3, each further divided into subfamilies,
designation by capital letters A, B, and so on. Arabic numerals are used to refer to
individual enzymes (gene products) within each subfamily. These enzymes display a
relatively high degree of structural specificity in that a drug is often a good substrate
for one enzyme but not another. Fig. 6-9 displays the major P450 enzymes by abun-
dance and by relevance to drug metabolism. The most abundant, CYP3A4, metabo-
lizes many drugs of relatively diverse structure and size, and, unlike most of the other
P450 enzymes, is found in the intestinal wall as well as in the liver. The abundance
of a particular cytochrome in the liver does not necessarily reflect its importance to
drug metabolism. For example, although making up only approximately 2% of the total
CYP content, CYP2D6 is responsible for the metabolism of approximately 25% of the
metabolism of prescribed drugs, and particularly basic compounds, many of which
act on the central nervous system. Many acidic drugs are metabolized preferentially
by CYP2C9 and CYP2C19. There are other drug metabolizing enzymes, in addition to
the CYP450s, including monooxygenases, aldehyde oxidases, and various reductases.

The consequences of drug metabolism are manifold. Biotransformation provides
a mechanism for ridding the body of undesirable foreign compounds and drugs; it
also provides a means of producing active compounds. Often, both the drug and its
metabolite(s) are active. The duration and intensity of the responses relate to the time
courses of all active substances in the body.

Clearance in General

Of the concepts in pharmacokinetics, clearance has the greatest potential for clinical
applications. It is also the most useful parameter for the evaluation of an elimination
mechanism.
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CYP2E1
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FIGURE 6-9 A. Relative abundance of the major hepatic P450 cytochromes in human liver. B. Relative con-
tribution of the major hepatic P450 cytochromes in the P450-mediated clearance of 403 marketed drugs in the
United States and Europe. (Redrawn from Clarke SE, Jones BC. Hepatic cytochromes P450 and their role in
metabolism-based drug-drug interactions. In: Rodriguez AD, ed. Drug-Drug Interactions. New York, NY: Marcel
Dekker, 2002:55-88.)

Recall from Chapter 5 that clearance is defined as the proportionality factor that
relates rate of drug elimination to the plasma (drug) concentration, that is,

Rate of elimination = CL-C

Alternatively, recall also that clearance may be viewed from the loss of drug across an
organ of elimination, yielding the relationship (Equation 5-5 in Chapter 5)

CL=Q-F

where @ is the flow rate to the organ, and E is the extraction ratio. This latter physio-
logic approach has a number of advantages, particularly in predicting and in evaluat-
ing the effects of changes in blood flow, plasma protein binding, enzyme activity, and
secretory activity on the elimination of a drug, as will be seen.

Before proceeding, however, a point of distinction needs to be made between
these two relationships for clearance. In the first, clearance is simply a proportionality
term. In the second, it is derived from mass balance considerations, in the context of
rates of presentation and exit from an eliminating organ. In the reservoir model used
to introduce this concept, the fluid perfusing the eliminating organ (the extractor) is
water, containing drug (Fig. 5-3). In vivo, the fluid presented to the liver and kidneys
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is whole blood, and the rate of presentation of drug to the kidneys, for example, is
Qg - Cy, where Q and C, are renal blood flow and the concentration in the arterial
blood perfusing the kidneys, respectively. So when the extraction ratio, F, approaches
one, everything in the incoming blood (both in the blood cells and plasma) is cleared of
drug, not just that in plasma. For this reason, when calculating organ extraction ratio,
it is important to relate blood clearance of the organ, for example, the liver, (CLy, 1),
to its blood flow and not plasma clearance to plasma flow. That is, for the liver

CLb’ - = Qy . Ey
Hepatic Hepatic Hepatic Eq. 6-18
blood clearance blood flow extraction ratio

From this relationship, it is apparent that blood clearance by the liver cannot be of
any value. If the extraction ratio approaches 1.0, then blood clearance approaches
a maximum, organ blood flow. Here, @y is the sum of two blood flows, the hepatic
portal venous flow, draining the gastrointestinal tract, and the hepatic arterial blood
flow, with average values of 1050 and 300 mL/min, respectively. Also, elimination can
be by metabolism, secretion into the bile, or both. For the kidneys, the average blood
flow in an adult is 1.1 L/min (Table 6-1) and, again, the elimination can be by excretion
or metabolism, with the latter being common to polypeptide and protein drugs up to
about 30,000 g/mol in size (further discussed later in this chapter).

Plasma Versus Blood Clearance

Because plasma is the most commonly measured fluid, plasma clearance is much
more frequently reported than blood clearance. For many applications in pharmaco-
kinetics, all that is needed is a proportionality term, in which case it matters little
which clearance value for a drug is used. As seen above, the exception is if one wishes
to estimate extraction ratio. Then, one needs to convert plasma clearance to blood
clearance. This conversion is readily accomplished by experimentally determining the
plasma-to-blood concentration ratio (C/C}), most often by preparing a known
concentration in whole blood, centrifuging, and determining the resulting concentra-
tion in the plasma. This ratio generally ranges from 0.3 to 2, although it can be very
much lower for drugs that associate extensively with blood cells, such as tacrolimus
(0.05), an immunosuppressant drug used to prevent organ transplant rejection. Be-
cause, by definition, the product of clearance and concentration is equal to the rate of
elimination, which is independent of what fluid is measured, it follows that:

Rate of elimination = CL- C = CLy,- C, Eq. 6-19

so that blood clearance, CL,, is

C
CL, =CL-| —
b (Cb j Eq. 6-20

For example, if the plasma clearance of a drug, by default simply called clearance, is
1.3 L/min, and the drug is extensively eliminated by hepatic metabolism, there is a po-
tential danger in concluding that it has a high extraction ratio. However, knowing that
the plasma-to-blood concentration ratio (from measurement of drug concentrations in
plasma and whole blood) is 0.1 indicates that blood clearance is only 0.13 L/min, much
lower than hepatic blood flow, 1.35 L/min. Hence, this drug is one of low extraction
ratio, and clinically, the implications are very different, as discussed below.
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Clearances of drugs by the liver and the kidneys are now examined. Each
organ has special anatomic and physiologic features that require its separate
consideration.

Hepatic Clearance

The functional unit of the liver is the acinus. It comprises hepatocytes (that metabo-
lize some drugs and secrete others into the bile canniliculi), and associated hepatic
arterioles and portal venules, which merge into the sinusoid just before reaching the
hepatocytes. As with other organs of elimination, the removal of drug by the liver may
be considered from mass balance relationships, as summarized in Equation 6-18.

Perfusion, Protein Binding, and Hepatocellular Activity

The clearances of drugs vary widely among compounds and between and within sub-
jects owing to differences in organ perfusion, plasma protein binding, and inherent
elimination characteristics within hepatocytes. Changes in perfusion can occur in dis-
ease and during exercise. One drug can compete for the binding sites of another within
plasma, thereby increasing the fraction unbound of the affected drug. The cellular
activity, controlling the elimination processes, is sometimes affected by disease and
by other drugs taken by a patient. Although the following principles, relating changes
in clearance and extraction ratio, are exemplified here with hepatic extraction, they
apply in general to all organs of elimination.

At least six processes, as shown in Fig. 6-10, may affect the ability of the liver to
extract and eliminate drug from the blood. In addition to perfusion (not shown), there
is binding within the perfusing blood, to blood cells and proteins, and permeation or
transport of unbound drug into the hepatocyte, where subsequent elimination occurs,
via metabolism or secretion into the bile, or both (processes a to e). The scheme
in Fig. 6-10 appears to be such a complex interplay of processes as to preclude any
ready conclusion about how any one of these factors may influence clearance. For-
tunately, the task becomes relatively simple by dividing drugs into whether they are
of high, low, or intermediate extraction ratio within the liver, as has been done for
representative drugs in Table 6-5. However, before addressing the specific issues of
perfusion and plasma protein binding, we need to bring forward the concept of in-
trinsic clearance.

FIGURE 6-10 Drug in blood is
bound to blood cells (process a)

b - and to plasma proteins (process b);
Blood ‘i; Unbound — Protein however, it is the unbound drug that
Cell Drug Bound Drug permeates (process ¢) into the he-

c patocyte. Within the hepatocyte, un-
bound drug is subjected to secretion
into bile (process d) or to metabo-
b lism (process €). Any one of these
Hepatocyte Unbound € Metabolite five processes, or perfu_si(_)n, can be

Drug the slowest, or rate-limiting, step
in the overall process of drug elim-
ination within the liver. The formed

d metabolite leaves the hepatocyte via

. blood or bile or is subjected to fur-
Bile < () v v ) ¢ ther metabolism (not shown).
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INTRINSIC CLEARANCE

Although clearance is measured from observations in plasma or blood, elimination oc-
curs only because a drug is a substrate for one or more of the eliminating mechanisms
within the cell. In all cases, the externally observed rate of elimination is therefore
a measure of, and indeed equal to, the rate of elimination occurring within the cell.
This rate is dependent on the intracellular unbound concentration, Cuy, to which the
metabolic enzymes and excretory transporters are exposed. Because, by definition,
clearance is simply the proportionality constant between rate of elimination and con-
centration, it therefore follows that

Rate of elimination = CL-C = CL;,,- Cuy Eq. 6-21

where CL;, is the intrinsic clearance of the drug, so called because it is a measure
of the intrinsic hepatocellular eliminating activity, separated from other external
factors, such as blood flow and plasma protein binding. Many drugs are substrates for
more than one enzyme or eliminating transporter, so that analogous to the partitioning
of hepatic clearance into hepatic metabolic and excretory (biliary) clearances, hepatic
intrinsic clearance is equal to the sum of the intrinsic metabolic and excretory clear-
ances associated with each of the primary elimination processes.

TABLE 6-5 | Hepatic and Renal Extraction Ratios of Representative Drugs

Low (<0.3) Intermediate (0.3-0.7) High (>0.7)
Hepatic Extraction?

Carbamazepine Aspirin Alprenolol
Diazepam Codeine Cocaine
Ibuprofen Cyclosporine Meperidine
Nitrazepam Ondansetrone Morphine
Paroxetine Nifedipine Nicotine
Itraconazole Nortriptyline Nitroglycerin
Valproic acid Propoxyphene
Warfarin Verapamil
Renal Extraction?

Amoxicillin Acyclovir p-Aminohippuric acid”
Atenolol Cephalothin Metformin
Cefazolin Ciprofloxacin Peniciclovir
Digoxin Ranitidine

Fexofenadine Sitagliptin

Furosemide

Gentamicin

Methotrexate

Pamidronate

At least 30% of drug eliminated by pathway.
bUsed as a diagnostic to measure renal plasma flow.
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HigH ExTRACTION RATIO

When the hepatic extraction ratio of a drug approaches 1.0 (Ey > 0.7), its hepatic
blood clearance approaches hepatic blood flow. The drug must have had sufficient
time while passing through the liver to partition out of the blood cells, dissociate from
the plasma proteins, pass across the hepatic membranes, and be either metabolized
by an enzyme or transported into the bile, or both. To maintain the sink conditions
necessary to promote the continuous entry of more drug into the cell to be elimi-
nated, as depicted in Fig. 6-11A, drug must obviously be a very good substrate for the
elimination processes within the hepatic cells. In this condition, with hepatic blood
clearance approaching its maximum value, hepatic blood flow, hepatic elimination
becomes rate-limited by perfusion and not by the speed of any of the other processes
depicted in Fig. 6-10. Clearance is then sensitive to changes in blood flow but relatively
insensitive to changes in, for example, plasma protein binding or cellular eliminating
activity (i.e., intrinsic clearance). Furthermore, for a given systemic concentration,
changes in blood flow produce corresponding changes in rate of elimination, but the
extraction ratio is virtually unaffected.

Low EXTRACTION RATIO

In contrast to high extraction, elimination of a drug with a low hepatic extraction ra-
tio (Ey < 0.3) must be rate-limited somewhere else in the overall scheme other than
perfusion (Fig. 6-10). The most common reason is that the drug is a poor substrate for
the elimination process(s), usually metabolism. Occasionally, for polar drugs, of in-
sufficient lipophilicity to readily permeate the cell, elimination may be rate-limited by
membrane permeability, in which case uptake and efflux transporters can play a sub-
stantial part in influencing the concentration of drug within the hepatocyte, and hence
its clearance. Whatever the cause of the limitation, drug concentration in arterial and
venous blood, entering and leaving the liver, are virtually identical when the extraction
ratio is low (Fig. 6-11B). This virtual identity also applies to unbound concentration
within blood, the driving force for entering the hepatocyte or for elimination within it.
Accordingly, changes in blood flow are expected to produce little or no change in the

A High Extraction Ratio
Blood Flow, Gy FIGURE 6-11 Exchange of drug between plasma and
hepatocyte and its removal from this cell involves un-
bound drug (Cu). When the extraction ratio is high (£,
> 0.7), Case A, essentially all the drug is removed from
v Elimination Plood on entering the liver (entering concentration, C,),
Hepatocyte Cucen —_— whether bound to blood cells or to plasma proteins. Clear-
CLiy ance is then rate-limited by perfusion. In contrast, when
the extraction ratio is low (£; < 0.3), Case B, little drug
is removed (exiting concentration, C,,), approaching C,,
B Low Extraction Ratio and any one of the many processes (other than perfusion)
Blood Flow, Qy can rate limit drug elimination. Generally, it is because the

drug is a poor substrate for the hepatic enzymes or biliary
transporters (low intrinsic clearance). Occasionally, it is
cell membrane permeability. Clearance is then governed
by hepatocellular activity and fraction unbound in plasma.
Arrows denote mass flow of drug; the thicker the arrow,
the greater the speed of mass transfer occurring via the
associated process.
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rate of elimination and therefore, by definition, in clearance. From Equation 6-18, how-
ever, it follows that Ey; varies inversely with blood flow when clearance is constant.

When Ey is low, clearance is expected to be influenced by changes in plasma
protein binding or intracellular hepatic activity. Concerning plasma protein bind-
ing, it should be clear from the above that any change in binding for a given total
plasma concentration entering the liver would be reflected in a corresponding change
in the unbound concentration perfusing the liver, and hence in the rate of elimina-
tion and so, by definition, in clearance. The influence of changing the activity of the
elimination process within the liver cell may perhaps be most easily visualized by
examining Fig. 6-12, which shows anticipated changes in extraction ratio as a func-
tion of hepatic intrinsic clearance. When EY}; is low because the limitation is hepatic
intrinsic clearance, any change in this activity is directly reflected by a change in the
extraction ratio, and hence clearance. In contrast, when eliminating activity is very
high, E}; and clearance both approach their limiting values, of one and blood flow,
respectively. Then, both parameters are relatively insensitive to even large changes in
intrinsic clearance.

Finally, some drugs have intermediate extraction ratios, such as codeine and
nortriptyline (Table 6-5). The clearance of these compounds is sensitive to all the
above-mentioned factors, but not to the same extent as expected at the extremes of
extraction ratio. The concept of high and low hepatic extraction ratio becomes im-
portant for considering the effect of changes in blood flow on oral bioavailability, a
topic covered in Chapter 8.

Ketamine
0.8 4

0.6 4
e Lidocaine

0.4 A

Extraction Ratio

0-2 1/ Dexamethasone

» Alprazolam
0 5 10 15 20 25
Intrinsic Hepatocellular Clearance (L/min)

0

FIGURE 6-12 Relationship between hepatic extraction ratio and intrinsic hepatocellular clearance, the pa-
rameter that relates rate of hepatic elimination to the unbound concentration in the hepatocyte (see Fig. 6-10).
When intrinsic hepatocellular clearance is low, extraction ratio (and blood clearance) increase in almost direct
proportion to intrinsic hepatocellular activity. However, as intrinsic hepatocellular clearance increases, extraction
ratio approaches the limiting value of 1 (and blood clearance to the limiting value of hepatic blood flow). In this
upper limiting region, large changes in intrinsic hepatocellular clearance produce little to negligible change in
extraction ratio (or blood clearance). The solid line is the expected continuous relationship between extraction
ratio and hepatic intrinsic clearance for drugs that are not bound to plasma proteins. Data for several drugs with
weak binding and predominantly cleared by hepatic metabolism are shown to generally support the expected
relationship. (Experimental data are based on a combination of in vivo and in vitro [protein binding, plasma-
to-blood ratio] data provided in Obach RS. Prediction of human clearance of twenty-nine drugs from hepatic
microsomal intrinsic clearance data: an examination of in vitro half-life approach and nonspecific binding to
microsomes. Drug Met Disp 1999;27:1350-1359).
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Biliary Excretion and Enterohepatic Cycling

Plasma Concentration (mg/L)

100

Biliary secretion is restricted to small molecular weight drugs; protein drugs are too
large to enter the hepatocyte and are not substrates for the biliary transport processes.
Drugs in bile enter the small intestine via the common bile duct after storage in the gall-
bladder. In the small intestine, they may be reabsorbed to complete an enterohepatic
cycle. Recall from Chapter 2 that enterohepatic cycling is a component of distribution,
not elimination. Drug excreted in the bile that is not reabsorbed in the intestines must
be either excreted in the feces or degraded there. Thus, for some drugs biliary excre-
tion can become the major route of elimination even when given intravenously.

A few generalizations can be made regarding the characteristics of a drug needed
to ensure high biliary clearance. First, the drug must be actively secreted by transport-
ers, as occurs extensively for the relatively hydrophilic statin, pravastatin; separate
secretory mechanisms exist for acids, bases, and un-ionized compounds. Second, it
must be polar (to prevent or slow reabsorption in the biliary tract), and, last, its mo-
lecular weight must exceed about 350 g/mol. These arguments do not aid in predicting
the nature and specificity of the secretory mechanisms, but they do aid in predicting
the likelihood of a high biliary clearance. For example, glucuronide conjugates of
drugs are polar, ionized, pK, about 3, and have molecular weights exceeding 350 g/
mol. They are often highly cleared into bile and in many cases are hydrolyzed in the
small intestine back to the parent drug which may be reabsorbed, thereby undergoing
enterohepatic cycling of drug via a metabolite.

An example of a drug undergoing enterohepatic recycling through a glucuronide
metabolite is mycophenolate mofetil, an immunosuppressive agent used in trans-
plant medicine (Fig. 6-13). The administered compound itself is inactive but forms
an active metabolite, mycophenolic acid, during its first pass through the gut wall
and liver. The absorbed mycophenolic acid is further metabolized to a glucuronide
that is secreted into the bile and stored in the gall bladder. When food is ingested,
the glucuronide moves into the small intestine, via the common bile duct. There it
is hydrolyzed back to the active metabolite, which is reabsorbed into the body and
again converted to the glucuronide. The net result is that the plasma concentra-
tions of both the active metabolite and its glucuronide increase soon after eating.

FIGURE 6-13 Mean observed plasma
concentration-time profiles of mycophenolic
acid and its glucuronide metabolite after admin-

1000 ; istration of 500 mg of mycophenolate mofetil, to

42 subjects. The administered compound un-
dergoes extensive first-pass metabolism to the
active metabolite, mycophenolic acid, which, in
turn, is rapidly conjugated in the liver to its glucu-
ronide. The glucuronide is secreted into the bile,
stored in the gall bladder, and emptied into the
small intestine with the bile. The effect of rapid

Mycophenolic Acid Glucuronide

10 4 Mycophenolic Acid emptying of the gall bladder is apparent after the
evening meal at about 10 hours. (Redrawn from

Jiao Z, Ding J, Shen J, et al. Population pharma-

cokinetic modeling for enterohepatic circulation

1 — T T T T T — T of mycophenolic acid in healthy Chinese and the

0 4 8 12 16 20 24 influence of polymorphisms in UGT1A9. Br J Clin
Hours Pharmacol 2008;65(6):893-907.)
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In addition, the active metabolite, in general, stays in the body much longer than it
would have had it not undergone enterohepatic recycling through its glucuronide
metabolite.

Hepatic Handling of Protein Drugs

For small molecular weight protein drugs (less than 60,000 g/mol), the liver can be
a major site of elimination. Some, for example, somatropin (22,124 g/mol), a recom-
binant growth hormone, are transported into the liver, where proteases break them
down. For most other small protein drugs, elimination is primarily by the kidneys, as
discussed later. Some larger proteins, such as asparaginase (175,000 g/mol), an onco-
Iytic agent, and alteplase (59,042 g/mol), a thrombolytic drug, are primarily eliminated
by the liver. Monoclonal antibodies, on the other hand, are not handled by this organ.

In general, metabolites are not of interest for protein drugs, because they are usu-
ally fully metabolized back to their basic amino acids, which are the building blocks
for all proteins made by the body.

Renal Clearance

Drugs vary widely in their renal clearance (see Table 6-5). Although the general princi-
ples governing renal clearance are the same as for the liver, the mechanisms involved
and the relative importance of each differ.

The Nephron: Anatomy and Function

The basic anatomic and functional unit of the kidney is the nephron (Fig. 6-14). The
basic components are the glomerulus, tubule (consisting of the proximal tubule, loop
of Henle, and distal tubule), and collecting tubule. The glomerulus receives blood first
and filters about 102 (in women) to 120 mL (in males) of plasma water each minute in
a typical 20-year-old patient or 68 (in women) to 80 (in males) mL/min in a 60 year-old
patient. The filtrate passes down the tubule. Most of the water is reabsorbed; only 1-2
ml/min, a value highly dependent on water intake, leaves the kidneys as urine. On

Artery Glomerular

; Capillary
Bowman's Q 17
Capsule

©)
Tubule ( — Peritubular
Capillary
@\
Vein
FIGURE 6-14 Schematic representation of the functional unit of
the kidney, the nephron. Drug enters the kidney via the renal artery @
and leaves partly in the exiting renal vein and partly in urine. Urinary :
excretion (4) is the net effect of glomerular filtration of unbound )
drug (7) and tubular secretion (2), processes adding drug into the 0 e )

proximal part of the lumen of the tubule, and tubular reabsorption -
of drug from the distal lumen back into the perfusing blood (3). Collecting Tubule
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leaving the glomerulus, the same blood perfuses both proximal and distal portions of
the tubule through a series of interconnecting vascular channels.

Appearance of drug in the urine is the net result of filtration, secretion, and reab-
sorption. The first two processes add drug to the proximal part of the lumen of the
nephron; the last process involves the movement of drug from the lumen back into the
bloodstream. The excretion rate is, therefore,

Rate of excretion = (1 — Fj) [Rate of filtration + Rate of secretion] Eq. 6-22

where F}, is the fraction reabsorbed from the lumen. A schematic representation of
these processes and their approximate location in the nephron are given in Fig. 6-14.
Let us examine each process in turn.

GLOMERULAR FILTRATION

Approximately 20%-25% of cardiac output, or 1.1 L of blood per minute, goes to the
kidneys. Of this volume, about 10% is filtered at the glomerulus by the hydraulic pres-
sure exerted by the heart. Small- to medium-sized molecules (MW < 2000 g/mol) pass
through the sieve with ease. Even for small proteins such as insulin (56058 g/mol) and
myoglobulin (17,670 g/mol), the ultrafiltrate concentration in the lumen immediately
below the glomerulus is close to that in plasma. Only when the molecular weight of
the protein exceeds about 30,000 g/mol does filtration fall off sharply, depending on
charge and shape as well. Indeed, virtually no albumin (MW, 69,000 g/mol, and anionic
at plasma pH) is normally found in the ultrafiltrate. Accordingly, as the binding of
most drugs in plasma is to albumin or other proteins of similar or higher molecular
weight, as a general rule, only unbound drug in plasma water (concentration Cu) is
filtered.

The rate at which plasma water is filtered is conventionally called the glomerular
filtration rate, GFR. Therefore,

Rate of filtration = GFR - Cu Eq. 6-23
Recall that fu is the ratio of the unbound to total plasma drug concentration; therefore,
Rate of filtration = fu - GFR- C Eq. 6-24

If a drug is only filtered and all filtered drug is excreted into the urine, then the rate of
excretion is the rate of filtration. Since renal clearance, CLg, by definition, is

Rate of excretion

CL

R Eq. 6-25

Plasma concentration

it follows that for such a drug its renal clearance (by filtration) is fu - GFR. The ex-
traction ratio of such a drug is low. For example, even if the drug is totally unbound in
blood (Cu = C,), the extraction ratio in a young male 70 kg adult (GFR =120 mL/min;
renal blood flow 1100 mL/min) is still only 0.11. This follows because

Rateof excretion  GFR-Cu 120 mL/min
Rate of presentation QR Cp 1,100 mL/min

Extraction ratio = =0.11

Creatinine, an endogenously produced compound, is neither bound to plasma pro-
teins nor secreted, and the entire filtered load is excreted into the urine. Accordingly,
its renal clearance is a measure of GFR. Under normal conditions, GFR is relatively
stable and insensitive to changes in renal blood flow.
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ACTIVE SECRETION

Filtration always occurs, but, as shown above, renal extraction of a drug by this mech-
anism alone is low, especially if drug is highly bound in plasma. Secretion, active
transport from blood to lumen of nephron, facilitates extraction. Mechanisms exist
for secreting acids (anions) and bases (cations). The secretory processes are located
predominantly in the proximal tubule. As expected, substances transported by the
same system can compete with each other and in doing so may affect their renal
clearances.

Secretion is inferred when rate of excretion (CLy - C) exceeds the rate of filtra-
tion (fu - GFR - C). Stated differently, secretion is apparent when CLy > fu - GFR.
Some reabsorption may still occur, but it must be less than secretion. Some drugs
are such excellent substrates for the secretory system that they are virtually com-
pletely removed from blood within the time they are in contact with the active trans-
port site, even when they are bound to plasma proteins or located in blood cells. In
such cases, evidently dissociation of the drug—protein complex and movement of
drug out of the blood cells are both rapid enough not to limit the secretory process.
Para-aminohippuric acid (PAH) is handled in this manner and is not reabsorbed.
Accordingly, the renal extraction ratio of PAH is close to 1.0. This compound is
restricted in blood to plasma; hence, its renal plasma clearance is a measure of
renal plasma flow, the clinical use of the compound. Obviously, under these circum-
stances, clearance is perfusion-rate limited and insensitive to changes in plasma
protein binding.

AcCTIVE REABSORPTION

Tubular reabsorption is the third factor controlling the renal handling of drugs; it is
primarily seen with small molecular weight compounds. One does not always know
whether reabsorption is passive or active, but that it occurs can be confidently
concluded when renal clearance is less than the calculated clearance by filtration
(CLg < fu - GFR). Many endogenous compounds, including B vitamins, vitamin C,
electrolytes, glucose, and amino acids are actively reabsorbed in the renal tubule.
One can develop therapeutic maneuvers around these transport systems. As an ex-
ample, consider the use of canagliflozin (Invokana), a new drug for treating type 2
diabetes. By blocking the sodium glucose transporter (SGLT2) in the proximal tu-
bule of the nephron, which accounts for 90% of glucose active reabsorption, about
50-80 g of glucose is excreted into the urine per day, helping to lower the systemic
exposure to this substance. The drug has additional advantages in that it lowers
blood pressure (due to an osmotic effect of glucose in the renal tubule) and de-
creases body weight, probably accounted for by the daily 200-320 kcal contained in
the excreted glucose.

PAssIVE REABSORPTION

For the majority of drugs, reabsorption appears to be passive. The extent of reab-
sorption varies among drugs from being almost absent to being virtually complete.
The driving force for reabsorption of drug is the concentration gradient generated
by the extensive reabsorption of filtered water, from 120 mL/min at the glomerulus
to only 1-2 mL/min as formed urine, which tends to concentrate drug in the lumen
of the nephron by roughly a factor of 100, if no reabsorption occurs. Extensive reab-
sorption is commonly seen for lipophilic drugs, which readily pass across the luminal
membrane back into the blood perfusing the nephron. Accordingly, their renal clear-
ances are very low. Indeed, when the urine drug concentration equals the unbound
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concentration in plasma, that is, when equilibrium is achieved, the rate of excretion
becomes Urine Flow - Cu, and the renal clearance (rate of excretion/C) becomes
Urine Flow - fu, an extremely low value.

Renal Handling of Protein Drugs

As mentioned, insulin is readily filtered at the glomerulus. However, negligible amounts
are found excreted in urine. This occurs because this protein and many other filtered
protein drugs are virtually completely metabolized back to constituent amino acids,
by enzymes either located in the brush border of the lumen or after uptake within the
luminal cells of the nephron. Although well-studied examples are limited, it appears
that for many polypeptide and protein drugs with molecular weights less than about
30,000 g/mol, the kidney is a, if not the, major organ of elimination, as is the case
for anakinra (see text discussing Fig. 5-7 in Chapter 5). Monoclonal antibodies and
other large (>about 60,000 g/mol) proteins, because of their size, are not filtered at the
glomerulus. They are therefore not eliminated by the kidneys.

Clearance by Other Organs

Up to this point, we have assumed that metabolism occurs in either the liver or the kid-
neys, but for a few small molecules a large percentage of their elimination may occur
in other organs. Nitroglycerin is an example; its metabolism is extensive in both red
blood cells and the walls lining the vasculature. Many ester drugs, particularly ester
prodrugs, such as valganciclovir, are metabolized extensively in the gut lumen and gut
wall before being systemically absorbed as the active ganciclovir. The liver, although
replete with esterases, may then contribute little to the metabolism of the adminis-
tered prodrug as most of it has been already hydrolyzed before entering the liver.

TARGET-MEDIATED DISPOSITION

For most drugs, the amount bound on the target is only a minute fraction of that in
the body. Most is found elsewhere, in plasma and tissues, such that the engagement
with the target does not affect the overall pharmacokinetics of the drug. There are,
however, a number of exceptions in which their pharmacokinetic and pharmacody-
namic behaviors are intimately linked because a major fraction of drug in the body
is bound to the target site, at least at low doses, resulting in a phenomenon known
as target-mediated disposition. Imirestat, an experimental aldose reductase inhib-
itor, and bosentan, a drug used in the treatment of certain types of pulmonary arterial
hypertension, are examples of small molecular weight drugs showing this behavior.
Target-mediated disposition is much more commonly encountered with monoclonal
antibody drugs. Unlike with small molecules, the antibody-target complex is internal-
ized and eliminated by the cell, resulting in a more rapid elimination than would be the
case if not complexed. Clinically, these protein drugs are highly selective and often ad-
ministered at doses far in excess of that required to saturate the target. Although not
fully elucidated, at these high saturating doses, the majority of monoclonal antibodies
are broken down by generalized intracellular catabolism occurring throughout much
of the body. This process is a very slow one, so that the half-life of these agents at these
doses is typically weeks or months, facilitating infrequent dosing.

In this chapter, we have examined the physiologic and physicochemical determi-
nants of the kinetics of a drug after an intravenous bolus dose. We turn our attention
in the next chapter to the much more common situation, namely, events following
extravascular administration—in particular, oral administration.
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SUMMARY

Kinetics of Distribution

e Small lipophilic molecules are generally perfusion-rate limited in their tissue
distribution.

¢ Cell membrane permeability is rate-limiting for larger and more polar compounds.

¢ Tissue affinity is an additional factor influencing distribution kinetics.

Extent of Distribution

e Volume of distribution depends on binding in plasma and tissues, the accessibility of
cells, and partitioning into fat.

e Volume of distribution and fraction in plasma unbound are the major measures of
drug distribution in pharmacokinetics.

Elimination

¢ (Clearance relates plasma concentration to rate of drug elimination.

¢ Organ blood clearance is the product of organ blood flow and extraction ratio.

e For drugs of high extraction ratio, blood clearance is limited by and dependent on
organ blood flow and insensitive to changes in either plasma protein binding or in-
trinsic hepatocellular activity.

e For drugs of low extraction ratio, clearance is dependent on fraction in plasma
unbound and intrinsic hepatocellular activity, and insensitive to changes in organ
blood flow.

e Total clearance is the sum of hepatic and renal clearances.

¢ Biliary clearance is generally greater for polar molecules that are substrates of both
hepatic uptake transporters and efflux biliary transporters.

e Renal excretion is the net effect of filtration, secretion, and tubular reabsorption.

e For drugs that are filtered, but neither secreted nor reabsorbed in the renal tubules,
renal clearance depends only on GFR and fraction unbound in plasma.

e Tubular secretion is an active process, exhibiting the potential for saturation and
competition.

e Tubular reabsorption is generally by passive diffusion.

¢ By relating filtration clearance to renal clearance, information can be gained as to
whether there is net secretion or net reabsorption of a compound.

e For some compounds, especially protein drugs, the kidney is also a metabolic organ.
Sometimes, it is the major metabolic organ.

e Some small molecular weight drugs and many monoclonal antibodies exhibit tar-
get-mediated disposition at low doses.

REVIEW

Blood clearance Extraction ratio

Clearance Fraction in plasma unbound
Distribution half-life Fractional rate of elimination
Distribution rate constant Glomerular filtration rate
Elimination half-life Half-life

Elimination rate constant Hepatic clearance
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Intrinsic clearance Plasma-to-blood concentration ratio
Intrinsic hepatocellular activity Renal clearance

Microsomal enzymes Sequential reactions

Perfusion rate limitation Target-mediated disposition
Permeability-rate limitation Tissue binding

Phase I and II reactions Volume of distribution

KEY RELATIONSHIPS

0.693 _ 0.693-Kp

Distribution half-life = =
krp (Qr/Vr)

Vi
Fraction of drug in body in plasma = 7P

V=V, + Vi Kp

_cu

Ju ==

vov, +v, Lo

P TfuT

CL, 4 = Qy . Ey
Hepatic Hepatic Hepatic

blood clearance blood flow extraction ratio
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Rate of filtration = GFR-Cu

Rate of excretion

CLg =

Plasma concentration

STUDY PROBLEMS

1. Which of the following statements apply(ies) to the distribution of drugs in the
body?

I. When distribution to a given tissue is perfusion-rate limited, the time to ap-
proach distribution equilibrium is shorter for a drug with a high affinity for that
tissue than for one with a low affinity.

II. For a drug whose distribution to tissues throughout the body is perfusion-rate
limited, distribution equilibrium will always be achieved more quickly and in
the same order as that of the tissue perfusion rate (blood flow/mL of tissue).

II1. The greater the fraction unbound in tissues (fu), the larger is the volume of
distribution of a drug.

A. Tonly E. Iand III
B. Il only F. II and III
C. III only G. All

D. ITandII H. None
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2. Which of the following statements is (are) correct?

I. Because the volume of distribution of a drug is 15 L in a 70 kg patient in whom
the fraction unbound in plasma is 0.1, it must distribute intracellularly.
II. The volume of distribution of a drug in a patient is 850 L; therefore, the tissue
to plasma concentration ratio must exceed 10 in at least one tissue or organ.
IIT. The expected volume of distribution of a large polar drug, which does not bind
to plasma or tissue proteins and cannot enter cells, is 42 L in a 70-kg patient.

A. T only E. Iand III
B. I only F. Il and III
C. III only G. Al
D.IandII H. None

. Which of the following statements correctly summarize(s) features of the hepatic

extraction of drugs?

I. The intrinsic clearance of a drug for both low and high extraction ratio drugs
is estimated from the ratio of hepatic blood clearance and fraction unbound
in whole blood.

II. The hepatic clearance of low extraction ratio drugs tends to be sensitive to
changes in hepatic blood flow and plasma protein binding.
IIT. The hepatic blood clearance of high hepatic extraction ratio drugs tends to be
relatively insensitive to changes in plasma protein binding and hepatocellular
activity (intrinsic clearance).

A. T only E. Iand III
B. I only F. Il and III
C. III only G. Al

D. IandII H. None

. Creatinine clearance is an estimate of which one of the following?

a. Hepatic function

b. Active tubular secretion

c. Rate at which water is filtered in the glomerulus
d. Effective renal plasma flow

e. Muscle metabolism

. Which one of the following statements is correct?

a. The renal clearance of a drug that is glomerularly filtered and neither reabsorbed
nor secreted in the kidneys is equal to GFR - Cu.

b. The renal clearance of a small, lipophilic, nonionizable drug is expected to ap-
proach a value of Urine Flow - Cu.

c. Renal clearance is less than fu - GFR when reabsorption is greater than secretion
in the renal tubule.

d. Small nonprotein and small protein (<20,000 g/mol) drugs are filtered at the
glomerulus at a rate equal to GFR - C.

6. Appropriately complete the following table by placing T, 1, or & arrows to signify

increase, decrease, or little or no change, respectively, in the blank spaces to indi-
cate the expectation for drugs that are primarily cleared by the liver and for which
a modest change in the parameter occurs. For Case 6, indicate whether the drug is
of low or high extraction ratio.
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Case

G EER ICON IO o

Total

Hepatic Extraction Hepatic Unbound Fraction Intrinsic (Plasma)
Ratio Blood Flow in Blood Clearance Clearance

High T © —

Low o l -

High P P T

Low “ “ T

High o J ©

J P “ o

T, increase; <, little or no change; |, decrease.

7. Which of the following generalizations made about the body’s ability to handle pro-

10.

tein drugs is (are) reasonable?
I. Small molecular weight protein drugs (MW < 20,000 g/mol) tend to be filtered
and metabolized in the kidney, with little excreted unchanged.
II. Monoclonal antibody drugs are eliminated throughout the body with only a
minor contribution by the liver, and none by the kidneys.
II1. Protein drugs of all kinds cannot be given orally for systemic activity because
they are degraded in the intestine to their constitutive amino acids.

A. Tonly E. Iand III
B. Il only F. IT and III
C. IIT only G. Al

D. Tand I H. None

. The immunosuppressive drug tacrolimus has the following characteristics: plasma

clearance = 4.2 L/hr; fraction in plasma unbound = 0.01; plasma-to-blood concentra-

tion ratio = 0.05; and essentially all of the drug is eliminated by CYP3A4-catalyzed

hepatic metabolism, with a negligible fraction excreted unchanged in urine.

a. Comment on whether tacrolimus has a high or low hepatic extraction ratio.

b. Why is the plasma-to-blood concentration ratio so low?

c. What are the expected changes in the clearance and half-life of tacrolimus after
induction of CYP3A4, which results in an increase in the intrinsic hepatocellular
metabolic clearance of the drug?

Table 6-6 (next page) contains the equilibrium distribution ratios of a drug for vari-

ous tissues and the corresponding perfusion rates.

a. Calculate the time required for the amounts in each of the tissues listed to reach
50% of the equilibrium value for this drug, which is perfusion-rate limited in its
distribution, when the arterial concentration is kept constant with time. Rank
the times and list the corresponding tissues.

b. What would be the expectation for temporal events in the heart if distribution to
this organ were permeability-rate limited?

The following information regarding theophylline is either provided in Problem 8 of

Chapter 5, or was calculated from the data provided. Clearance is 4 L/hr, volume of

distribution is 29 L, half-life is 5 hours. The drug is 40% bound in plasma and freely
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TABLE 6-6 | Equilibrium Distribution Ratio and Perfusion Rate

of Selected Tissues

Tissue Equilibrium Distribution Ratio (K) Perfusion Rate (mL/min/g Tissue)?
Heart 3 0.6

Kidneys 40 4

Liver 15 0.8

Lungs 1 10

Skin 12 0.024

71 g of each tissue occupies approximately 1 mL.

passes across cell membranes and distributes in all body water spaces. It is also
extensively metabolized, with only 10% of the dose excreted in the urine unchanged
following an intravenous dose.
a. Comment, with justification, on whether theophylline has a low or high hepatic
extraction ratio.
b. Comment on whether a definite statement can be made as whether there is net
renal secretion or net renal tubular reabsorption.
c. Knowing the volume of distribution and fraction unbound in plasma, calculate:
(1) a. The fraction of theophylline in the body unbound at distribution
equilibrium.
b. The unbound concentration when there is 500 mg theophylline in the
body at distribution equilibrium.
(2) a. The volume of distribution of theophylline in an individual receiving a
500-mg dose in whom the fraction unbound in plasma is 0.30.
b. The unbound concentration in that individual when there is 500 mg the-
ophylline in the body. Comment on the sensitivity of unbound concentra-
tion to changes in fraction unbound in plasma.



Quantifying Events Following

an Extravascular Dose

OBJECTIVES

The reader will be able to:

Describe the characteristics of, and the differences between, first-order and zero-order absorption
Processes.

Estimate the bioavailability of a drug, when provided with plasma concentration-time profiles follow-
ing both extravascular and intravascular administrations.

Define the following drug products: immediate-release, modified-release, extended-release, and
delayed-release.

Estimate the relative bioavailability of a drug in different dosage forms given by the same route of
administration, when provided with appropriate plasma concentration-time data.

Determine whether absorption or disposition rate limits drug elimination, given plasma concentra-
tion-time data following different dosage forms by the same route of administration.

Anticipate the effect of altering the kinetics of absorption, extent of absorption, clearance, or volume
of distribution on the systemic exposure-time profile following extravascular administration.

Given the concentration-time profile after a single oral dose, state what additional information might
be needed to determine whether the terminal decline in the plasma concentration is rate limited by
absorption.

Define bioequivalence, and briefly describe how it is assessed.

rugs are more frequently administered extravascularly (common routes are

listed in Table 7-1 on next page) than intravascularly, and the majority are in-
tended to act systemically rather than locally. For these drugs, systemic absorption,
the focus of this and the next chapter, is a prerequisite for activity. Delays or losses of
drug during systemic input may contribute to variability in drug response and occa-
sionally may result in failure of drug therapy. It is primarily in this context, as a source
of variability in systemic response and as a means of controlling the plasma concen-
tration—time profile, that systemic absorption is considered here and throughout the
remainder of the book. Keep in mind, however, that even for those drugs that are used
locally (e.g., mydriatics, local anesthetics, nasal decongestants, topical agents, and
aerosol bronchodilators), systemic absorption may influence time of onset, intensity,
and duration of adverse systemic effects.
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TABLE 7-1 | Extravascular Routes of Administration

for Systemic Drug Delivery?

Via alimentary canal

Buccal Rectal

Oral Sublingual
Other routes

Inhalation Subcutaneous

Intramuscular Transdermal

Intranasal

“Routes such as intradermal, intra-articular, intrathecal, intravaginal, ocular, subdural, and so
on, are usually used to produce a local effect.

Although other routes of administration are considered, this chapter deals pri-
marily with assessment of the kinetics and extent of systemic drug absorption from
the gastrointestinal tract. This is not only because the oral mode of administration
is the most prevalent for systemically acting drugs, but because it also illustrates
aspects of variability encountered with extravascular routes of administration in
general.

A number of oral dosage forms are commercially available. Some are liquids (e.g.,
syrups, elixirs, suspensions, and emulsions), whereas the more common ones are sol-
ids (tablets and capsules). Tablets and capsules are generally formulated to release
drug immediately after their administration to hasten systemic absorption. These are
called immediate-release products. Other products, modified-release dosage
forms, have been developed to release drug in a controlled manner. Modified-release
products fall into two categories. One is extended-release, a dosage form that al-
lows a reduction in dosing frequency or diminishes the fluctuation of drug levels on
repeated administration compared with that observed with immediate-release dosage
forms. Controlled-release and sustained-release products fall into this category. The
second category is that of delayed-release. This kind of dosage form releases drug,
in part or in total, at a time other than promptly after administration. Enteric-coated
dosage forms are the most common delayed-release products, and are designed to
prevent release of drug in the stomach, where the drug may decompose in the acidic
environment there or cause gastric irritation, and then to release drug for immediate
absorption once in the small intestine. Modified-release products are also adminis-
tered by nonoral extravascular routes. For example, repository (depot) dosage forms
are given intramuscularly and subcutaneously in the form of emulsions, solutions in
oil, suspensions, and tablet implants.

KINETICS OF ABSORPTION

The oral absorption of drugs often approximates first-order kinetics, especially when
given in solution. The same holds true for the systemic absorption of drugs from many
other extravascular sites, including subcutaneous tissue and muscle. Under these cir-
cumstances, absorption is characterized by an absorption rate constant, k,. The
corresponding absorption half-life is related to the absorption rate constant in the
same way that elimination half-life is related to elimination rate constant, that is,

Absorption half-life =

0.693
P’ Eq. 7-1

a
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Rate of Emptying

k, Time

FIGURE 7-1 First-order systemic absorption is analogous to the emptying of water from a hole in the bottom
of a cylindrical bucket, which represents the absorption site. The level of water, or amount remaining to be ab-
sorbed, in the bucket decreases with time, as does the rate of emptying. The slowing of the rate of decline of
the water level or rate of emptying is due to the decrease in water pressure, which depends on the water level
(or amount of water) in the bucket. The rate of emptying (g/min), which declines exponentially with time, is pro-
portional to the amount (g) of water in the bucket and the size of the hole. The rate of emptying relative to the
amount in the bucket is the fractional rate of emptying, which does not vary with time. In absorption terms, this
constant is called the absorption rate constant, k.

The half-lives for the absorption of drugs administered orally in solution or in a rapidly
dissolving (immediate-release) dosage form usually range from 10 minutes to 1 hour.
They tend to be longer when administered as a solid dosage form, especially if disso-
lution or release from the dosage form is slow.

When absorption occurs by a first-order process,

Rate of _ k . A
Al i - a a
bsorption Absorption Amount Eq. 7-2
rate constant remaining
to be absorbed

that is, the rate is proportional to the amount remaining to be absorbed, A,. First-or-
der absorption is schematically depicted in Fig. 7-1 by the emptying of water from
a cylindrical bucket. The rate of emptying depends on the amount of water (and its
height) in the bucket and the size of the hole at the bottom. With time, the level of water
decreases, reducing the rate at which water leaves the bucket. Indeed, the rate of emp-
tying is directly proportional to the level or amount of water in the cylindrical bucket.

Sometimes, a drug is absorbed at essentially a constant rate driven, for example,
by the maintenance of a saturated solution by the presence of excess dissolving solid.
The absorption kinetics is then called zero order. Differences between first-order and
zero-order Kinetics are illustrated in Fig. 7-2 (next page). For zero-order absorption, a
plot of amount remaining to be absorbed against time yields a straight line, the slope
of which is the rate of absorption (Fig. 7-2A). Recall from Chapter 5 that the fractional
rate of decline is constant for a first-order process; the amount declines linearly with
time when plotted semilogarithmically. In contrast, for a zero-order absorption pro-
cess, the fractional rate increases with time, because the rate is constant, whereas the
amount remaining to be absorbed decreases linearly with time. This is reflected in an
ever-increasing negative gradient with time in a semilogarithmic plot of the amount
remaining to be absorbed (Fig. 7-2B). For the remainder of this chapter, and for much
of the book, systemic absorption is modeled as a first-order process.

EXPOSURE-TIME AND EXPOSURE-DOSE RELATIONSHIPS

The systemic exposure to a drug after a single extravascular dose depends on both
systemic absorption and disposition. Consider first how exposure with time after an
extravascular dose compares with that seen after an intravenous dose.
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FIGURE 7-2 A comparison of zero-order and first-order absorption processes. Depicted are regular (A) and
semilogarithmic (B) plots of the percent remaining to be absorbed against time. Note the curvatures of the two

processes on the two plots.

Extravascular Versus Intravenous Administration

Absorption delays and reduces the magnitude of peak plasma concentration com-
pared with that seen after an equal intravenous bolus dose. These effects are por-
trayed for aspirin in Fig. 7-3.

The rise and fall of the drug concentration in plasma after extravascular adminis-
tration are best understood by realizing that at any time,

Rate of

k, A k-A
h: f = a “7a - -
d:u azlgig d Rate of Rate of Fa. 73
g Yy absorption elimination

The scheme in Fig. 7-4, based on the reservoir model presented in Chapter 5
(Fig. 5-3) for disposition after a single intravenous bolus dose, illustrates the expecta-
tion. Drug enters the reservoir, not as a bolus (Chapter 5), but by a first-order process
and is eliminated in the same manner as that following an intravenous dose.

Initially, with the entire dose at the absorption site (bucket) and none in the body
(reservoir), rate of absorption is maximal and rate of elimination is zero. Thereafter,

10 1

FIGURE 7-3 Aspirin (650 mg) was
administered as an intravenous bolus
(black circle) and as an oral solution
(colored circle) on separate occasions
to the same individual. Absorption
causes a delay and a lowering of the
peak concentration. (Modified from
the data of Rowland M, Riegelman S,
Harris PA, et al. Absorption kinetics of
aspirin in man following oral adminis-
tration of an aqueous solution. J Pharm
Sci 1972;67:379-385. Adapted with
permission of the copyright owner.)

Plasma Aspirin Concentration

(mg/L)
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Input Rate
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Volume

Extractor

Fraction Extracted During
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FIGURE 7-4 Scheme for the first-order systemic absorption and elimination of a drug after a single extravascular
dose. The systemic absorption is simulated by the emptying of a water bucket (see Fig. 7-1). The rate constant for
absorption k, is the fractional rate of absorption, that is, the rate of absorption relative to the amount in the bucket.
The elimination of the drug from the body (see Fig. 5-3) depends on the extent of its tissue distribution (volume of
reservoir, 1Y), and how well the drug is extracted from the fluid going to the eliminating organ (s) (as measured by
clearance, CL). In this integrated model, the amount of water added to the reservoir from the bucket is negligible, as
is the amount of drug in the extractor and in the fluid going to the extractor, relative to the amount in the reservoir.

as drug is absorbed, its rate of absorption decreases, whereas the concentration in the
reservoir and, as a consequence, the rate of elimination (CL - C) increases, making
the difference between the two rates smaller with time. As long as the rate of absorp-
tion exceeds that of elimination, the concentration in the reservoir continues to rise.
Eventually, a time, ¢, is reached when the rate of elimination matches the rate of
absorption; the concentration is then at a maximum, C,,,. Subsequently, the rate of
elimination exceeds the rate of absorption and the concentration declines, as shown
in Fig. 7-3 for the plasma concentration of aspirin after a single oral dose.

The peak plasma concentration is always lower following extravascular adminis-
tration than the initial value following an equal intravenous bolus dose. In the former
case, at the peak time, some drug remains at the absorption site and some has already
been eliminated, whereas the entire dose is in the body immediately following a single
intravenous bolus dose. Beyond the peak time, the plasma concentration is expected
to exceed that following intravenous administration of the same dose, if the drug is
fully bioavailable (completely absorbed). This occurs because of continuous absorp-
tion of drug. If bioavailability is low, the plasma concentration may remain below
that after intravenous administration at all times. Frequently, the rising portion of the
plasma concentration-time curve is called the absorption phase, and the declining
portion, the elimination phase. As will subsequently be seen, while often true, this
description may sometimes be misleading.
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One may observe a delay between drug administration and the beginning of absorp-
tion. This is called a lag time; it may be particularly important when a rapid onset of
effect is desired. The lag time can be anywhere from a few minutes to many hours. Long
lag times are frequently observed following ingestion of enteric-coated tablets. Factors
contributing to the lag time are the delay in emptying the product from the stomach and
the time taken for the protective coating to dissolve or to swell and release the inner
contents into the intestinal fluids. However, once absorption begins, it may be as rapid
as with uncoated tablets. Because of variability in gastric emptying, enteric-coated
products should not be used when a prompt and predictable response is desired.

Absorption influences the time course of drug in the body; but what of the total
area under the exposure-time profile, AUC? Recall from Chapter 5 that the rate of
elimination is:

Rate of elimination = CL-C Eq.7-4
Integrating over all time,
Total amount eliminated = CL - AUC Eq. 7-5

The total amount eliminated after an oral dose equals the total amount absorbed,
F - Dose, where the parameter F, bioavailability, accounts for the fact that only this
fraction of the oral dose reaches the systemic circulation. That is,

F -Dose = CL-AUC
Total amount Total amount Eq. 7-6
absorbed eliminated

Bioavailability

Systemic absorption is often incomplete when a drug is given extravascularly, for rea-
sons to be discussed in the next chapter. Knowing the extent of absorption (bioavail-
ability) helps to ensure that the correct dose is given extravascularly to achieve a
therapeutic systemic exposure. Although dose is known and area can be determined
following an extravascular dose, from Equation 7-6 it is apparent that clearance is
needed to estimate bioavailability. Recall, from Chapter 5 (Equation 5-21), that to de-
termine clearance, a drug must be given intravenously, as only then is the amount
entering the systemic circulation known (the dose, F'=1). Therefore,

Dose;, = CL- AUC,, Eq. 7-7
After an extravascular (ev) dose,
F,, -Dose,, = CL - AUC,, Eq. 7-8

which, upon dividing Equation 7-8 by Equation 7-7 and knowing that clearance is un-

changed, yields
F - (AUCev )( Dose;, Eq. 7-9
AUC,, /\ Dose,,

For example, if the area ratio for the same dose administered orally and intravenously
is 0.5, only 50% of the oral dose must have been absorbed systematically.

Relative Bioavailability

Relative bioavailability is determined when there are no intravenous data as part of
the assessment, either because an IV dosage form is not available or, more commonly,
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because such data are not relevant to the assessment. The assessment involves com-
paring the fractions absorbed for different dosage forms (e.g., tablet vs. capsule), dif-
ferent routes of extravascular administration (e.g., oral vs. pulmonary), or different
conditions (e.g., change in diet or coadministration with another drug).

Thus, taking the general case of two dosage forms:
Dosage Form A

F) -Dose, = CL-AUC,
Total amount Total amount Eq. 7-10
absorbed eliminated
Dosage Form B
Fp-Doseg = CL-AUCy
Total amount Total amount Eq. 7-11
absorbed eliminated
So that,
AUC D
Relative bioavailability (Fy/Fy) = ( A j( 05Cs j Eq. 7-12
AUCy Dose,

This relationship holds regardless of the extravascular route of administration, rate
of absorption, or shape of the curve. Constancy of clearance is the only requirement.

CHANGES IN DOSE OR ABSORPTION KINETICS

The concentration—time profile following a change in dose or in the absorption char-
acteristics of a dosage form can be anticipated.

Changing Dose

If all other factors remain constant, as anticipated intuitively, increasing the dose or
the fraction of a dose absorbed produces a proportional increase in plasma concen-
tration at all times. The value of ¢,,, remains unchanged, but C,,,, and AUC increase
proportionally with dose or fraction absorbed.

Changing Absorption Kinetics

Alterations in absorption kinetics, for example, by changing dosage form or giving the
product with food, produce changes in the time profiles of the plasma concentration.
This point is illustrated by the three situations depicted in the semilogarithmic plots of
Fig. 7-6 (next page) involving only a change in the absorption half-life. All other factors
(extent of absorption, clearance, and volume of distribution and hence elimination
half-life) remain unchanged.

Disposition is Rate Limiting

In Case A of Fig. 7-5, the most common situation, absorption half-life is much shorter
than elimination half-life. In this case, by the time the peak is reached, the majority of
bioavailable drug has been absorbed and little of that has been eliminated. Thereafter,
decline of the drug is determined primarily by the disposition of the drug, that is, dis-
position then becomes the rate-limiting step. The half-life estimated from the terminal
decline is therefore that of elimination, not of absorption.

In Case B, absorption is a slower process (absorption half-life is longer) than in
Case A, but still faster than the elimination process of the drug (k, > k). The peak
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FIGURE 7-5 Rates of absorption and elimination with time (graphs on leff) and corresponding plasma con-
centration-time profiles (graphs on right) following a single oral dose of drug under different input conditions.
A slowing (from top to bottom) of drug absorption delays the attainment (¢,,,) and decreases the magnitude
(Cira) of the peak plasma drug concentration. In Cases A and B (top two sets of graphs), the absorption process
is faster than that of elimination, so disposition rate limits the decline of the concentration. In Case C (bottom set
of graphs), absorption is so slow that it rate limits elimination so that the decline of drug in plasma now reflects
absorption rather than elimination. Because there is always a net elimination of drug during the decline phase,
the rate of elimination is slightly greater than the rate of absorption. In all three cases, bioavailability is 1.0 and
clearance is unchanged. Consequently, the areas under the plasma concentration-time curves (corresponding
linear plots of the top three graphs) are identical. The AUCs of the linear plots of the rate data are also equal
because the integral of the rate of absorption, amount absorbed, equals the integral of the rate of elimination,
amount eliminated.
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occurs later (¢, increased) because it takes longer for the plasma concentration to
reach the value at which rate of elimination (CL - C) matches rate of absorption; the
Cl.ax 1s lower because less drug has been absorbed by that time. Even so, absorption
is still essentially complete before the majority of absorbed drug has been eliminated.
Consequently, disposition remains the rate-limiting step, and the terminal decline still
reflects the elimination half-life.

Absorption Is Rate Limiting

Occasionally, absorption half-life is longer than elimination half-life, and Case C pre-
vails (Fig. 7-5). The peak concentration occurs later yet and is lower than in the two
previous cases, reflecting the slower absorption process. Again, during the rise to the
peak, the rate of elimination increases and eventually, at the peak, equals the rate of ab-
sorption. However, in contrast to the previous situations, absorption is now so slow that
considerable drug remains to be absorbed well beyond the peak time. Furthermore, at
all times, most of the drug is either at the absorption site or has been eliminated; little
of the dose is ever in the body. In fact, during the decline phase, drug is eliminated vir-
tually as fast as it is absorbed. Absorption is now the rate-limiting or -controlling step
(k, < k). Under these circumstances, since the rate of elimination essentially matches
the rate of absorption, the following approximation (=) can be written:

k-A z k,tA,
Rate of Rate of Eq. 7-13
elimination absorption
That is,
A =~ ( kij * Aa
k Eq. 7-13
Amount Amount
in body remaining to
be absorbed

Accordingly, the plasma concentration (C = A/V) during the decline phase is directly
proportional to the amount remaining to be absorbed. For example, when the amount
remaining to be absorbed falls by one-half, so does the plasma concentration. The
time required for this to occur is the absorption half-life. That is, the half-life of decline
of drug in the body now corresponds to the absorption half-life. Flip-flop is a com-
mon descriptor for this kinetic situation. An example of flip-flop kinetics is presented
in Fig. 8-9 of the next chapter. When it occurs, the terms absorption phase and elim-
ination phase for the regions where the plasma concentration—time curve rises and
falls, respectively, are clearly misleading.

Distinguishing Between Absorption and Disposition Rate Limitations

Although disposition generally rate limits the decline of drug in the body, the preced-
ing discussion suggests that caution should be exercised in interpreting the meaning
of half-life determined from the decline phase following extravascular administration.
Confusion is avoided if the drug is also given intravenously, although, as mentioned
previously, this is not commonly done, especially if there is no clinical indication for
this route of administration. Absorption and disposition rate limitations may still be
distinguished by altering the absorption kinetics of the drug, and checking to see if the
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terminal half-life shortens (Fig. 7-5). This is most readily accomplished by giving the
drug either in another dosage form such as a solution or by a different route. A longer
half-life only indicates that absorption is the rate-limiting step for the decline by the
new route or dosage form, but does not prove which is the rate-limiting step following
administration of the original product.

ASSESSMENT OF PRODUCT PERFORMANCE

Formulation

Equality of drug content does not guarantee equality of response. The presence of dif-
ferent excipients (ingredients in addition to active drug) or different manufacturing
processes may result in dosage forms containing the same amount of drug behaving
differently in vivo. This is why testing for bioavailability of drug products is essential.
Generally, the primary concern is with the extent of absorption. Variations in absorp-
tion rate with time may also be therapeutically important. Biopharmaceutics is a
comprehensive term used to denote the study of pharmaceutical formulation vari-
ables on the performance of a drug product in vivo.

The major cause of differences in systemic absorption of a drug from various solid
products is dissolution. There is, therefore, a strong need to control the content and
purity of the numerous inactive ingredients used to stabilize the drug; to facilitate man-
ufacture and maintain integrity of the dosage form during handling and storage; and to
facilitate, or sometimes control, release of drug following administration of the dosage
form. Intended or otherwise, each ingredient can influence the rate of dissolution of
the drug, as can the manufacturing process. The result is a large potential for differ-
ences in absorption of drug among products. Indeed, a large variety of dosage forms
of drugs are marketed in which release is intentionally delayed (lag in time when input
starts) or extended (input over an extended time period). Such differences in release
characteristics can be achieved without regard to the physicochemical properties of
the drug. Key to the use of such products in vivo, however, is that the extent of ab-
sorption not be affected and that release rate limits systemic absorption. To maintain
these properties for oral products, which move down the gastrointestinal tract with
time, the permeability of the drug must be high in both the small and large intestines.

Assessment of absorption is useful not only to determine the effect of the formu-
lation, but also to examine the effects of food, current drug administration, concurrent
diseases of the alimentary canal, and other conditions that may alter systemic absorp-
tion. Many such assessments take the form of relative bioavailability. One unique kind
of bioavailability assessment, which is widely used, is that of bioequivalence testing.

Bioequivalence Testing

The purpose of bioequivalence testing is to be able to predict the clinical (therapeutic)
outcome of the use of a new product of a drug, when the clinical trials used for col-
lecting efficacy and safety data were obtained with another product of the same drug.
The basic idea is that if the products are pharmaceutically equivalent (they contain
the same drug, at the same dose, and generally in the same dosage form, e.g., a tablet)
and the pharmacokinetics, in terms of the exposure-time profile (which reflects rate
and extent of absorption) are sufficiently similar, then the therapeutic outcome should
be the same; that is, the products would show therapeutic equivalence. Another full
clinical trial investigating efficacy and safety is thereby not necessary. In this sense,
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the bioequivalence trial serves as a surrogate for a full clinical trial. The major concern
is prescribability, the expectation that pharmaceutically equivalent products will have
the same therapeutic effect when therapy in a patient is started. Two products are con-
sidered to be bioequivalent if their concentration-time profiles are sufficiently similar
so that they are unlikely to produce clinically relevant differences in either therapeutic
or adverse effects. The common measures used to assess differences in exposure are
AUC, C,ax and £,y

In practice, C,, and t,,, are estimated from the highest concentration mea-
sured and the time of its occurrence. As the plasma concentration-time curve is
often flat near the peak, the value of C,,,is generally reliable, but because of assay
variability and infrequent blood sampling times, the value of ¢,,, observed may not
be a good representation of the actual time of its occurence. Furthermore, the accu-
racy of the ¢,,,, estimate is statistically limited by the discrete, and sometimes widely
separated, sampling times. Emphasis in bioequivalence testing is therefore placed
on AUC and C ..

Bioequivalence testing arises in two basic situations. First, when a patent on an
innovator’s drug expires, other manufacturers may then wish to market a similar for-
mulation of the drug. Formulations that are pharmaceutically equivalent and also
bioequivalent to that of the innovator’s product and bearing the generic name of the
drug are called generic products. Second, bioequivalence testing is sometimes per-
formed during the course of development of new drugs, for example, when a mar-
ketable tablet is developed but the original full clinical trial was conducted using
another preparation, such as a capsule formulation. Capsules are used because it is
relatively easy to adjust dose simply by filling the appropriate size capsule with dif-
ferent amounts of the granules or powder.

A typical bioequivalence trial is conducted with a crossover design (both treat-
ments given to each subject on separate occasions and in random order). Usually
about 24-36 healthy adult subjects are used and are often fasted to standardize condi-
tions. The test and reference products are given in single doses. The AUC and C,,,, are
examined statistically. If the 90% confidence interval for the ratio of the measures in
the generic or new product (test product) to the innovator’s product or product used
in full clinical trials (reference product) is within the limits of 0.8 and 1.25 for both
AUC and C,,,, the test product is declared to be bioequivalent. The conclusion is not
that their kinetics are the same, but simply that their kinetics are sufficiently similar
to expect the same therapeutic outcome. The choice of the tolerance limits of 0.8 and
1.25 on either side of the reference is almost universal among national drug regulatory
agencies, which evaluate such studies.

The statistical methods applied in bioequivalence testing are different from those
applied in bioavailability assessment. In bioavailability studies, questions often asked
are ones such as: “Is the oral bioavailability of Drug X in tablet Formulation 1 different
from that in tablet Formulation 2?” “Is the peak exposure following an oral solution
greater than that after a capsule dosage form?” “What is the oral bioavailability, and
how confident are we in its estimate?” In bioequivalence testing, the question asked
is: “Are the exposure measures (AUC and C,,,,) of the test product no less than 80% or
no more than 125% of the reference product?” The question is not whether or not they
are different, but whether or not they are sufficiently similar. The distinction between
the two kinds of questions is emphasized in Fig. 7-6 (next page).

The terms bioequivalence and generic products tend to be restricted to products
that contain conventional small molecular weight drugs. The situation is much more
complex when considering protein drugs and other biologics (any medicinal product
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manufactured or extracted from biological sources, such as vaccines, blood products,
and therapeutic serums). Some of these are produced by recombinant technology fer-
mentation using microorganisms. Even though the product undergoes rigorous purifica-
tion, there is always the possibility of some biological contamination, particular to the
specific manufacturing process, which produces an adverse immunological response
in some patients. Furthermore, subtle changes in the quaternary structure of the pro-
tein that can arise during fermentation and processing may affect its biological activity.
For these and other reasons, in addition to undertaking a pharmacokinetic comparison,
comparative assessment is also required of the pharmacodynamic, clinical, and safety
profiles of protein or biologic drug products intended to be interchangeable. Test prod-
ucts that meet the regulatory requirements on all accounts are said to be biosimilar.

We now turn to the physiologic and physicochemical determinants of drug ab-
sorption after an extravascular dose, the topic of Chapter 8.

SUMMARY

e Systemic absorption after extravascular administration is often modeled as a
first-order process.

¢ The plasma concentration-time profile after a single extravascular dose is charac-
terized by a rise and a subsequent fall. The rise is a result of the rate of absorption
being greater than the rate of elimination; the fall is the result of the converse.

e The peak concentration, and the time of its occurrence, is reached when the rate of
elimination matches the rate of absorption.

¢ The bioavailability of a drug is determined from the areas under the curve after ex-
travascular and intravascular administration, with correction for dose differences,
if necessary.

¢ Bioequivalence testing is performed to determine whether the systemic exposure—
time profiles following two different products of the same drug, dosage form, and
dose are sufficiently similar to conclude that therapeutic equivalence is likely.

e For formulations of a protein drug intended to be biosimilar, equally prescribable
as the marketed product, comparative assessment is required of the pharmacody-
namic, clinical, and safety profiles in addition to pharmacokinetic comparison.
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STUDY PROBLEMS

AUCg Dose,

1. The effect of food and lying down on the bioavailability of an experimental antibi-
otic PJT483 was studied in 36 subjects using a three-way crossover design. Table 7-2
(next page) summarizes the results of the study. Which of the following statements
is (are) consistent with the results of the study?

I. Taking the drug while lying down decreased the extent of absorption of the

drug.

II. The speed of absorption was faster when the subjects were lying down than

when they were upright.

IIT. The high-fat breakfast caused the drug to be absorbed more rapidly and in-
creased the amount systemically absorbed.

A. Tonly E. Tand IIT
B. Il only F. Tand II
C. III only G. Al

D. IandII H. None
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TABLE 7-2 | Peak Concentration, AUC, and Peak Times After a 250-mg

Oral Dose of PJT483 Under Various Conditions

Treatment (Drug Taken): Cinax (Hg/L)? AUC(0-24 hr) (pg-hr/L)? tnax (N)?
While fasting and upright 240 £ 65 2172 £ 514 0.82+£0.23
While fasting and lying down 142 + 50° 1987 + 763° 1.53 + 0.40°
Just at the end of a high-fat 74 + 33° 3214 + 876° 2.67 +0.90°
breakfast

“Values are expressed in mean + standard deviation.
bRelative to fasting group, P< 0.05.
“Relative to fasting group, P> 0.05.

2. The 90% confidence intervals (CI) of three different products (Products A, B, and
C) of a drug were compared with an innovator’s product (Reference Product). The
products were tested on separate occasions. The results of those studies, with re-
spect to C,,, only, were as follows:

I. Product A versus Reference CI =0.96-1.17
II. Product B versus Reference CI =0.78-1.15
II1. Product C versus Reference CI =1.28-1.51
Declaration of bioequivalence requires that both AUC and C,,,, measures be
within the acceptable limits, 80-125% of the values of the reference product. For
all three preparations, AUC was within those limits. Which one, or more, of the
following conclusions is then valid?
a. Products A and B both show bioequivalence.
b. Product C is definitely not bioequivalent to the Reference Product.
c. Product C is likely to be shown to be bioequivalent to the Reference Product if it
is studied again in a new study with a much larger number of subjects.
d. Product B is bioequivalent to the Reference Product.
e. None of the three products can be declared to be bioequivalent to the Reference
Product.

3. The absorption of a drug from an intramuscular site showed first-order kinetics
and was fully bioavailable. The absorption rate constant after an injection into the
deltoid muscle was 0.693/hr. Which one, or more, of the following statements is
(are) correct?

a. Ninety percent of the dose was systemically absorbed in 3.32 hours.

b. The fraction of the dose remaining at the injection site at 2 hours was 0.125.

c. The absorption half-life was 10 hours.

d. Seventy-five percent of the dose was systemically absorbed at 3 hours.

e. Had the drug been given as an intravenous bolus, 50% of the dose would have
remained in the body at 1 hour.

4. First-order absorption is characterized by which of the following relationships?

dA,

I - =k-A,
dar
II. Aa=Aa(0)-k-t
dA,
II1. ar k

A. Tonly E. Tand IIT

B. Il only F. Tand II

C. III only G. Al

D. IandII H. None
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5. Fig. 7-7 is a composite of the observations for a drug that has been formulated in

several different oral dosage forms: the original (Reference Product), an Immedi-
ate-release Product, a Modified-release Product, and what turned out to be a Poor
Formulation (AUC reduced). Complete the table below by inserting the appropriate
word (increase, decrease, not changed) describing the change observed in each
of the absorption parameters, k, and F, relative to that of the Reference Product.
Qualify any answer for which you feel it appropriate.

Immediate-release
Modified-release
Poor Formulation

. The concentration-time profile following a single 25-mg oral dose of a drug is

shown in Fig. 7-8 (next page). Draw on the semilogarithmic plot the expected con-

centration—time profiles (rough approximations) when:

a. The extent of absorption (bioavailability) is halved, but there is no change in
clearance or in absorption kinetics, that is, k, is constant.

b. The absorption process is slowed (k, becomes 10 times smaller than before and
is now 2 times smaller than k), but the extent of absorption (F') is the same and
the disposition kinetics (CL,V) is unchanged. This situation might occur when
the dosage form is changed, such as from a rapid-release to a slow-release prod-
uct. Modified-release dosage forms of theophylline and many other drugs are
examples.
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7. Briefly determine which of the following statements are correct or incorrect. For
those that are ambiguous, supply a qualification.

a. All other parameters remaining unchanged, the slower the absorption process,
the higher is the peak plasma concentration after a single oral dose.

b. For a given drug and subject, AUC is proportional to the amount of drug ab-
sorbed systemically.

c. The absorption rate constant (k,) is smaller than the elimination rate constant
(k). Therefore, the terminal decline of the plasma concentration versus time
curve reflects absorption, not elimination.

d. After a single oral dose, an increase in the extent of absorption leads to a short-
ening of the peak time.

e. Zero-order absorption is characterized by a constant rate of drug input until no
more drug remains to be absorbed.

8. The pharmacokinetics of sumatriptan, a serotonin receptor agonist used in treat-
ing migraine headaches, has been compared following subcutaneous, oral, rectal,
and intranasal administration. Table 7-3 lists key observations following these four
routes of administration.

a. Calculate the relative bioavailability of sumatriptan following the oral tablet,
rectal suppository, and nasal spray (relative to that following subcutaneous
administration).

TABLE 7-3 | Total Systemic Exposure (AUC), Peak Exposure (C,,,,), Time
of Peak Exposure (t,,.,), and Terminal Half-life of Sumatriptan

Following Administration by the Subcutaneous, Oral, Rectal, and
Intranasal Routes

Subcutaneous Oral Rectal Intranasal
Dose administered (mg) 6 25 25 20
AUC (ug-hr/L) 90.3 52.2 71.6 4738
Crax (UG/L) 69.5 16.5 22.9 12.9
thax (D) 0.17 1.5 1.0 1.5
Terminal t,,, (hr) 1.9 1.7 1.8 1.8

Adapted from Duquesnoy C, Mamet JP, Sumner D, et al. Comparative clinical pharmacokinetics of single doses of su-
matriptan following subcutaneous, oral, rectal, and intranasal administration. Eur J Pharm Sci 1998;6:99-104.
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9.

TABLE

b. Complete the table below by comparing the maximum plasma concentrations
(Crax) and the ratios of the maximum concentration to the area under the curve
(CraAUC) observed following an equivalent 25-mg dose of drug by the four
routes of administration.

Cinax (MG/L)’
Crax/AUC (hr)?
“Per 25 mg of sumatriptan.

5C,..x’/AUC has also been used as a measure of the kinetics of drug input when comparing across formulations
and routes of administration for the same drug.

c. How would you explain the much higher values of C,,, and C,,../AUC following
the subcutaneous route without a change in half-life?
Channer and Roberts (1985) studied the effect of delayed esophageal transit on the
absorption of acetaminophen. Each of 20 patients awaiting cardiac catheterization
swallowed a single tablet containing acetaminophen (500-mg) together with barium
sulfate, a radio-opaque compound. The first 11 subjects swallowed the tablet while
lying down; in 10 of these subjects, transit of the tablet was delayed, as visualized
by fluoroscopy. In the other 9 subjects who swallowed the tablet while standing,
it entered the stomach immediately. In both groups, the tablet was taken with a
sufficient volume of water to ease swallowing. Table 7-4 lists the average plasma

7-4 | Mean Acetaminophen Concentrations in Subjects Standing

and Lying Down after a Single 500-mg Oral Dose

Mean Plasma Acetaminophen Concentration (mg/L)

Time (min) Subjects Standing Subjects Lying Down
0 0 0
10 2.1 0.1
20 5.6 0.3
30 5.8 1.1
40 6.3 1.9
50 4.1 2.8
60 35 3.2
90 2.8 3.9
120 2.2 3.1
150 1.7 29
180 1.4 2.0
210 1.5 1.7
240 0.75 1.0
360 0.7

Abstracted from Channer, KS, Roberts CJC. Effect of delayed esophageal transit on acetaminophen absorption.
Clin Pharmacol Ther 1985;37:72-76. The AUC values (to time infinity) for the subjects who were standing and lying
down were 697 mg-min/L and 773 mg-min/L, respectively.
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FIGURE 7-9 Mean acetaminophen concentration in sub-
jects standing (black) and lying down (color) after a single

500-mg orqgl dose. (Data abstracted from Channer, K.S. and 0.1 T T T T T 1
Roberts, C.J.C. Effect of delayed esophageal transit on acet- 0 60 120 180 240 300 360
aminophen absorption. Clin Pharmacol Ther 1985;37:72-76.) Minutes

acetaminophen data obtained over 6 hours after swallowing the tablet. Fig. 7-9 is

the corresponding semilogarithmic display of the data in Table 7-4.

a. What effect does delayed esophageal transit have on the speed and extent of
absorption of acetaminophen?

b. What process, absorption or disposition, rate limits the decline in plasma drug
concentration?

c. Acetaminophen is used for the relief of pain. Do the findings of this study affect
the recommendation for the use of this drug?
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OBJECTIVES

The reader will be able to:

e Describe the sequence of events and processes involved in systemically absorbing a drug after
extravascular administration generally and specifically after oral administration.

e List five factors influencing dissolution rate of a drug.

e Distinguish between dissolution-rate and permeability-rate limitations in systemic absorption after
oral administration.

e State the mean transit times of materials in the fasted stomach, small intestine, and large intestine.
e State the role of gastric emptying and intestinal transit in the systemic absorption of a drug given
orally with particular reference to the physicochemical properties of the drug and its dosage form.

e Discuss how food can influence the rate and extent of systemic absorption of a drug given orally.

e Anticipate for which compounds intestinal permeability is likely to be the reason for incomplete oral
bioavailability for a drug absorbed by passive diffusion.

e List possible competing reactions responsible for low oral bioavailability of drugs, together with one
example of each possibility.

e State why protein drugs must generally be given parenterally.

e State why the systemic absorption of antibody drugs often continues for days, sometimes even
weeks, when they are administered in solution by the intramuscular or subcutaneous routes.

E efore a drug can pass through the membranes dividing the absorption site from
the blood at any site of extravascular administration, it must be in solution.
Yet most drugs are administered as solid preparations, such as tablets and capsules.
However, before addressing the issues involving drug release from a solid dosage
form, let us consider the physiologic and physicochemical events that result in
systemic absorption after administration of a drug in solution. We begin with oral
administration.

139
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ABSORPTION FROM SOLUTION

Systemic absorption is favored after oral administration because the body acts as asink,
producing a concentration difference between the diffusible unbound concentrations
at the absorption site and in systemic blood. The concentration gradient across the
absorptive membranes is maintained by distribution of absorbed drug to tissues and
by its elimination. Physiologic and physicochemical factors that determine movement
of drug through membranes in general were presented in Chapter 4. Included among
them were the molecular size and physicochemical properties of the drug, the
nature of the membrane involved, perfusion, pH, and the presence of transporters.
These factors and others are now considered with respect to drug passage through
gastrointestinal membranes. In this context, gastrointestinal absorption is the term
that is subsequently used for this process.

Gastrointestinal Absorption

The first potential site for absorption of orally administered drugs is the stomach. In
accordance with the prediction of the pH partition hypothesis, weak acids are ab-
sorbed more rapidly from the stomach at pH 1.0 than at pH 8.0, and the converse holds
for weak bases. Absorption of acids, however, is much faster from the less acidic small
intestine (pH 6.6-7.5) than from the stomach. These apparently conflicting observa-
tions can be reconciled. Surface area, permeability, and, when perfusion rate-limits
absorption, blood flow are important determinants of the rapidity of absorption. The
intestine, especially the small intestine, is favored on all accounts. The total absorptive
area of the small intestine, produced largely by microvilli, has been calculated to be
about 200 m? and an estimated 1 L of blood passes through the intestinal capillaries
each minute. The corresponding estimates for the stomach are only 1 m? and 150 mL/
min. The permeability of the intestinal membranes to drugs is also greater than that of
the stomach. These increases in surface area, permeability, and blood flow more than
compensate for the decreased fraction of un-ionized acid in the intestine. Indeed, the
absorption of all compounds—acids, bases, and neutral compounds—is faster from
the small intestine than from the stomach. Because absorption is greater in the small
intestine, systemic absorption is no faster than the rate of gastric emptying which is of-
ten the controlling step in the speed of drug absorption even when given orally in solu-
tion. In the following discussion, the examples chosen are either drugs administered
as solutions or where there is reason to expect, based on solubility considerations for
example, that the drug dissolves within the time it spends within the stomach, usually
about 30 minutes or less prior to entering the intestine. This is especially the case
when an oral dosage form is taken on an empty stomach with a glass of water.

Gastric Emptying

Food, especially fat, slows gastric emptying, which is one reason why drugs are fre-
quently recommended to be taken on an empty stomach when a rapid onset of action
is desired. Drugs that influence gastric emptying also affect the speed of absorption of
other drugs, as shown in Fig. 8-1 for acetaminophen, a common analgesic/antipyretic,
when remifentanil, a potent ultra—short-acting opioid, is concurrently administered by
intravenous infusion. The observed slowing of systemic absorption of acetaminophen
is a result of slowed gastric emptying by remifentanil, and is common to all opioids,
which contributes to the constipation seen with this class of drugs. The figure also
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FIGURE 8-1 Gastric emptying can rate-limit systemic drug absorption. Remifentanil, an ultra-short-acting
opioid narcotic analgesic, has a major effect on gastric emptying as observed by the mean systemic expo-
sure-time profiles of acetaminophen after its oral administration (1.5 g dissolved in 200 mL of water) to 10
healthy volunteers in the presence and absence of the narcotic. The drug was given alone (black lines) and 10
minutes after the start of a constant-rate intravenous infusion of remifentanil of 0.2 pg/kg/min (colored lines).
Posture was also shown to influence gastric emptying as observed when acetaminophen was taken while the
subjects were lying on their left side with the head lower than the feet by 20° (dotted lines) than when the
subjects were on their right side with the head higher than the feet by 20° (solid lines). (Data from Walldén
J, Thorn S-E, Wattwil M. The delay of gastric emptying induced by remifentanil is not influenced by posture.
Anesth Analg 2004;99:429-434.)

suggests that gastric emptying is faster when lying on the right than on the left side,
but the differences were not statistically significant. Although at first glance it would
appear that the extent of absorption (area under the curve) is affected by remifentanil
or the position of the body, one cannot be certain because of the limited time over
which blood samples were taken in the study. The total area under the curve, not
provided, is needed. Clearly, it is unlikely that a patient would get a rapid onset of re-
sponse to a drug when gastric emptying is so slowed. However, for this analgesic, the
slowing of gastric emptying is immaterial as the anesthetic effect of remifentanil pre-
dominates. In general, the stomach may be viewed as a repository organ from which
pulses of drug are ejected by peristalsis onto the absorption sites in the small intes-
tine, and slowing the process delays the onset of drug response.

Intestinal Absorption and Permeability

Throughout its length, the intestine varies in its multifaceted properties and luminal
composition. The intestine may be broadly divided into the small and large intestines
separated by the ileocecal valve. Surface area per unit length decreases from the
duodenum to the rectum. Electrical resistance, a measure of the degree of tightness
of the junctions between the epithelial cells, is much higher in the colon than in the
small intestine. Proteolytic and metabolic enzymes, as well as active and facilitated
transport systems are distributed variably along the intestine, often restricted to
specific regions. The colon abounds with anaerobic microbiota. The mean pH, 6.6, in
the proximal small intestine rises to 7.5 in the terminal ileum, and then falls sharply to
6.4 at the start of the cecum before finally rising again to 7.0 in the descending colon.
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FIGURE 8-2 The gastrointestinal absorption of ranitidine varies with the site of its administration. The variation
is shown in linear (A) and semilogarithmic (B) plots of the mean plasma concentration-time profiles of raniti-
dine observed after placing an aqueous solution (6 mL) containing 150 mg of ranitidine hydrochloride into the
stomach (faint colored line with circles), jejunum (colored line and triangles), and colon (black line with squares) of
eight volunteers via a nasoenteric tube. The much less extensive absorption of this small (MW =313 g/mol) polar
molecule from the colon is consistent with the idea that the permeability-surface area (P-SA) product of this drug
is much lower in the colon than in the small intestine. Notice that absorption of ranitidine effectively ceases (in
terminal decline phase) by 3 hours when placed in the stomach or jejunum, even though the drug is incompletely
bioavailable (F= 0.6; data not shown). This suggests that the small intestine is the major site of absorption when
ranitidine is taken orally. Also, notice in B that the terminal half-life of the decline in the plasma concentration
is longer when the drug is administered into the colon, because absorption there is rate-limiting (see Chapter 7,
p. 129). (Adapted from Williams MF, Dukes GE, Heizer W, et al. Influence of gastrointestinal site of drug delivery
on the absorption characteristics of ranitidine. Pharm Res 1992;9:1190-1194.)

The permeability—surface area product (P-SA, see Chapter 4) tends to decrease
progressively from duodenum to colon. This applies to all drug molecules traversing
the intestine epithelium by non—carrier-mediated processes, whether via the trans-
cellular (through cell) or paracellular (around cells) routes, when drug solutions are
placed in different parts of the intestine, as illustrated in Fig. 8-2 for ranitidine. The
extent of this drug’s absorption is dramatically decreased when it is administered into
the colon, as reflected by the reduced AUC (Fig. 8-2A). Its absorption kinetics is also
affected as reflected by an increased terminal half-life (Fig. 8-2B), indicating that its
absorption has now become rate-limiting,.

How much of this decrease in absorption is due to a decrease in permeability, and
how much is due to a decrease in surface area between small and large intestine are
not known for certain. For permeable drugs, absorption is rapid and probably com-
plete within the small intestine. Even if some drug were to enter the large intestine,
the permeability there would still be sufficiently high to ensure that all that entered
would be absorbed. For these drugs, although absorption across the intestinal epithe-
lia may be perfusion rate-limited, as mentioned above, the overall rate-limiting step in
systemic absorption from solution is likely to be gastric emptying.

As discussed in Chapter 4, molecular size is a particularly important determinant
of permeability. Small polar substances, such as the antiviral acyclovir (250 g/mol),
the Hy-antagonist cimetidine (252 g/mol), and atenolol (266 g/mol), primarily move
paracellularly across the epithelium, although there is evidence of some involvement
of transporters. Permeability, in general, and paracellular permeability, in particular,
appear to drop off sharply with molecular weights above 350 g/mol, a value at which
compounds appear to approach the molecular dimensions of the tight junctions be-
tween intestinal cells.
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In general, drugs that are not reliably active systemically when given orally be-
cause of their poor absorption must be given parenterally. This is not so much be-
cause of their low oral bioavailability, but because of their excessively variable oral
absorption, both among patients and, from time to time, within the same patient, and
sometimes because there is a need for very large doses to adequately achieve a ther-
apeutic systemic exposure. But there are exceptions, such as the bisphosphonates,
for example, alendronate, ibandronate, and zoledronic acid. These stable drugs, used
to increase bone mineral density and reduce the frequency of factures in the elderly,
are given orally in spite of their very low bioavailabilities (about 0.5%—0.7%). They are
relatively safe and so can be administered in high enough doses that the small frac-
tion that is absorbed is sufficient to achieve therapeutic benefit. Despite its low oral
bioavailability, pyridostigmine is also given orally to treat myasthenia gravis. Although
oral administration is ruled out for many antimicrobial agents, such as the aminogly-
cosides, because of poor and variable intestinal permeability, they do have utility in
treating some infections and diseases of the alimentary canal itself. The use of vanco-
mycin in treating pseudomembranous colitis is an example.

An additional determinant of permeability, and hence absorption is the presence
of transporters, particularly those on the apical side of the epithelial cells, that is,
facing the intestinal lumen. Uptake transporters, such as PEPT1 and OATP3, facilitate
the absorption of amoxicillin, L-dopa, and the antiepileptic/analgesic gabapentin, all
of which would otherwise be poorly absorbed. Indeed, as discussed in Chapter 4, it is
because the inherent passive permeability of such molecules is low that transporters
exert an influence. In contrast, systemic absorption of some drugs is reduced by the
presence of efflux transporters, for example, P-glycoprotein. Drug examples include:
fexofenadine, an antihistamine; paclitaxel, an anticancer drug; and saquinavir, an an-
tiretroviral agent. Low apparent permeability results, not so much from inability to
cross the apical intestinal membranes, but from the action of this efflux transporter.

Concurrent administration of inhibitors of a transport system (e.g., erythromycin,
an antibiotic; itraconazole, an antifungal agent; quinidine, used in atrial fibrillation; and
ritonavir, a protease inhibitor) can increase the oral absorption of these transported
substrates, while coadministration of inducers of this efflux transporter (e.g., rifam-
pin, an antitubercular drug, and St. John’s Wort, alleged to be useful for treatment of
depression and other mental disorders) have the opposite effect. This is clearly illus-
trated by the effect of rifampin on digoxin pharmacokinetics (Fig. 8-3 on next page).
Digoxin, a large (781 g/mol) molecule containing three sugar groups, is absorbed and
predominantly renally eliminated unchanged; bioavailability is usually quite high
(about 60-70%), and most absorption appears to occur within the first 4 hours after ad-
ministration, in keeping with limited absorption beyond the small intestine. Rifampin
pretreatment has no material effect on the disposition kinetics of digoxin but, rather,
reduces its oral bioavailability (based on decreased total AUC). A slowing in the speed
of its absorption is also clearly indicated by the decrease in C,,,, and the increase in
tmax- The mechanism is an increase in the intestinal expression of P-glycoprotein, for
which digoxin is a substrate. The absorption of digoxin is permeability rate-limited.
Therefore, a decrease in its effective permeability owing to increased P-glycoprotein
efflux decreases both the speed and the extent of its absorption.

An additional consideration is that distribution of transporters along the gastroin-
testinal tract varies. Certainly, this is true for P-glycoprotein, with activity increasing
down the intestinal tract, being highest in the large intestine. This higher activity may,
in part, explain why such drugs as ranitidine have such a significantly lower permea-
bility in the colon than in the small intestine (Fig. 8-2).
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FIGURE 8-3 Rifampin pretreatment reduces the absorption of digoxin. Shown are plots of mean plasma di-
goxin concentration-time profiles after oral (A) and intravenous (B) administration (as a 30-minute infusion)
of 1-mg digoxin alone (black circles) and after 10 days’ of rifampin pretreatment (600 mg daily, colored circles)
to seven healthy adults. A clear depression in the oral absorption of digoxin is inferred by the lower concentra-
tions after oral but not intravenous administration after rifampin pretreatment. This was corroborated by a 30%
decrease in total AUC (0-144 hours) (from 54.8 to 38.2 pg-hr/L), corresponding to a fall from 63% to 38% in oral
bioavailability. (Redrawn from Greiner B, Eichelbaum M, Fritz P, et al. The role of intestinal P-glycoprotein in the
interaction of digoxin and rifampin. J Clin Invest 1999;104:147-153.)

Insufficient Time for Absorption

FIGURE 8-4 The fraction of a dose absorbed
intestinally after oral administration correlates
with human jejunal permeability. Drugs with
permeabilities less than 1.0 cm/sec x 107 are
likely to be incompletely absorbed. The lower the
permeability below this value, the greater is the
likelihood of incomplete absorption. (Adapted

Absorption of drug following oral administration is often reduced because of the
limited time within the alimentary canal, and specifically at the sites where absorption
is favored by its physicochemical properties or by the presence of transporters.
The time for transiting the areas where absorption occurs is a major limitation.
The transit time for the small intestine is about 3-4 hours, while that of the large
intestine is from 10 to 36 hours or occasionally longer. Drugs with poor permeability
characteristics show low oral bioavailability for this reason. If they remained longer
at the absorption sites, permeability would be much less of an issue. Recall that,
when ranitidine is given orally, only 60%, on average, of a dose is absorbed, and
virtually all within the first 3-4 hours after administration when it is in the small
intestine. The relationship between fraction absorbed intestinally and the jejunal
(the segment between duodenum and ileum) permeability of many drugs is shown
in Fig. 8-4. Clearly, low-permeability drugs (examples in Table 8-1) are likely to be
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TABLE 8-1 | Examples of Drugs Showing Low Oral Bioavailability

Due to Low Intestinal Permeability

Alendronate Gentamicin
Amikacin Ibandronate
Carbenicillin Neomycin
Cefamandole Pyridostigmine
Ceftazodime Streptomycin
Flumazenil Vancomycin

All of the drugs listed are antimicrobial agents, except the following: alendronate and ibandronate, agents used to
treat and prevent osteoporosis; flumazenil, an agent used to reverse the sedative effects of benzodiazepines; and
pyridostigmine, an agent used to treat myasthenia gravis and poisoning by certain nerve gases.

poorly absorbed. Unless degraded in the alimentary canal, the balance of an oral
dose of such drugs is recovered unchanged in feces, as is the case for ranitidine.
Needless to say, such drugs are generally poor candidates for oral extended-release
dosage forms, given that much of the release from such products is within the large
intestine (see below for further discussion).

The lack of absorption because of the limited time within the gastrointestinal
tract applies to drugs at the other extreme of the permeability scale as well, but for
another reason. A drug that is highly permeable but with very low water solubility
may also be poorly absorbed because the concentration of released drug is limited by
its aqueous solubility, resulting in little drug being available for absorption within the
contact time available. Griseofulvin, an antifungal agent, is an example. Formulation
is key to increasing its systemic absorption after oral administration by increasing its
dissolution.

Causes of Changes in Oral Bioavailability

The oral bioavailability (F)) of drugs is commonly less than one, even when admin-
istered in solution. There are many reasons for the reduced systemic absorption, in
addition to low intestinal permeability. Recall from Chapter 2 that a drug must pass
sequentially from the gastrointestinal lumen, through the gut wall, and through the
liver, before entering the general circulation (Fig. 8-5 on next page). This sequence
is an anatomic requirement because blood perfusing virtually all gastrointestinal
tissues drains into the liver via the hepatic portal vein. Drug may also be lost by
decomposition in the lumen; the fraction entering the intestinal tissues, FF, is then
the fraction neither lost in the feces nor decomposed in the lumen. Of this perme-
ating drug, only a fraction, Fi;, may escape destruction within the intestinal tissues,
thereby reducing the fraction of dose reaching the portal vein further to Fy - Fj.
If drug is also eliminated in the liver, then only a fraction, Fy, of that reaching it
escapes extraction there. Accordingly, the measured overall oral systemic bioavail-
ability, F, is given by

F=FgF4-Fy Eq. 8-1

For example, if 50% of the drug is lost at each step, the oral bioavailability of the drug,
measured systematically, would be 0.5 x 0.5 x 0.5 = 0.125, or 12.5%. Note that the drug
can be rendered totally unavailable systemically at any one of these steps.
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FIGURE 8-5 Adrug, given as a solid or a solution, encounters several barriers and sites of loss in its sequential
movement (colored arrows) from the gastrointestinal tract to the systemic circulation. Dissolution, a prerequisite
to movement across the gut wall, is the first step. Incomplete dissolution, slow penetration of the gastrointestinal
membranes, decomposition in the gut lumen, and efflux transporters in the gut wall are some causes of poor
bioavailability. Removal of drug as it first passes through the gut wall and the liver further reduces the systemic
bioavailability , so that the overall oral bioavailability becomes F= F: * Fg * F.

First-Pass Loss

As briefly considered in Chapter 2, metabolism during passage across the intestinal
wall and through the liver reduces the amount reaching the general circulation
following oral administration; the first-pass effect. A few examples to illustrate this
first-pass loss follow.

The gut contains many of the enzymes found in the liver, in particular CYP3A4 and
several of the glycosyltransferases (1A8 and 1A10). Table 8-2 lists drugs of moderate
to low oral bioavailability due primarily to first-pass metabolic loss. All of these drugs
are metabolized predominantly by CYP3A4. Despite this commonality, notice that for
some, such as tacrolimus and buspirone, there is a substantial gut wall loss, while for
others, such as triazolam and nifedipine, it is modest. The differences among them are

TABLE 8-2 | Availabilities of Various Substrates of CYP3A4 Across the

Gut Wall and the Liver

CYP3A4 Substrate F? F’ F Fy
Tacrolimus 0.14 1 0.14 0.96
Buspirone - - 0.21 0.24
Atorvastatin 0.14 1 0.24 0.58
Cyclosporine 0.22-0.36 0.86 0.33-0.48 0.75-0.88
Felodipine 0.14 1 0.45 0.34
Midazolam 0.25-0.41 1 0.40-0.79 0.49-0.74
Triazolam 0.55 0.85 0.75 0.75
Nifedipine 0.41 1 0.78 0.53
Quinidine 0.78 0.95 0.90 0.86
Alprazolam 0.84 0.92 0.94 0.97

F=FeFg* Fy

bF. =1 for those drugs for which no other data are available.

Abstracted from Galetin A, Hinton LK, Burt H, et al. Maximum inhibition of intestinal first-pass metabolism as a pragmatic
indicator of intestinal contribution to the drug-drug interaction of CYP3A4 cleared drugs. Curr Drug Metab 2007;8:685-693.
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probably due to a combination of intestinal permeability, intrinsic intestinal metabolic
activity, and for some, intestinal transporters, discussed below. Notice also that there
is relatively little correlation between F; and Fy;. Thus, for nifedipine F; > Fy;, for tac-
rolimus Fy; > F, while for midazolam F; and Fy; contribute almost equally to the low
oral bioavailability.

Another example of a drug showing first-pass loss is orlistat (Xenical). Still an-
other is aspirin. Apart from both having a first-pass loss, one in the gastrointestinal
wall (orlistat) and the other primarily in the liver (aspirin), orlistat and aspirin have
little in common. They have different chemical structures and possess different phar-
macologic activities. Aspirin (MW = 190 g/mol) is a simple acetyl ester of salicylic
acid, whereas orlistat is a larger (MW = 496 g/mol) more complex molecule. Aspi-
rin is an anti-inflammatory agent through its active metabolite, salicylic acid, while
orlistat acts locally as a lipase inhibitor within the gastrointestinal tract to slow fat
absorption and help control obesity. The almost complete first-pass metabolism of
the small fraction of orlistat that permeates the intestine has, therefore, little impact
on its efficacy.

When metabolites formed during the first pass through the intestinal wall and the
liver are inactive or less potent than the parent drug, the oral dose may need to be
larger than the equivalent intravenous or intramuscular dose if the same therapeutic
effect is to be achieved. Any drug with a high hepatic extraction ratio (see examples
listed in Table 6-5) has a low and often highly variable oral bioavailability. Being phys-
iologically determined, no amount of pharmaceutical manipulation can improve on
this value for an oral dosage formulation. Sometimes, the problem is so severe that
either the drug must be given parenterally, or it must be discarded in favor of another
drug candidate. Flumazenil, a benzodiazepine receptor antagonist, and naloxone, an
opioid antagonist, are examples. These drugs are so highly extracted by the liver that
they must be given parenterally to be effective.

This feature of naloxone has been advantageously used in therapy. A combination
product of naloxone, a potent narcotic analgesic antagonist, and pentazocine, a potent
narcotic agonist with abuse potential, is effective as an analgesic when administered
orally because naloxone, but not pentazocine, is very extensively metabolized during
the first pass through the liver. However, when the product is administered parenter-
ally, a common procedure of addicts, the mixture is inactive because of the antago-
nistic effect of naloxone. The advantage of the combination in the oral product is to
prevent its intravenous injection by drug abusers.

Competing Gastrointestinal Reactions

Any reaction (examples listed in Table 8-3 on next page) that competes with gastric
or intestinal absorption reduces the oral bioavailability of a drug. They can be either
enzymatic or nonenzymatic in nature. Acid hydrolysis in the stomach is a common
nonenzymatic one. Enzymatic reactions include those caused by digestive enzymes,
metabolic enzymes within the gastrointestinal epithelium, and enzymes in the micro-
biota, residing predominately in the large bowel. Complexation reactions with other
drugs also occur; the result may be low drug bioavailability. For example, coadminis-
tration of activated charcoal or cholestyramine reduces the absorption of a number
of drugs, including: leflunomide, an agent used to treat rheumatoid arthritis; cepha-
lexin, an antibiotic; and piroxicam, an analgesic agent. When both an adsorbent and
an adsorbable drug are concurrently used, their administration must be appropriately
timed to avoid their concurrent presence in any region of the gastrointestinal tract.
Otherwise, the bioavailability of the drug may be greatly reduced.
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TABLE 8-3 | Representative Reactions Within the Gastrointestinal Tract

that Compete With Drug Absorption From Solution

Reaction Drug Comment

Adsorption Sumatriptan Adsorption to charcoal; adsorbed material is not
absorbed.

Conjugation

Sulfoconjugation

Ethinyl estradiol

Concurrent administration of inhibitors of
sulfoconjugation (e.g., ascorbic acid and
acetaminophen) increase bioavailability of this drug.

Glucuronidation Morphine Two glucuronides are formed. The 6-glucuronide
has analgesic activity; the 3-glucuronide is inactive.
Decarboxylation Levodopa Loss of activity: Given with a peripheral L-dopa

Efflux transport

Fexofenadine

decarboxylase inhibitor to reduce gastrointestinal
metabolism.

Efflux transporters, such as P-glycoprotein, reduce
absorption of this drug.

Hydrolysis
Acid Penicillin G Loss of activity: Product is inactive.
Erythromycin Loss of activity: Product is inactive.
Digoxin Products (digitoxides) have variable activity.
Enzymatic Aspirin Salicylic acid, an active anti-inflammatory compound
is formed.
Pivampicillin Active ampicillin formed. Pivampicillin (ester) is
inactive.
Insulin Loss of activity: Product is inactive.
Oxidation Cyclosporine Loss of activity: Products are less active or inactive.
Reduction Olsalazine Intended for local (colon) anti-inflammatory action;

(microbiota)

parent drug not systemically absorbed, but is

reduced to two molecules of the active metabolite,
5-aminosalicylic acid.

The complexities that occur in vivo make quantitative prediction of the contri-
bution of a competing reaction to decreased bioavailability difficult. Sometimes, the
problem of incomplete absorption can be circumvented by physically protecting the
drug from destruction in the stomach or by synthesizing a more stable derivative,
which is converted to the active molecule within the gastrointestinal tract or within
the body. Similarly, to enhance absorption, more permeable derivatives are made,
which are rapidly converted to the active molecule, often during passage through the
intestinal wall. For example, absorption of the polar antibiotic ampicillin is incom-
plete. The systemic delivery of this acidic drug is improved substantially by admin-
istering it as a more lipophilic and permeable inactive ester prodrug, pivampicillin,
which is quickly hydrolyzed within the gut wall to ampicillin, which is then absorbed
systemically. Another example is that of valganciclovir, an antiviral agent. The hydro-
lysis of this compound by esterases within the gut wall and liver is so rapid that only
ganciclovir is detected in the systemic circulation. Valganciclovir is therefore, by de-
sign, a prodrug as well.
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tion of a single 40-mg dose of simvastatin
with 200 mL of either water (black circles) or
grapefruit juice (GFJ, colored circles) daily for
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For drugs that undergo extensive first-pass metabolism in the gut wall and the
liver, there is often a very large effect of induction or inhibition on their bioavailability.
The sequential loss in these organs may partially explain the large effect. For exam-
ple, consider a drug for which the extraction ratios in the gut wall and liver were both
0.7 and that an inducer is given that increases these values to 0.9. The bioavailability
would then be decreased from 0.09 (0.3 x 0.3) to 0.01 (0.1 x 0.1), a nine-fold reduction.
The reduction would only be three-fold if the metabolism occurred only in the liver.

The concurrent administration of grapefruit juice and simvastatin is an example
of a food—drug interaction due to reduced first-pass metabolism (Fig. 8-6). The oral
bioavailability of simvastatin is normally about 5%, but when one glass of grapefruit
juice is taken once daily for 3 days and concurrently with 40 mg of simvastatin on
day 3, its systemic exposure (as reflected by AUC) is increased 3.6-fold. This effect is
caused by the presence, within grapefruit juice, of inhibitors of the drug’s metabolism,
primarily within the gut wall. Hence, such inhibition is expected to have greater im-
pact on the oral bioavailability of those drugs mentioned above, such as tacrolimus,
for which most of the first-pass metabolic loss occurs in the gut wall, than others, such
as nifedipine, for which the liver is the primary cause of loss.

The degree of inhibition of simvastatin first-pass intestinal metabolism is a func-
tion of how much, as well as when, grapefruit juice is ingested, as illustrated by the
data shown in Table 8-4 (next page), when “high-dose” grapefruit juice (200 mL of dou-
ble strength) is given three times a day for 3 days. The falloff in the inhibition of the
metabolism after discontinuing grapefruit juice is examined by waiting 1, 3, and 7 days
before giving the drug. Notice that the “high-dose” grapefruit ingestion increases the
exposure of simvastatin 13.5-fold (compared with 3.6-fold when only one standard
glass of grapefruit juice is given daily, Fig. 8-6). Also note that 24 hours after stopping
grapefruit juice intake, the increase in AUC is only about 10% of that observed when
currently administered, and that the AUC has essentially only returned to the control
value 1 week later. The therapeutic impact of this interaction is tempered by the fact
that several metabolites of simvastatin are also active such that the increase in expo-
sure systemically and within the liver, the site of action, to all active species is less
than that observed for simvastatin itself.

Another example is budesonide, a synthetic corticosteroid used in treating
Crohn’s disease of the ileum and ascending colon. The drug is given in a modified-re-
lease dosage form, which releases drug in the region of the alimentary canal where the
disease is common. Drug easily permeates the intestinal wall, but, owing to extensive
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TABLE 8-4 | Mean (+ SD) Peak Concentrations (C,,,,) and Total Area

Under the Curve (AUC) After a Single 40-mg Dose of
Simvastatin With and Without Grapefruit Juice (GFJ)

Administration Time After Discontinuing GFJ
Control Concurrent of
Measure (Water Only) GFJ 24 hr 3d 7d
Crnax 93145 112 £ 448 220+97 142 + 4.6 12.4 + 72
(ng/mL) (100)* (1200)° (237)? (153)? (133)?
AUC 289t 145 390 = 126 59.4 + 276 396+ 11.9 30.6 £ 15.8
(ng-hr/mL) (100)? (1350)° (206)? (1372 (1o06)?

The drug was administered with 200 mL water alone (part 1 of study) or following administration of double-strength grape-

fruit juice (GFJ) 3 x daily at 7:00 Am, noon, and 8:00 pm for 3 days and at 0.5 and 1.5 hours after simvastatin intake (part 2 of
study). In part 3, subjects received the GFJ as above, but the dose of simvastatin was withheld for 24 hours, 3 days, or 7 days
after discontinuing GFJ.

Percent of the control value.

CYP3A4-catalyzed first-pass metabolism in gut wall and liver, systemic availability is
low, thereby reducing the adverse systemic effects of the corticosteroid. Coadminis-
tration of drugs that inhibit CYP3A4, however, reduces the first-pass loss and increases
systemic exposure and therefore adverse events. Coadministration of ketoconazole, a
potent inhibitor of CYP3A4 at conventional doses, for example, has been reported to
increase by eight-fold the AUC of budesonide.

Some drugs are substrates for both luminal efflux transporters and metabolic en-
zymes, within the intestinal cells, as shown schematically in Fig. 8-7. Together, they
reduce the oral bioavailability to a greater extent than if only one of the two processes
was involved. Drug examples that appear to include this coupling effect are: HIV-1 pro-
tease inhibitors, indinavir, nelfinavir, saquinavir, and ritonavir; the chemotherapeutic
agent, paclitaxel; the cholesterol lowering drug, simvastatin; and the immunosuppres-
sive agent, cyclosporine. The extent to which inhibitors of the enzyme activity and/or
the transport system increase systemic availability depends on the contributions of
metabolism and transport to first-pass intestinal loss.

Saturable First-Pass Metabolism

When absorption is rapid and the dose is relatively large, some extensively metabolized
drugs show a disproportional increase in C,,, and AUC on increasing the oral dose,

Lumen

FIGURE 8-7 For some drugs, systemic absorption after oral adminis-
tration depends on both enzymatic metabolism and efflux transporters
(depicted in color) in the intestinal epithelium. The presence of efflux
transporters on the apical side in concert with the intracellular metab-
olism may diminish the movement of drug from the intestinal lumen to
mesenteric blood. Inhibition of either the metabolic activity or the efflux
transport leads to an increase in the net movement of unchanged drug
into the systemic circulation. In the figure, drug appears as black mole-
cules and metabolite as colored ones. Blood

Basolateral
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TABLE 8-5 | Examples of Drugs Showing Saturable First-Pass Metabolism

in the Gut Wall, Liver, or both After Oral Administration of
Therapeutic Doses

Drug Indication Drug Indication
Alprenolol Hypertension, angina, Niacin Hyperlipidemia

and cardiac arrhythmia
Atorvastatin Hyperlipidemia Nicardipine Hypertension
Darifenacin Overactive bladder Omeprazole Duodenal ulcers
5-Fluorouracil Certain cancers Propafenone Atrial fibrillation
Fluvastatin Hyperlipidemia Propranolol Hypertension
Hydralazine Hypertension Rivastigmine Alzheimer’s Disease
Isosorbide dinitrate Angina Verapamil Angina and cardiac

arrhythmias

examples of which are listed in Table 8-5. These are drugs that have a low bioavailabil-
ity at low doses, because of extensive first-pass metabolic loss (high extraction ratio)
either in the gut wall or in the liver, or both. At higher doses, metabolism approaches
saturation. Evidence supporting this conclusion is that in many cases, no change in
the elimination half-life is observed. This behavior can be understood by realizing that,
given the small volume of intestinal fluid, the concentration of drug entering the gut
wall and entering the liver via the portal vein can be much higher than that of the
systemically circulating drug, owing to a combination of hepatic extraction and sub-
sequent dilution of absorbed drug by its distribution to the tissues of the body. So once
absorption is complete, the plasma concentrations entering the gut wall and the liver
are too low to cause saturation of the metabolic enzymes, especially in the terminal
phase of decline where the half-life is measured. When saturable first-pass metabolism
occurs, product formulation can have an impact on the bioavailability of orally admin-
istered drugs. Generally, the slower the release, as in modified-release products, the
lower is the expected bioavailability of the drug.

Absorption From Intramuscular and Subcutaneous Sites

Small Molecular Weight Drugs

In contrast to the gastrointestinal tract, absorption of most drugs in solution from
muscle and subcutaneous tissue is perfusion rate-limited. For example, consider the
data in Table 8-6 (next page) for the local anesthetic lidocaine. Shown are the peak
plasma concentrations observed when the same dose of lidocaine is administered par-
enterally at different sites of the body. Recall from Fig. 7-5, for a given dose, when
Cl.ax 1s higher, drug absorption is faster. Large differences in speed of absorption are
clearly evident, the speed increasing from subcutaneous tissue to intercostal muscle
(between the ribs), in line with an increasing tissue perfusion rate.

The dependence of rapidity of absorption on local blood flow is taken advantage
of when lidocaine is used as a local anesthetic for local surgical procedures. The addi-
tion of epinephrine, a vasoconstrictive agent, reduces the blood flow and, as a conse-
quence, reduces bleeding and prolongs the local anesthetic effect.

In some conditions, such as hemorrhagic shock, perfusion of skeletal muscle
tissue is drastically reduced, in this case because of extensive blood loss. It is then
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TABLE 8-6 | Influence of Site of Injection on the Peak Venous Lidocaine

Concentration Following Injection of a 100-mg Dose

Injection Site Peak Plasma Lidocaine Concentration (mg/L) Perfusion Rate
Intercostal 1.46
Paracervical 1.20
Caudal 1.18
Lumbar epidural 0.97
Brachial plexus 0.53
Subarachnoid 0.44
Subcutaneous 0.35

Taken from Covino BG. Pharmacokinetics of local anaesthetic drug. In: Prys-Roberts C, Hug CC, eds. Pharmacokinetics
of Anaesthesia. Oxford, UK: Blackwell Scientific Publications, 1984:270-292.

inappropriate to give drugs requiring a rapid onset of action by the intramuscular as
well as subcutaneous routes—the intravenous route is then used. Reduced tissue per-
fusion in this condition becomes a major disadvantage to pharmacotherapy.

This dependence of absorption on perfusion may be explained by the nature of the
barrier (capillary membrane) between the site of injection (interstitial fluid) and blood.
This membrane, a much more loosely knit structure than the epithelial lining of the
gastrointestinal tract (see Chapter 4), offers little impedance to the movement of drugs
from the intestinal lumen to blood, even for polar ionized drugs. For example, gentami-
cin, a relatively large (MW = 1486 g/mol), water-soluble, ionized, polar base, is poorly
absorbed when given orally because it has great difficulty penetrating the gastrointes-
tinal mucosa. It also does not pass the blood-brain barrier, nor is it reabsorbed in the
renal tubule. However, it is rapidly and completely absorbed systemically from an in-
tramuscular site. This low impedance by the capillary membrane in muscle and subcu-
taneous tissue applies to all small drugs, independent of charge or degree of ionization.

Macromolecules and Lymphatic Transport

In contrast to small molecules, size, polarity, and charge are important for administra-
tion of proteins and large polypeptide drugs; their transport across many membranes
is hindered. Furthermore, because of their polarity and decomposition by proteolytic
enzymes in the gastrointestinal tract, their oral absorption is often low and erratic.
Most of the information on these kinds of drugs has been obtained following nonvas-
cular parenteral administration. For the subcutaneous and intramuscular routes, drug
reaches the systemic circulation by two parallel mechanisms: diffusion through the in-
terstitial fluids into blood capillaries and convective flow of the interstitial fluids into
and through lymphatic channels. Molecular size is of primary importance for passage
across the capillary membranes. Polypeptides of less than approximately 10,000 g/mol,
such as insulin (6000 g/mol), primarily reach the systemic circulation by this pathway.
Polypeptides of greater than about 20,000 g/mol are less able to traverse the capillary
membranes; by default, they primarily reach the blood via the lymphatic system. Some
drug, of course, is still moving across the capillary membrane, just at a slower rate. A
diagrammatic representation of the lymphatic system is shown in Fig. 8-8.

Lymph flow is very slow (movement of interstitial fluid into lymphatic vessels is
500 times, and return of lymph to blood is 5000 times, slower than blood flow) and
causes absorption from nonvascular parenteral sites to continue for many hours, as
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shown in Fig. 8-9 for filgrastim. Filgrastim (Neupogen) is a glycosylated recombinant
human granulocyte-macrophage colony-stimulating factor (MW = 15,000-34,000
g/mol) used to decrease the incidence of infection, as manifested by febrile neutrope-
nia in patients with nonmyeloid malignancies receiving myelosuppressive anticancer
drugs. This drug has a half-life of 68 minutes after intravenous administration of a
single dose, but after subcutaneous administration, the plasma concentration is pro-
longed for at least 42 hours, with a rate of decline indicating continuing input even at
this time. Elimination of this protein drug after subcutaneous administration is clearly
rate-limited by its systemic absorption.

Many new therapeutic agents are monoclonal antibodies (MW = 150,000 g/mol).
These are predominantly absorbed lymphatically following subcutaneous or intra-
muscular administration, and much more slowly (as indicated by t,,, values on the
order of days, Table 8-7, next page) than small proteins and polypeptides, showing
that the speed of absorption through the lymphatics is related in an inverse fashion to
molecular size. Nonetheless, at therapeutic doses, many monoclonal antibodies have
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TABLE 8-7 | Bioavailability of Selected Monoclonal Antibody Drugs After

Subcutaneous and Intramuscular Administration of a Single Dose?

Peak Terminal

Molecular Route of Time Half-life
Antibody Weight (kg/mol) Bioavailability = Administration (days) (days)
Adalimumab 148 0.64 SC 5.5 30
Alefacept 91 0.80 sc and IM 3.2° 11
Certolizumab 91 0.79 SC 4.7 14
pegol
Denosumab 147 0.62 SC 10.0 25
Efalizumab 150 0.50 SC - 17
Etanercept 150 0.67 SC 22 4.2
Omalizumab 149 0.62 SC 75 26
Palivizumab 148 - SC 2.0 20 (Pediatric)

The IM and SC curves were virtually superimposed.

“From Physician’s Desk Reference(PDR), 62nd edition. Montvale, NJ: Medical Economics Co., 2008.

From Sweetser MT, Woodworth J, Swan S, et al. Results of a randomized open-label crossover study of the bioequivalence
of subcutaneous and intramuscular administration of alefacept. Dermatol Online J 2006;3:12(3):1.

disposition half-lives on the order of weeks, so despite their slow absorption, unlike
that seen with filgrastim, absorption still does not rate-limit elimination.

Nonvascular parenteral routes offer the advantage of providing prolonged input
for short half-life proteins. This may allow for less frequent administration than is
required by the intravenous route. However, one must take into account that non-
vascular parenteral administration often results in reduced systemic bioavailability.
Proteolytic enzymes are known to be present, in the interstitial fluid and particularly
in lymph nodes, through which the protein drugs must pass. This is in contrast to small
molecular weight drugs, which are almost always completely available systemically
when given by these routes.

The speed of absorption, after both intramuscular and subcutaneous administra-
tion and for both small molecules and macromolecules, has been shown to be highly
dependent on the site of injection, local temperature, and rubbing at the injection site,
which increases movement of drug into both the vasculature and the lymphatic system.

For all routes of administration, consideration should be given to both the par-
ticular properties of the site of administration and the drug itself. For example, when
given rectally, a drug may not be retained long enough for absorption to be complete.
Nonetheless, the factors influencing absorption from this less conventional site are
in common with those generally influencing absorption from oral, intramuscular, and
subcutaneous sites.

ABSORPTION FROM SOLID DOSAGE FORMS

When adrug is taken orally in a solid dosage form, such as atablet or a capsule, anumber
of processes must occur before it can be systemically available. The dosage form must
disintegrate and deaggregate, and the drug must dissolve to be absorbed, as shown in
Fig. 8-10. Dissolution is a key factor, but not the only one. Table 8-8 summarizes factors
that determine the release of a drug from a solid dosage form, and the rate and extent
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FIGURE 8-10 After oral administration of a typical imnmediate-release solid dosage form, tablet or capsule, the
product undergoes disintegration to granules. These granules further deaggregate to fine particles. Dissolution
of drug occurs at all stages, but usually that from fine particles predominates (see thickness of arrows). The drug,
now in solution, permeates the membranes of the gastrointestinal tract (colored arrow) to reach the mesenteric
blood vessels that carry the drug via the portal vein and liver to the systemic circulation.

TABLE 8-8 | Factors Determining the Release and Absorption Kinetics of

a Drug Following Oral Administration of a Solid Dosage Form

Release Characteristics of Dosage Form
Disintegration/deaggregation

Dissolution of drug from granules (also dependent on inactive ingredients
[excipients] and formulation variables)

Physicochemical Properties of Drug
lonization (acid/base)

Partition coefficient (n-octanol/water)
Solubility in water

Physiology of Gastrointestinal Tract
Colonic retention

Gastric emptying

Intestinal motility

Perfusion of the gastrointestinal tract
Permeability of gut wall
Gastrointestinal Tract Abnormalities and Diseases
Crohn’s disease

Gastric resection (e.g., in obesity)
Diarrhea

of systemic absorption after an oral dose. The factors are classified into four groups,
namely, release characteristics of the dosage form, physicochemical properties of
drug, physiology of the gastrointestinal tract, and presence of gastrointestinal tract
abnormalities and diseases.



156 SECTION I Exposure and Response After a Single Dose

Dissolution

Percent of Dose

The reason why dissolution is so important may be appreciated by realizing that
absorption following a solid requires drug dissolution, as only drug in solution can be
absorbed.

Drug in Drugin Intestinal . Absorbed

Eq. 8-2
Product Dissolution ~ solution Absorption drug 4

Two situations are now considered. The first, less common, depicted in Fig. 8-11A, is
one in which dissolution is a much faster process than is intestinal absorption. Conse-
quently, most of the drug is dissolved before an appreciable fraction is absorbed. Here,
commonly, permeability rather than dissolution rate-limits absorption. An example
is the gastrointestinal absorption of sucralfate, an agent used in treating gastric and
intestinal ulcers, when given as a tablet. This polar drug dissolves rapidly from the
tablet, but has difficulty penetrating the gastrointestinal epithelium. Hence, little drug
is absorbed. The systemic input is rate-limited by intestinal absorption due to
poor permeability. Within limits, differences in rates of dissolution of sucralfate from
different tablet formations have relatively little or no effect on the speed of systemic
absorption of this drug.

In the second, and more common, situation shown in Fig. 8-11B, dissolution pro-
ceeds relatively slowly, and any dissolved drug readily traverses the gastrointestinal
epithelium. Systemic absorption cannot proceed any faster, however, than the rate
at which the drug dissolves. That is, absorption is dissolution rate-limited. In this
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FIGURE 8-11 When absorption is permeability rate-limited (A), most of the drug has dissolved (colored line)
in the gastrointestinal tract before an appreciable fraction has been absorbed after a single oral dose. In con-
trast, when dissolution rate-limits absorption (B), very little drug is in solution (colored line) at the absorption
site at any time; drug is absorbed almost as soon as it dissolves. Notice that, except during the early stages of
absorption, the majority of drug yet to be absorbed is always found just before the rate-limiting step: in solution
in Case A and as solid in Case B.
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case, changes in dissolution profoundly affect the rate, and sometimes the extent, of
drug absorption. Evidence supporting dissolution rate—limited absorption comes from
the noticeably slower systemic absorption of most drugs from solid dosage forms than
from a simple aqueous solution after oral administration. It also comes from modi-
fied-release dosage forms in which release, and therefore dissolution, is intentionally
prolonged.

Gastric Emptying and Intestinal Transit

Before discussing the role of gastric emptying on absorption of drugs given as solids,
consider the information provided in Fig. 8-12. Shown are the mean transit times in
the stomach and small intestine of small nondisintegrating pellets (diameters between
0.3 and 1.8 mm) and of large, single nondisintegrating units (either capsules, 25 mm by
9 mm; or tablets, 8-12 mm in diameter).

During fasting, gastric emptying of both small and large solids is seen, on average,
to be rapid, with a mean time of around 1 hour, although somewhat longer than the 30
minutes typical of a solution. In this state, the stomach displays a complex temporal
pattern of motor activity with alternating periods of quiescence and moderate con-
traction of varying frequency, the “housekeeping wave,” which moves material into
the small intestine. The exact ejection time of a solid particle therefore depends on its
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FIGURE 8-12 Food, particularly a heavy meal, increases the gastric transit time of small pellets (black circles)
and, even more markedly, of large single pellets (colored circles). In contrast, neither food nor the physical size
of the solid affects the small intestine transit time. The data (individual points, black or colored circles, and the
range encompassing the mean * one SE, indicated by the rectangles) were obtained in healthy young adults
using drug-free nondisintegrating materials. The points with an arrow indicate the solid was still in the stomach
at the time of the last observation, 16 hours. The pellets were labeled with a y-emitting isotope and monitored
externally by gamma scintigraphy. (Adapted from Davis SS, Hardy JG, Fara J. Transit of pharmaceutical dosage
forms through the small intestine. Gut 1986;27:886-892.)
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size, when it is ingested during the motor activity cycle, and where it is located within
the stomach. The likelihood of ejection is greatest when the solid particle is in close
proximity to the pyloric sphincter when the housekeeping wave occurs. Thus, even for
small solid particles and fasting conditions, gastric emptying can vary from minutes
to several hours.

The situation is very different after eating. As shown in Fig. 8-12, when taken on
a fed stomach, the gastric transit time of solids is increased. This increase is greater
after a heavy meal than after a light one and is much greater for a large single unit
than for small pellets. For example, the mean gastric transit time among subjects for
large single-unit systems is now almost 7 hours, with some pellets still in the stomach
in some subjects 11 hours after ingestion. These observations are explained by the
sieving action of a fed stomach. Solids with diameters greater than 7-10 mm pass into
the small intestine more slowly and less predictably than those of smaller diameter.
Some individuals consistently show prolonged gastric emptying of large pellets in the
fed state, whereas for others, it is much less apparent. These differences have largely
been ascribed to interindividual differences in the size of the pyloric sphincter. This re-
tention of large pellets is generally consistent with the physiologic role of the stomach,
that is, to retain larger food particles until they are reduced in size to facilitate further
digestion. With conventional tablets, rapid disintegration, and deaggregation into fine
particles achieves the same objective. As long as the stomach remains in a fed state,
the conditions above prevail. For those persons who eat three hearty meals a day with
several snacks in between, gastric emptying of large pellets may be slowed most of the
waking hours of the day.

In contrast to events in the stomach, the transit time of solids within the small
intestine varies little among subjects, appears to be independent of either the size of
a solid or the presence of food in the stomach, and is remarkably short, an average of
approximately 3 hours (Fig. 8-12), a time similar to that found for the transit of liquids.
Both solids and liquids appear to move down the small intestine as a plug with rela-
tively little mixing. As the mouth-to-anus transit time is typically 1-3 days, these data
on gastric and small intestinal transit times indicate that, for the majority of this time,
unabsorbed materials are in either the large bowel or the rectum. Given the physio-
logic information above, we can now understand the possible role of gastric emptying
and intestinal transit on the absorption of drugs administered in solid dosage forms.
Consider the following situations.

Rapid Dissolution in Stomach

This is the common situation seen with many permeable and soluble drugs, such
as ibuprofen and acetaminophen, in conventional immediate-release tablets and
capsules. Drug dissolves so rapidly in the stomach that most of it is in solution before
much of the drug has entered the intestine. Here, gastric emptying clearly influences
the rate of drug absorption, but only to the extent that liquids and deaggregated
particles are retained within the stomach. Thus, hastening gastric emptying quickens
drug absorption.

Rapid Dissolution in Intestine

Sometimes, drug does not materially dissolve within the stomach, whereas in the
intestine it rapidly both dissolves and moves across the intestinal wall. Gastric
emptying then also affects the speed of drug absorption. An enteric-coated product
is an extreme example of this situation. Proton pump inhibitors, such as omeprazole,
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lansoprazole, and pantoprazole, and didanosine, an antiviral agent, are examples of
drugs that are rapidly hydrolyzed to inactive products in the acidic environment of
the stomach. Aspirin, sulfasalazine, used to treat ulcerative colitis, and bisacodyl,
a laxative, are gastric irritants. A solution to both types of problems has been to
enterically coat these drug products with a material resistant to acid but not to the
intestinal fluids. When an enteric-coated product such as a large single tablet is tested,
the time for it to pass from the stomach into the intestine varies unpredictably from
20 minutes to several hours when taken on an empty stomach, and up to 12 hours or
even more when taken on a fed stomach (see Fig. 8-12). Accordingly, such enteric-
coated products cannot be used when rapid and reliable absorption is required. A
product composed of enteric-coated small granules is an improvement because the
delivery of the granules to the intestine is expected to be more reliable, being less
dependent on a single event, a “housekeeping wave,” and on food intake.

Poor Dissolution

Some drugs, such as the oral antifungal broad-spectrum anthelmintic, albendazole, are
sparingly soluble or almost insoluble in both gastric and intestinal fluids. When these
drugs are administered as a solid, there may already be insufficient time for complete
dissolution and absorption. With a fixed short time within the small intestine, slow
release from the stomach increases the time for drug to dissolve there before entering
the intestine, thereby favoring increased bioavailability. As mentioned, food—fat in
particular—delays gastric emptying. This delay may be one of the explanations for
the observed five-fold increase in the plasma concentration of albendazole sulfoxide,
its primary metabolite, when parent drug is taken with a fatty meal. Subsequently,
intestinal fluid and contents move from the small into the large intestine, and water is
reabsorbed. The resulting compaction of the solid contents may severely limit further
dissolution and hence absorption of such drugs.

Absorption From Other Sites

Drugs may be administered at virtually any site on or within the body. Inhalation is
exploited as a means of local delivery of drugs for the treatment of pulmonary diseases.
To minimize systemic exposure, and side effects, many drugs administered by this route
have a high systemic metabolic clearance, which not only ensures rapid clearance of
any pulmonary absorbed drug but also low bioavailability of any swallowed drug, due
to high first-pass hepatic loss. An example in this class is the steroid beclomethasone,
with a very high clearance (150 L/hr), short half-life (30 minutes), and very low oral
bioavailability (1%-2%). There is also considerable interest in exploiting some of the
less conventional sites, such as nasal and buccal cavities, as a means of delivering
drugs systemically. Polypeptide and protein drugs have received particular attention,
as shown in Table 8-9 (next page). Transdermal application has become popular for
systemic delivery of small, generally lipophilic, potent molecules that require low input
rates to achieve effective therapy. Examples of transdermal and other transmembrane
delivery systems are listed in Table 8-10 (next page).

We have now covered the critical determinants of the pharmacokinetics of drugs
after a single dose administered intravenously and extravascularly. Such information
now needs to be placed within the context of the responses produced following ad-
ministration by these routes, the content of the next chapter, Response Following a
Single Dose.



TABLE 8-9 | Examples of Unconventional Sites and Methods of

Administration of Polypeptide and Protein Drugs

Polypeptide/Protein

Bacitracin zinc and
polymyxin B sulfate (anti-
infective agent)
Calcitonin-salmon (thyroid
hormone that acts primarily
on bone)

Desmopressin (synthetic
form of antidiuretic
hormone)

Dornase alfa (recombinant
human deoxyribonuclease)
Gladase (papain, a proteolytic
enzyme, plus urea)
Leuprolide acetate
(naturally occurring
gonadotropin-releasing
hormone)

Pancrelipase powder (lipase,
protease, and amylase—
digestive enzymes)

Therapeutic Use?

Superficial ocular infections
(local effect)

Postmenopausal
osteoporosis (systemic
effect)

Primary nocturnal enuresis
and diabetes insipidus
(systemic effect)

Cystic fibrosis (local effect)

Removal of necrotic tissue
(local effect)

Advanced prostatic cancer
(systemic effect)

Cystic fibrosis (local
intestinal effect)

Site and Method of
Administration

Eye: Application of ointment.

Nasal spray: The relative
bioavailability (compared with
IM dose) is 3%.

Intranasal: Administered
through a soft, flexible, plastic
rhinal tube; also nasal spray.
Oral: Also, inhalation using
nebulizer.

Topical: Ointment applied
directly to wound.

Implant: Inserted
subcutaneously on inner

side of upper arm. Product
constantly releases 120 pg/day
and is replaced once yearly.

Taken orally with meals.

“Therapeutic use and note on whether the effect is obtained locally or systemically.

TABLE 8-10 | Examples of Transdermal Delivery Systems

Drug Use Delivery

Clonidine Treatment of hypertension Delivery of 0.1, 0.2, or 0.3 mg clonidine
per day for 1 week.

Estradiol Estrogen replacement, Constant rate of delivery applied twice

menopause weekly to once weekly with 14-16 days

off, depending on indication.

Fentanyl Continuous pain relief Applied every 3 days.

Nicotine To help cessation of smoking Various dose strengths designed to be

applied daily for 2-8 weeks

Weekly change of patch for 3 weeks.
One week no patch.

Norelgestromin/  Prevention of pregnancy

ethinyl estradiol

Oxybutynin Treatment of overactive bladder Applied every 3-4 days.

Progesterone Progesterone Vaginally, twice daily for progesterone
supplementation, secondary  supplement, every other day for treating
amenorrhea amenorrhea.

Scopolamine Motion sickness Effect lasts for 3 days (1.0 mg delivered).

Testosterone Testosterone replacement Once daily application.
therapy, male hypogonadism

Patch — —
Gel - -

Buccal system - —

160



CHAPTER 8 e Physiologic and Physicochemical Determinants of Drug Absorption 161

SUMMARY

Systemic absorption after oral administration requires that drug dissolves in the
gastric and luminal fluids and traverses across gastrointestinal membranes.

Gastric emptying plays a major role in determining the rate and extent of systemic
absorption after oral administration. Dissolution, surface area, membrane perme-
ability, and intestinal blood flow are additional primary determinants of systemic
absorption.

Low oral bioavailability can result from limited transit time in the gastrointestinal
tract. This result applies to both highly polar (permeability rate-limited) and nonpo-
lar (dissolution rate-limited) drugs. Decomposition due to low gastric pH, digestive
enzymes, or enzymes of the colonic microbiota also reduce systemic absorption.
Metabolism within the gut wall and liver during the first-pass through these organs
further reduces oral bioavailability.

Systemic absorption from intramuscular and subcutaneous sites of administration
is rapid for small molecules (<10,000 g/mol), whether polar or not, whereas macro-
molecules (>20,000 g/mol) primarily reach the systemic circulation via the lymphat-
ics. This occurs, by default, because movement across blood capillary membranes
becomes slower than movement through the lymphatics.

Absorption via the lymphatics can be very slow with systemic absorption half-lives
for monoclonal antibodies in the order of days.

Bioavailability is usually 100% following subcutaneous and intramuscular adminis-
tration for small molecules, but can be greatly reduced for protein drugs because of
proteolytic activity at the absorption site and within the lymphatic system.

{330 REVIEW

Area under the curve (AUC) Permeability rate-limited absorption
Bioavailability Permeability—surface area product
Dissolution pH

Extravascular route Prodrugs

Gastric emptying Rate-limiting step

Hepatic extraction Solubility

Intramuscular injection Subcutaneous absorption
Lymphatic system Systemic absorption
Macromolecules Time of peak plasma concentration
Paracellular transport Transcellular transport
Permeability Transit time
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STUDY PROBLEMS

1. The systemic absorption of drug following the administration of an immediate-re-
lease tablet dosage form is influenced by many factors. Which one of the following
factors is most closely associated with the absorption kinetics of a drug taken in
tablet form during fasting conditions?

a. Disintegration of the tablet

b. Time of day the tablet is taken
c. Elimination half-life of the drug
d. Dissolution of the drug

e. pH of the colonic lumen

2. Studies with nondisintegrating pellets have shown that gastric emptying is slowed
by eating a meal, especially a fatty one. Which one of the following statements is the
most accurate reflection of the results of those studies?

a. Large pellets tend to be retained for a shorter time in the stomach than small
ones after a meal.

b. The transit time of large pellets in the small intestine tends to be longer than that
for small pellets when they are taken with a fatty meal.

c. Small pellets tend to be held in the stomach longer than large ones under fasting
conditions.

d. Both large and small pellets are typically retained in the alimentary tract for
24-72 hours.

e. The typical transit time in the small intestine for small pellets after a heavy
breakfast is 6 hours.

3. Which of the following statements about systemic absorption of drugs from intra-
muscular and subcutaneous sites is (are) correct?

I. The systemic absorption of small molecules injected intramuscularly in solu-
tion is perfusion rate-limited—the more rapid the perfusion rate of the site of
injection, the quicker is the absorption process.

II. For polypeptides greater than 20,000 g/mol in size, systemic absorption pri-
marily occurs via the lymphatics after both intramuscular and subcutaneous
administrations.

II1. The site of an injection, the temperature of the skin, and rubbing at the injec-
tion site can all influence the speed at which a drug is systemically absorbed
following a subcutaneous injection.

A. Tonly E. Iand III
B. II only F. Il and III
C. IIT only G. Al

D. IandII H. None

4. The release of a drug from a tablet formulation can greatly influence its rate and
extent of systemic absorption and its duration in the body after oral administration.
Consider the following sequence of steps to address this question: dissolution, in-
testinal absorption, elimination from the body. Which of the following statements
is (are) correct?

I. When dissolution rate-limits absorption, at all times there is very little drug
in solution within the gastrointestinal tract compared with that yet to be
dissolved.

II. When intestinal permeation rate-limits absorption, the amount in solution in
the gastrointestinal tract quickly becomes greater than that still undissolved,
and remains so thereafter.
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IIT. When release from the dosage form rate-limits the overall process, the termi-
nal decline of the plasma drug concentration with time reflects the speed of
the dissolution step.

A. T only E. Iand III
B. I only F. Il and III
C. III only G. Al
D.IandII H. None

5. List at least five reasons why oral bioavailability of drugs is often less than 100%.

6. Comment on the likely influence of a heavy fat meal, relative to the fasting state, on
the speed and extent of oral absorption of a drug (i.e., AUC, C,.x, tmax) in €ach of
the following cases. All of the drugs, except the one in Part C, are chemically stable
in the gastrointestinal tract.

a. A water-soluble highly permeable drug is administered in an immediate-release
tablet.

b. A sparingly soluble lipophilic drug is administered as an intended immediate-re-
lease capsule dosage form. Oral bioavailability is typically only 26% due to low
aqueous solubility.

c. An acid-labile drug is taken as a single enterically coated (resistant to acidic
gastric pH) 0.8-g tablet.

7. Dexmedetomidine, a relatively selective o,-adrenergic agonist for sedation of ini-
tially intubated and mechanically ventilated patients during treatment in an in-
tensive care setting, was studied in 12 healthy male subjects. Fig. 8-13 shows the
concentration—-time profiles after intravenous injection (over 5 minutes) and oral
administration (drug solution ingested with 150 mL of water). The doses were the
same, namely, 2 ng/kg. The AUC was 4.44 pg-hr/L and 0.566 pg-hr/L after IV and oral
administration, respectively. The drug is extensively metabolized.

a. Isthe decline of dexmedetomidine after its oral administration rate-limited by its
absorption or elimination? Briefly describe how you come to your conclusion.

b. Calculate the oral bioavailability and clearance of dexmedetomidine in the group
studied, mean weight 70 kg.

c. Knowing that the plasma-to-blood concentration ratio of this drug is 0.8 and that
Jfe <£0.01, calculate the expected oral bioavailability, assuming that metabolism

10.00
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FIGURE 8-13 Mean curves of dexmedetomi-
dine concentrations in plasma with time after
intravenous (1V) (black circle) and oral adminis-
tration (colored circle) of a single 2.0 pg/kg dose.
(Data taken from Anttila M, Penttila J, Helminen
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occurs only in the liver and all orally administered drug reaches the liver intact
(Fp=F;=1.0). Mean hepatic blood flow in a 70-kg adult is 1.35 L/min.

d. Does the observed value for oral bioavailability correspond to that calculated in
B? If not, how might you explain the difference, and should alternative routes of
administration be considered?

. Discuss the primary factors determining the speed and extent of systemic absorption

of protein drugs following their subcutaneous and intramuscular administration.

. Kampf et al. studied the pharmacokinetics of recombinant human erythropoietin, a

glycosylated protein (MW = 34,000 g/mol) used to increase red blood cell formation
in patients with end-stage renal disease, after single IV and SC injections of 40 units/
kg on separate occasions. Table 8-11 lists the salient findings of these studies. The
mean weight of the patients was 60 kg.

TABLE 8-11 | Mean AUC, Maximum Plasma Concentration, and Terminal

Half-life of Erythropoietin in End-Stage Renal Disease Patients
Following Intravenous and Subcutaneous Administration

Maximum Time of
AUC Concentration Maximum Terminal
Injection (unit-hr/L) (Units/L) Concentration Half-life (hr)
Intravenous 3010 417 5 min? 6.7
Subcutaneous 1372 40.5 12 hr 16.1

“Time of first sample.
Abstracted from Kampf D, Echardt KU, Fischer HC, et al. Pharmacokinetics of recombinant human erythropoietin
in dialysis patients after single and multiple subcutaneous administration. Nephron 1992;61:393-398.

a. Determine the clearance and volume of distribution of this drug.

b. Calculate the bioavailability of erythropoietin after subcutaneous administration
in these patients. How might you explain your answer?

c. The maximum concentration observed was much lower, and the terminal de-
cline phase much slower, after the subcutaneous, than the intravenous, dose.
How do you explain these observations?



Response Following

a Single Dose

OBJECTIVES

The reader will be able to:

e Define the following terms: effect compartment, effective half-life, hysteresis, pharmacokinetic-
pharmacodynamic modeling, time delay.

e Show graphically how one can readily detect when response lags behind the plasma drug concen-
tration after a single extravascular dose, and give at least two explanations for the delay.

e Give two examples each of situations in which measured response is rate-limited by pharmacokinet-
ics and pharmacodynamics.

e Explain why a graded response tends to decline linearly with time after a single dose when response
lies between 80% and 20% of its maximum.

¢ Qive two approaches taken to reveal the direct concentration-response relationship from response-
time data following a single dose of drug.

e Explain why duration of response is often proportional to the logarithm of dose, and when it is, be
able to calculate both the apparent minimum effective dose and effective half-life.

n Chapter 3, we considered the relationship between systemic exposure and

response, that is, the pharmacodynamics of a drug, without much consideration
of time. In practice, time always needs to be considered. In this chapter, we integrate
pharmacokinetics with response over time following a single dose of drug. Given the
many complexities determining the temporal pattern of response, concepts that have
universal application do not exist. The subsequent discussion is generally restricted
to drugs that act reversibly and directly at the site of action to produce a response.
Furthermore, in this chapter metabolites are considered to be inactive or, at the least,
not to reach a sufficiently high concentration to contribute to response.

It is important to realize that the amount of drug involved in producing a response
at the site of action is usually only a minute fraction of the total amount in the body.
Consequently, drug so involved generally has little to no effect on its own pharmacoki-
netics. Recall, from Chapter 6, exceptions are drugs, particularly monoclonal antibod-
ies, that exhibit target-mediated disposition.
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TIME DELAYS BETWEEN CONCENTRATION AND RESPONSE

Drug response often lags behind its plasma concentration. Let us examine how such
delays are detected and how they come about.

Detecting Time Delays

A striking example of a delay in effect is seen after an intravenous bolus dose of di-
goxin (Fig. 9-1). The left ventricular ejection time index, an electrocardiographic mea-
sure of effect on the heart, rises while its plasma concentration falls during the first
4 hours. Certainly, these data do not mean that less drug is needed to produce a greater
response. Rather, distribution of digoxin into cardiac tissue with subsequent binding
to the target receptor is slow. Therefore, to use plasma concentration as a guide to
drug effect, one should wait until distribution equilibrium of drug between plasma
and cardiac tissue is reached, which is about 6 hours after a dose of digoxin. On re-
lating response to concentration before 6 hours, an absurd relationship is observed.
The response is lowest when the concentration is highest, and the converse is true.
We would be foolish to conclude that what is needed for a substantial effect is a low
concentration or no drug at all.

In contrast to an intravenous bolus dose, plasma drug concentration first
rises and then falls after a single oral dose. This may lead to hysteresis in the
concentration-response relationship, a useful diagnostic of the temporal features
of drug response. Hysteresis refers to the response taking a path, relative to the
concentration, that is different when the concentration rises from that when it falls.
An example of such a curve is shown in Fig. 9-2 after the oral administration of
naproxen, an analgesic, antipyretic, and anti-inflammatory agent. Shown in Fig.
9-2A are the plasma concentration and the mean pain relief in a dental pain model
with time after a single 500-mg dose of naproxen. Although a time lag between
plasma concentration and response is suggested from this graph, a delay is much
more apparent when response is plotted directly against the corresponding plasma
concentration (Fig. 9-2B), yielding a characteristic hysteresis loop. Initially, during
the absorption phase, response lags behind the rise of naproxen in plasma. Subse-
quently, while the plasma concentration starts to fall, response continues to rise.
Only after 5 hours does response follow the fall in plasma concentration. Notice that
the chronologic sequence of the paired concentration—response observations moves
in a counterclockwise direction.

FIGURE 9-1 The prolongation in the left 8 - » 30
ventricular ejection time index (colored line), ] _5
a measure of cardiac effect, increases as the & dm 64 ‘8’ .
plasma digoxin concentration (black line) de- g = L 20 i ]
clines for 4 hours after IV administration ofa 2 § & S s
1-mg dose of digoxin. Average data from six % s 4 E z 9
normal subjects. (Redrawn from data of Sha- g *E ] 10 EE 2
piro W, Narahara K, Taubert K. Relationship & § 5 ] [ sFE
of plasma digitoxin and digoxin to cardiac & § s z
response following intravenous digitalization o ] E’
in man. Circulation 1970;42:1065-1072. Repro- 0 T 0
duced by permission of the American Heart 0 2 4
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FIGURE 9-2 A. Plot of unbound plasma naproxen concentration (black line) and of associated mean pain re-
lief (corrected for placebo response, colored line) in a dental pain model with time after an oral 500-mg dose of
naproxen. B. Pain relief clearly shows a hysteresis when plotted directly against the unbound plasma concentra-
tion of naproxen, in that different responses are apparent at the same unbound plasma concentration on the rising
and declining parts of the plasma concentration-time profile. The time of sampling from 1 to 8 hours is noted
next to each point. Notice that the hysteresis is counterclockwise. The extrapolation beyond 8 hours indicates that
eventually no benefit is achieved as the plasma naproxen concentration falls toward zero. (Drawn from data kindly
provided by Syntex, USA Inc., 1994.)

CAUSES OF TIME DELAY

There are many reasons, both kinetic and dynamic, for a counterclockwise hystere-
sis. One reason is that, although plasma concentration of the drug is monitored, re-
sponse may be primarily due to an active metabolite, which takes time to reach its
peak concentration. Obviously, in this case, the wrong compound is being monitored.
Other reasons include time for distribution to the target site, the occurrence of several
events or reactions between the initial interaction with the target and the measured
response, and when the drug affects either the production or removal of the target
itself or the species being monitored.

Tissue Distribution

With naproxen, as with many drugs, this counterclockwise hysteresis is caused by
delayed distribution to the site of action. The therapeutic consequence of such delays
depends on the clinical setting. Recall that distribution kinetics depends on tissue
perfusion, membrane permeability, and tissue affinity for drug. Many drugs are small
lipophilic molecules that equilibrate rapidly across well-perfused tissues, such as the
heart and brain, which are often target organs, that is, organs containing the site of ac-
tion. Under these circumstances, because the period of observation in clinical practice
is often hours, if not days, a delay in effect is likely to be minimal and drug in plasma
can be correlated directly with effect. This was the case in the study from which the
propranolol data in Chapter 3 (Fig. 3-6) were obtained. Propranolol was given orally,
and measurements were made over several hours, particularly after the peak plasma
concentration had been reached. The previous statements apply even if distribution
throughout the body has not been achieved; all that is required is that distribution
equilibrium of drug between plasma and target organ be reached.

Emergency admissions and surgical procedures are special settings during which
responses are frequently measured in minutes rather than hours. Here, delays in
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response after drug administration are almost always noticed. Even though plasma
concentration monitoring is unlikely to be used in these circumstances, it is still im-
portant to delineate the determinants of the time course of response to improve our
general understanding and to optimize treatment procedures and drug use.

Pharmacodynamics

Often, the reason for hysteresis in the response-concentration curve is pharmacody-
namic in origin. Much depends on the underlying dynamics of the affected system and
on the closeness of the measured response to the direct action of the drug. Generally,
the closer the measured response, the more rapid is that response to changes in drug
concentration, which, it should be recalled, is one of the main reasons why biomarkers
are used as early signals of therapeutic outcome. The only drug-specific characteristic
is its interaction with the receptor. All steps subsequent to occupation are a property
of the affected system within the body and are the same for all drugs acting on this
receptor by the same mechanism. The kinetics of this cascade of events varies greatly.
Sometimes, relative to the kinetics of the drug, response is virtually instantaneous.
In such cases, we have a pharmacokinetic rate-limited response, and hysteresis
may not be seen except, perhaps, at the very earliest moments after drug administra-
tion. An example, previously considered, is the -blockade produced by propranolol
in which response rises and falls in time with plasma concentration. This is essentially
the case also with the benzodiazepines, producing central nervous effects, such as
sedation, by interacting with its receptor. Their time courses of response, which differ
markedly, are determined primarily by their pharmacokinetics, varying from the ultra-
short-acting hypnotic midazolam with a half-life of 3 hours to the long-acting hypnotic
diazepam, with a half-life in the order of 2 days.

At other times, the kinetics of the cascade of pharmacodynamic events is relatively
slow. This is the case with corticosteroids such as prednisolone and methylprednisolone.
These drugs interact with a cytosolic receptor within the cell; the complex then migrates
to the nucleus and triggers a complex series of events, which ultimately leads to a de-
crease in synthesis of endogenous cortisol, subsequently expressed as a decrease in the
plasma concentration of this steroid hormone. When the pharmacodynamics of the sys-
tem is slower than the pharmacokinetics of the drug, we then have a pharmacodynamic
rate-limited response. Then, changes in the pharmacokinetics of the drug will have
only a modest or minimal effect on the kinetics of response, unless the pharmacokinetics
of the drug for some reason becomes very much slower (as might occur if its elimination
is drastically reduced owing to coadministration of a strong inhibitor of its elimination).
Some examples and additional reasons for the delay in measured response follow.

As our first example, consider the antipyretic effect on administering ibuprofen
to 36 febrile children. The mean fall in rectal temperature is noted in Fig. 9-3A relative
to the concentration of drug. The relationship implies that the drug has little effect at
early times when the concentration is high and maximal effect when the concentra-
tion has dropped to 15 mg/L.

Actually, ibuprofen acts directly in the brain to affect the heat control mechanism,
thereby causing decreased heat production. With rapid entry into the brain, the effect
of ibuprofen is greatest at early times and has partially worn off by the time the tem-
perature is minimal, reflecting maximal measured response to the drug (Fig. 9-3B).
Temperature is an integrated response that measures the cumulative effect of the
drug. The rate of change in body heat, reflected by temperature, is then

Rate of change in body heat = Rate of heat production — Rate of heat loss Eq. 9-1
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FIGURE 9-3 The fall in rectal temperature (observation minus baseline in degrees Fahrenheit, 1.8°F = 1.0°C)
in 36 febrile children from 6 months through 11 years of age after a 6-mg/kg oral dose of ibuprofen. A. Relation-
ship between the fall in temperature and plasma ibuprofen concentration. Note the large degree of hysteresis
present. The time of sampling (minutes) is indicated next to each point. B. Plasma ibuprofen concentration (black
line) and fall in temperature (colored line) as a function of time after dosing. (Redrawn from Kelley MT, Walson
PD, Edge JH, et al. Pharmacokinetics and pharmacodynamics of ibuprofen isomers and acetaminophen in febrile
children. Clin Pharmacol Ther 1992;52:181-189.)

Even if heat production were instantly reduced, time is required for body heat to dis-
sipate and body temperature to fully reflect the reduction. Note that as the concentra-
tion of ibuprofen falls, so does its effect, and gradually, the body temperature returns,
in this example, toward the preexisting value.

The second example is that of the oral anticoagulant warfarin, used in the treat-
ment of deep vein thrombosis. The response to warfarin is monitored clinically by pro-
longation in the clotting time of blood, a function of the prothrombin complex activity
in plasma. This complex is continuously being formed and degraded. Fig. 9-4 shows a
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FIGURE 9-4 The sluggish response in the plasma prothrombin complex activity (colored line) to inhibition of its
synthesis in the liver by warfarin reflects the indirect nature of the measurement and the slow elimination of this
complex. For the first 2 days after giving a single oral 1.5-mg/kg dose of sodium warfarin, response (defined as
the percent decrease in the normal complex activity) steadily decreases. During the first day, at this dose, the con-
centration of warfarin is sufficient to almost completely block complex synthesis. As warfarin concentration (black
line) falls, the synthesis rate of the complex increases, and by 48 hours equals the rate of degradation of the com-
plex; the measured response is then at a maximum. Thereafter, as the plasma concentration falls further, with the
synthesis rate exceeding the rate of degradation, the response falls. Eventually, when all the warfarin has been
eliminated, the plasma prothrombin complex activity concentration returns—sluggishly—to the normal baseline
value. The data points are the averages of 5 male volunteers. (From Nagashima R, O'Reilly RA, Levy G. Kinetics of
pharmacologic effects in man: the anticoagulant action of warfarin. Clin Pharmacol Ther 1969;10:22-35.)
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sluggish response-time profile, with the maximum occurring 1-2 days after the much
earlier peak warfarin concentration following an oral dose of warfarin. Warfarin’s di-
rect effect is inhibition of the synthesis of the prothrombin complex in the liver, which
occurs very rapidly as warfarin, a small lipophilic molecule, readily enters this highly
perfused organ. The plasma prothrombin complex activity then falls, but at a rate de-
termined by its degradation, which is very slow with a half-life on the order of 1-3
days. Even if synthesis were totally blocked, it would take several days for the pro-
thrombin complex to fall, for example, to 256% of its normal value. As the plasma (and
liver) concentration of warfarin falls, so does the degree of inhibition of synthesis.
The prothrombin complex activity then rises and slowly returns to its normal value,
again primarily determined by the half-life of this complex. Understanding the kinetic
aspects of response to warfarin is clearly critical to the optimal use of this drug.

Generalizing, the level of many substances or measured quantities in the body de-
pends on the difference between rates of input and loss, or formation and elimination,
as depicted in Fig. 9-5 and expressed in Equation 9-2.

Rate of change in body = Rate of input — Rate of loss Eq. 9-2

Normally, input and loss are balanced so that the level of the substance or measured
quantity remains relatively stable with time, thereby ensuring an internal homeostasis.
In addition to body heat, and prothrombin complex, other examples are body water
content, white and red cell counts, and the concentrations of many proteins, such as
albumin, and other endogenous compounds, including hormones, enzymes, and serum
electrolytes. Drugs act directly by either increasing or decreasing the rates of input or
output, thereby changing the level of the quantity being measured. Normally, the effect
is a graded response, which can be adequately characterized by Equation 3-2, Chapter 3.

The delay between attainment of a peak plasma drug concentration and maximal
measured response varies widely. Full response in blood pressure to a change in pe-
ripheral resistance or in cardiac output occurs within minutes, whereas the maximal
response of the prothrombin complex activity to warfarin, as shown in Fig. 9-4, is not
seen for 1-2 days after a single oral dose of this anticoagulant.

DECLINE OF RESPONSE WITH TIME

After peaking, the response to a drug declines with time after oral administration of
a single dose. The most common reason is the decline in the exposure to the drug at
the target site. When response is rate-limited by pharmacokinetics, response declines

Input Output
FIGURE 9-5 The level of many systems and en- Level of
dogenous compounds in the body is normally rel- Substance
atively constant, reflecting the balance between in Body

the rates of input and output. A drug may act di-
rectly to increase or decrease either input or out-
put, thereby perturbing the level. Measurement
of the level of the substance in plasma reflects
the state of that system at any point in time. The
time scale of response can vary from minutes to
months; it is often determined by the output rate
constant of the monitored system or endogenous
compound.

Drug Effect
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with plasma drug concentration. Sometimes, however, the response falls more slowly
than the plasma drug concentration, a pharmacodynamic rate limitation. Each of
these situations is now considered.

When Response Changes in Line With Plasma Concentration:
A Pharmacokinetic Rate Limitation

>

Plasma Drug Concentration

FIGU

How the intensity of response varies with time depends, as does the duration of effect,
on dose and on rate of drug removal from the site of action. It also depends on the
region of the concentration-response curve covered during the decline. Here, discus-
sion is limited to the situation in which the concentration-response relationship is
maintained at all times and drug distributes rapidly to and from the site of action.

To appreciate the relationships among dose, intensity of response, and time, con-
sider the events depicted in Fig. 9-6A, which follow the intravenous administration of
a 10-mg bolus dose of a drug with a half-life of 1 hour. A plot of intensity of response
against logarithm of the plasma concentration is shown in Fig. 9-6B.

For didactic purposes, the plot is divided into three regions. In Region 1, up to 20%
maximal response, intensity of response is directly proportional to the plasma concen-
tration; in Region 2, covering 20%-80% of maximal response, intensity is proportional
to the logarithm of concentration; and in Region 3, response gradually approaches
the maximal value despite large changes in concentration. Because the initial con-
centration lies in Region 3, and despite a rapid fall in concentration in the first hour,
intensity of response remains almost constant and maximal. Only after 3 hours, when
concentration falls below 2 mg/L and response falls below 80% of the maximal value,
does response begin to decline more rapidly. Then, for the next 5 hours, on passing
through Region 2, response declines almost linearly with time. Beyond 8 hours, when
the concentration falls below 0.1 mg/L and enters Region 1, the fall in response paral-
lels that of drug.
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RE 9-6 The decline in the intensity of pharmacologic effect with time (colored line, R) after a single large

intravenous bolus dose of a drug displaying monoexponential decline (black line, graph A) depends on the re-
gion of the concentration-response curve (B). Initially, in Region 3, the response remains almost maximal despite
a 75% fall in concentration. Thereafter, as long as the concentration is within Region 2, intensity of response
declines approximately linearly with time. Only when concentration falls into Region 1 does decline iry] response
parallel that of drug in plasma. The concentration-response relationship is defined by: £ = E,,, ‘C/ACs,+ C)
with £, = 100%, Cs, = 0.5 pg/L, and y=1.
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FIGURE 9-7 Changes in the degree
of muscle paralysis (assessed as the 80 -
suppression of a twitch produced in
response to ulnar nerve stimulation)
with time following an intravenous
bolus dose of 0.5 mg/kg succinylcho-
line to a subject. 7, Time of injection;
2, onset of twitch suppression; 3, com-
plete twitch suppression; 4, recovery
of twitch to 50% (Tg,) of the maximum

twitch
clines

between 20% and 80% of maximum

effect

fied from Walts LF, Dillon JB. Clinical 0

The reason for the essentially constant rate of decline in response in Region 2
(Fig. 9-6A, between 80% and 20% of maximum response), while the plasma concentra-
tion declines exponentially, is apparent in Fig. 9-6B. In this region.

Response =m-In C+b Eq. 9-3

where m and b are the slope and intercept of the relationship. Substituting In C(80%) —
k- tfor In Cin Eq. 9-3, where C(80%) is the concentration upon entering Region 2 from
Region 3, t is the time since entering the region, and k is the elimination rate constant
of the drug. Collecting terms therefore yields:

Response = (m-In C(80%) + b) —m- k- t Eq. 9-4

Letting E£(80%) be the intensity of response (m - In C(80%) + b) when the concentration
is C(80%), gives

Response = E(80%) —m- k- t Eq. 9-5

Note, in this simple scheme, that the rate of decline, m - k, depends on both slope of
the intensity versus In concentration relationship and the half-life of the drug.

These concepts are now illustrated with degree of muscle paralysis produced by
the neuromuscular blocking agent succinylcholine. Changes in degree of muscle pa-
ralysis with time, following a 0.5-mg/kg bolus dose of succinylcholine to a patient, are
shown in Fig. 9-7. The 1-minute delay before onset of effect is probably accounted for
by the time required for blood to circulate from injection site to muscle and, in part,
by the time for succinylcholine to diffuse into the neuromuscular junction. Once at
the site, however, full response ensues promptly. Total paralysis is then maintained for
a full 2 minutes despite the continual rapid inactivation, by hydrolysis, of this agent
(elimination half-life = 3.5 minutes). Subsequently, the effect subsides. As predicted,
between 80% and 20% of maximal response, the effect declines at a constant rate—in
this instance, 22% per minute. The reason for this very rapid decline in response is a
combination of its short half-life of elimination and a steep concentration—-response
curve. Changes in muscle paralysis can therefore be produced within a few minutes

<4+

100

Slope = —-mek

Percent of
Maximum Response

(twitch suppression)

height. Note that response de-
essentially linearly with time

(declining colored line). (Modi-

T
studies on succinylcholine chloride. 0 3 6 9 12
Anesthesiology 1967;28:372-376.) Minutes
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of changing administration, and once administration is stopped, the patient promptly
recovers, both desirable characteristics.

When Response Changes More Slowly Than Plasma
Concentration: A Pharmacodynamic Rate Limitation

We have seen that response does not track plasma concentration and stays essen-
tially constant and maximal so long as the concentration remains in Region 3 of the
concentration-response curve. However, there are other situations in which response
declines more slowly than plasma concentration for pharmacodynamic reasons. One
such situation arises when a drug consumes the target receptor or enzyme, which
then has to be resynthesized, thus taking time. This explains one action of aspirin. In
addition to its long use as an analgesic and anti-inflammatory agent, in more recent
years, it has gained widespread use as a prophylactic to reduce the chances of the
occurrence of thromboembolic complications, such as recurring myocardial infarc-
tion, by inhibiting platelet aggregation. Recall from Chapter 5 that, with a half-life of
only 15 minutes, almost the entire ingested dose of aspirin (acetylsalicylic acid) has
been eliminated within 2 hours of ingestion (see Fig. 9-8A). Elimination of this ester
occurs almost entirely by hydrolysis to form salicylic acid. This metabolite is devoid
of antiplatelet activity, yet antiplatelet activity remains for many days. Aspirin affects
platelet aggregation by rapidly and irreversibly inhibiting, by acetylation, prostaglan-
din cyclo-oxygenase. This effect lasts for the lifetime of the platelet and prevents the
formation of thromboxane B,, which, when platelet cells are fractured, promotes
platelet adhesion and subsequent clot formation. Thromboxane B,, and hence platelet
adhesion activity, returns to normal only with the production of new platelets, a very
slow process with activity not fully restored for at least a week after a single 650-mg
dose of aspirin (Fig. 9-8B).

A similar situation is seen with omeprazole, but the explanation is somewhat
more complicated. Omeprazole, an inhibitor of the proton pump within the acid-se-
creting parietal cells of the stomach, is used in the treatment of heartburn and gastric

10.0 3 100
1 A

c
o c
= . = 80
£ 53
s €T
o S 9
c =a 60
R 2 o
©% 1.01 )
EE 1 £ @
37 t g 404
@ @ X
E &5 20
(1] =
o [

0.1 T T T T T T T 1 0 T T T T T T T 1

0.0 0.5 1.0 15 2.0 0 48 96 144 192
Hours Hours

FIGURE 9-8 A. Upon oral administration of 650 mg, aspirin is both rapidly absorbed and eliminated from the
body owing to rapid hydrolysis, such that little remains after 2 hours. B. Despite this, its effect as an inhibitor of
platelet thromboxane B, persists for many days, owing to aspirin covalently binding and inactivating cycloxy-
genase, which prevents the formation of thromboxane B,, which then has to be resynthesized, a slow process.
Note the almost 100-fold difference in the time scales. (Adapted from Ali M, MacDonald JW, Thiessen JJ, et al.
Plasma acetylsalicylate and salicylate and platelet cyclooxygenase activity following plain and enteric coated
aspirin. Stroke 1980;11:9-13).
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FIGURE 9-9 Despite being very rapidly metabolized within the body, such that little remains in plasma after 3
hours following a 40-mg oral dose of omeprazole (A), the inhibition of gastric acid secretion (colored line) con-
tinues for several days (B). Also shown is the response after a placebo dose (black line). The response (expressed
as a decrease in acid output over 15 minutes following a 1-hour infusion of intravenous pentagastrin, which
maximally induces gastric acid secretion) was assessed before administration of drug or placebo at 2 hours
postadministration, and again at 1, 2, and 3 days. This slow restoration of gastric acid secretion after omeprazole
administration is due to a combination of very slow dissociation of tightly bound omeprazole-derived compounds
to the proton pump receptor within the parietal cells of the stomach, together with the covalent binding and
inactivating by omeprazole of this receptor, requiring synthesis of new receptor, which takes time. (A composite
figure taken from data provided in Lind T, Cederberg C, Ekenved G, et al. Effect of omeprazole-a gastric proton
pump inhibitor on the pentagastrin simulated secretion in man. Gut 1983;24:270-276.)

and duodenal ulcers. This widely prescribed drug is rapidly absorbed, reaching a peak
plasma concentration within 1 hour of oral dosing, and rapidly eliminated, largely
by conversion to inactive metabolites, with a half-life of just under 1 hour. Gastric
acid production promptly falls, but the return to baseline is very slow, over days
(Fig. 9-9). Like aspirin, omeprazole covalently binds and inactivates its receptor—in
this case the proton pump—which takes time to be resynthesized. However, this fails
to explain completely the observed temporal pattern of gastric acid secretion. It ap-
pears that part of the explanation lies in the extremely tight affinity of locally formed
omeprazole-derived compounds for the proton pump, with a very slow dissociation of
the formed drug-receptor complex. In this situation, the plasma concentration rapidly
falls below the limit of measurement, giving the impression that response persists
when no drug is present in the body including the receptor, which is not the case.

REVEALING THE DIRECT CONCENTRATION-RESPONSE RELATIONSHIP

Single-dose administration is relatively uncommon in drug therapy. In Chapters 11
and 12, we discuss the more common situation of chronic therapy, achieved via either
constant-rate administration or multiple dosing. Often, the objective is to maintain
response by maintaining plasma concentrations relatively constant. In such situations,
it can be useful to unravel the kinetics of response following acute drug administra-
tion, such as a single dose, to reveal the important direct concentration-response re-
lationship, which then guides chronic administration, especially in situations in which
the relationship does not vary on chronic drug administration. The approach taken
depends on the reason for the delay in response with time after giving drug. Two com-
mon situations are considered.

When a delay in achieving a response is due to slow distribution to the ac-
tive site, a pharmacodynamic model with an effect compartment linked to the
plasma concentration has been used, as depicted in Fig. 9-10, to reveal the direct
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FIGURE 9-10 The concept of an
effect compartment linking plasma
concentration (PK) with response
(PD) helps to accommodate the fre-

Kinetics quently observed delay in time be-
tween plasma concentration and
}.7 Dynamics 4,< response. The delay is due to the time

needed to distribute into the site of
action. By accommodating for and

}4— PK —»{4— Link —+— PD —»{ thus effectively removing this delay, it

is possible to reveal the underlying di-
rect relation between effect site con-
centration (Ce) and response.

concentration—response relationship. The time course of the delay can vary from min-
utes to hours. This procedure has been applied to naproxen, which was previously
shown to exhibit hysteresis (Fig. 9-2). This hysteresis disappears when an effect com-
partment is added, exposing the direct relationship between response and concentra-
tion in the effect compartment (Fig. 9-11), which can be adequately summarized by the
exposure-response model of Equation 3-2.

In situations in which the drug affects either the production or loss of a body
constituent, the approach taken is different. To illustrate the approach, consider the
case of warfarin, which, as mentioned, lowers the concentration of the prothrombin
complex by inhibiting its synthesis. In common with other endogenous substances,
the amount of each clotting factor in the complex, A, is a result of a difference be-
tween its rates of synthesis, R, and degradation. Often, as in this case, degradation
is a first-order process, with the rate of degradation given by k, - A, where k, is the
degradation-rate constant of the clotting factor. Thus, at any moment,

aa = R - k -A
di syn ¢
Eq. 9-6
Rate of change Rate of Rate of
of clotting factor synthesis degradation
B
1.2 1
FIGURE 9-11 Mean pain relief (corrected
s § for placebo response) in a dental pain
5 § 0.8 1 model plotted as a function of the unbound
o = plasma concentration of naproxen within
% 8 the effect compartment following an oral
% 8 500-mg dose. Notice that when an effect
S § 0.4 - compartment is used, the counterclockwise
=3 hysteresis, seen when pain relief is plotted
=~ against unbound plasma concentration of
naproxen (Fig. 9-2B), disappears. The re-
0.0 sponse can now be related to the effect site
0 10 20 30 40 concentration at all times. The time of sam-

o pling from 1 to 8 hours is noted next to each
Unbound Naproxen Concentration in point. (Drawn from data kindly provided by
“Effect Compartment” (ug/L) Syntex, USA Inc., 1994.)
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Normally, in the absence of warfarin, the system is at steady state, dA/dt = 0, with
synthesis matching degradation, thereby maintaining the normal or baseline concen-
tration of the clotting factor. However, in the presence of warfarin, synthesis is inhib-
ited without affecting k. The amount, and hence plasma concentration, of the clotting
factor then falls at a rate that depends on both the degree of inhibition of synthesis
by warfarin and k,. The direct relationship is between synthesis rate and plasma con-
centration of warfarin. The synthesis rate can be determined from Equation 9-6 by
knowing or estimating k,, since the amount of warfarin (A =V - C) and its change with
time are known experimentally. Then, as in the case of naproxen, response (change
in synthesis rate from baseline) can be directly related to the plasma concentration
of warfarin by a suitable exposure-response model. Once established, knowing the
reduction in synthesis rate needed therapeutically, the desired plasma concentration
of warfarin can be predicted.

The response by patients to a drug may change when, for example, other drugs are
coadministered. Then it is helpful to know whether this is caused solely by a change
in its pharmacokinetics, pharmacodynamics, or both. Analyzing data along the lines
discussed above to provide the direct concentration-response relationship helps to
clarify the situation.

ONSET AND DURATION OF RESPONSE
Onset of Effect

After a single dose, an effect can be said to begin when the concentration at the site
of action reaches a critical value. The time of onset of effect is governed by many
factors including route of administration, absorption, distribution to target site, and
other time delays of pharmacodynamic origin, as discussed previously in this chapter
and elsewhere in the book. Additional factors affecting time of onset are dose and the
exposure-response relationship, that is, whether response is pharmacokinetically or
pharmacodynamically rate limited.

Increasing the dose usually shortens the time of onset of effect by shortening the
time required to achieve the critical concentration at the site of action.

Duration of Effect

For a drug with no delays in response, relative to drug at the site of action, and show-
ing a fixed exposure-response relationship, an effect lasts as long as the minimum
effective concentration at the site of action is exceeded. After an intravenous bolus
dose, the duration of effect is therefore a function of both dose and rate of drug re-
moval from the site of action. Removal can result from either elimination or redis-
tribution from the site to more slowly equilibrating tissues. When a drug distributes
rapidly to all tissues, including the site of action, and response immediately reflects
the concentration of drug at the site of action, then the relation between duration and
kinetics is readily conceived following a single bolus dose.

Consider, for example, a drug that distributes into a volume V, and is eliminated
by first-order kinetics, characterized by the rate constant k. After a bolus dose, the
plasma concentration falls exponentially, that is,

Dose _;.
— ekt
\%4

o} Eq. 9-7
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FIGURE 9-12 A. The duration of effect increases by one half-life with each doubling of the dose. B. Duration is
also proportional to the logarithm of the dose. Note in these figures that time is expressed in multiples of half-life,
and dose is expressed in multiples of the minimum amount of drug needed to produce the desired effect, A,,,-

Eventually, a time is reached, the duration of effect (¢;), when the plasma concentra-
tion falls to a value (C,,;,) below which the response is less than that minimally desired
(Fig. 9-12). The relationship between C,;, and ¢, is given by appropriately substituting
into the preceding equation; thus:

_ Dose ket

win = Eq. 9-8

Upon rearrangement and taking logarithms, an expression for ¢, is obtained,

1 Dose
t =—In Eq. 9-9

C..'V

where C,;, - V is the minimum amount needed in the body, A,;,. According to Equa-
tion 9-9, a plot of duration of effect against the logarithm of dose should yield a
straight line with a slope of 1/k and an intercept, at zero duration of effect, of In A,;,
(Fig. 9-12B). For example, the duration of effect of many local anesthetics is propor-
tional to the logarithm of the injected dose. The muscle relaxant effect of succinyl-
choline also conforms to this last equation. Fig. 9-13 shows the times to 50% (Tj;)
recovery of muscle twitch (a measure of neuromuscular block after stimulation of a
nerve) following intravenous injections of 0.5-, 1-, 2-, and 4-mg/kg bolus doses of suc-
cinylcholine. The value of k, estimated from the slope, is 0.2 /min; the half-life is about
4 minutes, as mentioned previously.

To further appreciate the last equation, consider the following statement: “Dura-
tion of effect increases by one half-life with each doubling of dose.” This must be true.
To prove that it is, let a given dose D, produce a duration of effect, ¢,. When twice the
dose (2 - D) is given, the amount in the body falls by one-half in one half-life, that is,
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to Dy; the duration of effect remaining beyond one half-life must therefore be ¢},. Ac-
cordingly, the total duration of effect produced by the larger dose is ¢, + ¢,. Hence, it
follows that the increase in the duration of effect on doubling the dose is one half-life.
For example, as 0.5 mg/kg of succinylcholine results in a Tj, of approximately 6 min-
utes, the duration of effect following 1 mg/kg is 10 minutes (Fig. 9-13). The increase in
the time to recover, 4 minutes, is the half-life of succinylcholine at the site of action. By
inspecting the Ty, curve in Fig. 9-13, it is apparent that the increase in duration (Atp) is
the same with each further doubling of the dose.

In the case of succinylcholine, the half-life estimated from the dose—duration of
action relationship is the elimination half-life of the drug. For some other drugs such
as omeprazole, it is the loss of drug from the site of action. To cover these and other
situations, the half-life so estimated from pharmacologic data is sometimes referred to
as the effective half-life of the drug.

Raising dose to extend duration of effect is not without risks, however, especially
for a drug with a short half-life and a narrow window of therapeutic concentrations.
For example, to extend the duration of effect by two half-lives, the quadrupled dose
required may produce too great an initial response or may substantially increase the
chance of toxicity. An alternative and safer approach may well be to slow the input
of drug, creating a flatter exposure—time profile. The plasma concentration then re-
mains above the C,;, for an extended time, and the peak concentration is reduced (see
Fig. 7-5), both aims of some modified release dosage forms (see Chapter 12). Extend-
ing the duration of effect is also, and mainly, achieved by chronically inputting drug
into the body by means of constant-rate release systems or multiple dosing, topics of
much of the next section: Therapeutic Regimens.

SUMMARY

e Time delays between plasma concentration and response are evident when hyster-
esis is seen on plotting response directly against plasma concentration after extra-
vascular administration.

e Time delays in the response vs. plasma concentration relationship may be due to
slow distribution of drug to the site of action, a pharmacokinetic consideration, or
to sluggishness of the response following direct action of drug at the target site, a
pharmacodynamic consideration.
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¢ A pharmacodynamic rate limitation in response arises when the dynamics of re-
sponse is slower than the pharmacokinetics of the drug.

e A common situation in which pharmacodynamics rate-limits the change in mea-
sured response is one in which drug acts directly on either input or output of an
endogenous system that turns over slowly and the measured response reflects the
state of that system at any point in time.

e Often the intensity of a graded response declines linearly with time between 80%
and 20% of the maximum response.

e Sometimes, response declines more slowly than plasma concentration owing to
drug remaining in Region 3 of the concentration—response relationship, to slow dis-
sociation of drug from its receptor, or to irreversible interaction with its receptor,
which then has to be resynthesized.

¢ The underlying direct relationship between response and drug concentration can be
revealed, given response with time observations after a single dose of drug, when
the reason for time delay in response is known.

e The duration of response increases by one terminal half-life for each doubling of
a dose of a drug. This is true whether a bolus iv dose or a dose of a modified re-
lease dosage form (when terminal decline is governed by half-life of drug release)
is administered.

¢ The duration of a graded response is often proportional to the logarithm of the dose. Du-
ration may be extended for a given dose by prolonging the input of drug into the body.

REVIEW

Decline of response with time Pharmacodynamic rate-limited
Direct response response

Duration of response Pharmacokinetic rate-limited

Effect compartment response

Effective half-life Pharmacokinetic-pharmacodynamic
Hysteresis modeling

Intensity of response Target organ

Onset of effect Time delay

KEY RELATIONSHIPS

Rate of change in body = Rate of input — Rate of loss

1 Dose
t =—In
bk c v

min

STUDY PROBLEMS

1. Which of the following statements is (are) correct?

I. After the concentration reaches a peak, the response to a drug declines with
time after administration of a single extravascular dose. The most common
reason for the decline is a decrease in exposure to the drug at the target site.

II. When response changes in line with plasma concentration in the terminal
phase, pharmacokinetics is the rate-limiting step. Although the actual rate of
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decline in the response depends on where the concentrations are with respect
to Cj, it is particularly slow when the peak concentration greatly exceeds Cy,.

II1. If the plasma concentration of a drug after an intravenous bolus declines by a
first-order process with a half-life of 2 hours, yet the measured response has
decreased by only 50% 7 days later, the decline of the response must be phar-
macokinetically rate-limited.

A. T only E. Iand III
B. I only F. Il and III
C. III only G. Al
D.IandII H. None

2. Which one of the following statements is the most accurate?

a. When the response to a drug is delayed with respect to its systemic exposure, a
plot of the response as a function of the plasma concentration after an oral dose
produces a clockwise hysteresis loop.

b. The response to a drug is positively and directly proportional to the concen-
tration of a key body constituent. The response to the drug should therefore
increase with either an increase in the production rate or a hastening of the loss
of the key body constituent.

c. When a delay in achieving a response is due to slow distribution to the active
site, a pharmacodynamic model with an effect compartment linked to the plasma
concentration can be useful.

d. For a drug that shows first-order kinetics and for which its response is pre-
dicted at all times by its systemic exposure, the duration of its response above
some minimum value is expected to increase by 50% for every doubling of an
intravenous dose.

3. Which of the following statements is (are) correct?
I. Hysteresis in a response-versus-plasma concentration curve cannot be ob-
served after intravenous bolus administration of the drug.

II. Between 80% and 20% of maximum effect, a graded response is expected to
decline exponentially with time after intravenous administration of a single
bolus dose.

IIT. For a drug showing first-order disposition kinetics and producing a graded

response, the duration of its response increases linearly with dose.

A. T only E. Iand III
B. I only F. Il and III
C. III only G. Al
D.IandII H. None

4. Fig. 9-14 shows the degree of lowering of the mean arterial pressure (MAP) pro-
duced by minoxidil in a hypertensive patient with a baseline MAP of 157 mm Hg.

s

g §100

<

c E 80

S o 60
FIGURE 9-14 The degree of lowering of the mean arterial 2 g
blood pressure (MAP), in a patient with a baseline MAP of E o 40
157 mm Hg, falls at a constant rate following a single oral 8 ; 20
25-mg dose of minoxidil. (From Shen, D, O’Malley, K, Gibaldi, s 9
M, McNay, JL. Pharmacodynamics of minoxidil as a guideto & a 0
individualizing dosage regimens in hypertension. Clin Phar- a 0 20 40 60 80 100

macol Ther 1975;17:593-598.) Hours
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The effect appears to decline linearly with time after a single 25-mg dose of the

drug. The plasma minoxidil concentration following this dose peaked at 1 hour

and then declined with a half-life of 4.2 hours, so that almost no drug remained at

20 hours. Using the line as the response-time function, which of the following state-

ments is (are) consistent with, and would explain, these observations?

I. A metabolite with a longer half-life is responsible for the hypotensive action
of the drug.
II. The response to the drug is pharmacodynamically rate-limited.

IIT. Administration of the drug once daily should be adequate to maintain its hy-

potensive action.

A. Tonly E. Iand III
B. II only F. II and III
C. IIT only G. All
D.IandII H. None

. Fig. 9-15 shows the relationship between reduction in systolic blood pressure and
plasma drug concentration for a drug under steady-state conditions. The line shown
is the best fit of the parameters of the graded response model below to the data in
an individual subject.

Reduction in E -C7
systolic blood = %
Pressure, mmHg Cj +C”

a. Estimate the values for E, .., Cs,, and 7.

b. Given that the half-life of the drug (which exhibits one-compartment characteristics)
is 6 hours, estimate the time after a single dose for the response (reduction in blood
pressure) to drop from the initial value of 25 mm of Hg to a value of 5 mm of Hg.

c. Would you expect the response (reduction in blood pressure) to decline expo-
nentially or linearly during the time frame given in Part B? Show how you come
to your conclusion.

30 /

B 25 /

o

m —~

22 20

S E |

2E /

N g4 15

€57 /

c 0

298 10

Sa | /

3

£ 5
0'%

0.1 1 10 100
Plasma Drug Concentration (ug/L)

FIGURE 9-15
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FIGURE 9-16 A. Plasma drug concentration (black) and reduction in systolic blood pressure (color) with time
after a single oral dose. B. Reduction in systolic blood pressure as a function of the plasma drug concentration.

6. The following observations displayed in Fig. 9-16A were made for a drug. Clearly,
the blood pressure-lowering effect (color) and the plasma concentration—time pro-
file (black) do not match.

a. Draw on Fig. 9-16B the relationship you anticipate between effect and the
plasma concentration. Be sure to identify whether the hysteresis is clockwise or
counterclockwise.

b. Give two possible explanations (mechanisms) for the observations in Fig. 9-16.

7. a. Give two examples of a situation in which changes in response with time are

rate-limited by the kinetics of a drug, and two examples that are rate-limited by
the dynamics of an affected system.

b. A common and clinically significant toxicity of many anticancer drugs is leu-
kopenia, an abnormal fall in the number of leukocytes in blood. Leukocytes
are important in the immunologic defense of the body. Most focus clinically
is on the lowest leukocyte count after chemotherapy treatment, but the time
course of the fall in count is also important. Shown in Fig. 9-17 are the plasma
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FIGURE 9-17 Plasma paclitaxel concentration-time profile (A) and the fraction of leukocytes in blood (relative
to baseline) with time (B) in a patient receiving an intravenous dose of paclitaxel. The continuous lines are the
best line fits of respective models to the data. (From Minami H, Sasaki Y, Saijo N et al. Indirect-response model
for the time course of leukopenia with anticancer drugs. Clin Pharmacol Ther 1998;64:511-521.)
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Percent Reduction in
Exercise Tachycardia

concentration-time course of one anticancer compound, paclitaxel (A), and the
corresponding time profile of leukocyte count (B) in a patient after a single ad-
ministration of the drug.

Knowing that paclitaxel inhibits the production of leukocytes, discuss the dispar-
ity between the relatively rapid elimination of the drug and the sluggish changes
in the percentage of leukocytes surviving in blood in the patient, only returning
to the baseline value 3 weeks after drug administration.

8. Propranolol, a f-adrenergic blocking agent, is used in the treatment of hypertension
and angina. One rapid test of its activity is its ability to decrease the heart rate for
a given workload, that is, reduce exercise tachycardia. DG McDevitt and DG Shand
(Clin. Pharmacol Ther 1975;18:708-715) observed a linear relationship between
percent reduction in exercise tachycardia and the logarithm of plasma concentra-
tion of propranolol. The slope of the line is +11.5%. The table below lists the effect
with time after intravenous bolus administration of 20-mg propranolol. These data
are also plotted in Fig. 9-18.

0.25 1 2 4 6
28 25.5 22 15 8

a. Why does the response decline linearly with time? Furthermore, satisfy your-
self that the slope of the relationship is —-m - k, where k is the elimination
rate constant of the drug. HINT: What are the expected relationships be-
tween plasma concentration and time, and between response and plasma
concentration?

b. From the plot of the data in Fig. 9-18, estimate the slope of the response with
time and hence the apparent half-life of propranolol in plasma.

c. Calculate the minimum amount of propranolol needed in the body to achieve a
15% reduction in exercise tachycardia.

d. Calculate how long the reduction in exercise tachycardia is expected to remain
above 15% after:

(1) A40-mg IV bolus dose
(2) A 70-mg IV bolus dose

30 A
20
10

FIGURE 9-18 Percent reduction in ex-

ercise tachycardia with time following a

20-mg intravenous dose of propranolol.

(Data from McDevitt DG and Shand DG.

0 T T T T T 1 Plasma concentration and the time-course

0 2 4 6  of beta-blockade due to propranolol. Clin

Hours Pharmacol Ther 1975;18:708-715.)
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9. A compound is given as an IV bolus to a patient requiring a minimum plasma con-
centration of 4 mg/L for a therapeutic effect. Given that Dose = 100 mg; k = 0.10/h;
V=81, and assuming a one-compartment model,

a. Calculate how long the clinical effect is expected to last with this dose.
b. Calculate how long the clinical effect lasts following a 200-mg dose.
c. Determine the duration of effect following a 100-mg dose, if k¥ = 0.05/hr and the
change in k is a result of
(1) A twofold decrease in clearance; and
(2) A doubling of the volume of distribution by increased nonspecific tissue
binding.
d. Does doubling the dose of a drug under the initial conditions (k = 0.10/hr; V=8 L)
yield the same change in duration of clinical effect as doubling the half-life?









Therapeutic Window

OBJECTIVES

The reader will be able to:

e List the factors that determine a therapeutic dosage regimen of a drug.

e Define the terms: dosage regimen, therapeutic index, therapeutic utility, therapeutic utility curve,
therapeutic window.

e Explain the strategy behind the establishment of a therapeutic window.

e List the range of plasma concentrations associated with therapy within the patient population for
common indications of five of the drugs listed in Table 10-1.

e Discuss briefly three circumstances in which response to a drug may not correlate well with its
systemic exposure.

DOSAGE REGIMENS

Treatment of patients with various diseases or conditions with a drug often requires
the maintenance of an appropriate systemic exposure to it. To do so, a drug may be
given by a constant-rate protocol, such as an intravenous infusion, or by repeated
administration of single doses. The administration (dosage form, dosing rate, loading
dose, maintenance dose, interval between doses, route of administration, and dura-
tion of therapy) used to achieve and maintain therapy is called a dosage regimen.

The rational design of safe and efficacious dosage regimens is now examined. In
this section, fundamental aspects of dosage regimens are covered primarily from the
point of view of treating a typical patient within the population, with a given disease or
condition for which the drug is indicated. It is realized, of course, that individuals vary
in their responses to drugs; later, in Section IV, focus is turned toward the individual
patient.

A dosage regimen is basically derived from the kinds of information shown in
Fig. 10-1 (next page). This scheme applies to essentially all drugs, but particularly to
those intended to produce therapeutic effects systemically; for locally acting drugs,
local exposure is critical, but systemic exposure remains a safety concern. There are
several issues that determine a therapeutic dosage regimen. One consideration is how
the body acts on the drug and its dosage form, the essence of pharmacokinetics. An-
other consideration is the relationship between systemic exposure and both efficacy

187
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Clinical Factors
State of Patient
Patient Adherence
Concomitant Drugs

Dosage
Regimen

Dosggoes 7—'orm ) Beneficial
Route of Dosing Systemic oy and
Dosing Interval Exposure Adverse
Duration of Therapy Responses

FIGURE 10-1 A dosage regimen of drug comprises dose, dosage form, dosing interval, route of administration,
and duration of therapy. During drug development, these factors are adjusted to achieve an exposure profile that
maximizes the benefits compared with adverse effects of the drug. Clinical factors that determine the optimal
dosage regimen for an individual patient include the disease or condition being treated, the presence of other
diseases and conditions, and other concomitantly administered drugs. These and other factors determine the
optimal regimen for the individual by their effects on the drug’s pharmacokinetics, pharmacodynamics, or both.

and safety of the drug, namely, pharmacodynamics. A third consideration, which can
affect both the pharmacokinetics and the pharmacodynamics of a drug, is the clinical
state of the patient. This includes the disease or condition being treated, other diseases
or conditions that the patient may have, as well as associated additional drug therapy—
that is, his or her total therapeutic regimen. A fourth set of issues includes all other
factors such as genetics, age and weight, and the extent of adherence by the patient to
the dosage regimen. Many of these determinants are, of course, interrelated and inter-
dependent. For example, the requirement of frequent dosing can reduce the incidence
of adherence to a regimen and thereby influence clinical outcome, whereas clinical out-
come, particularly adverse effects without perceived benefit, can influence adherence
even when maintenance of the regimen is critical to the ultimate therapeutic benefit.

Also critical to our understanding and to the optimal design and application of
dosage regimen principles are changes in dosage requirements with time. The status
of a patient is never static and, in addition to changes that occur soon after drug ad-
ministration, there are often progressive changes in the disease or condition over the
time span of treatment, particularly when the treatment extends over many months,
years, or a lifetime. Such changes need to be taken into account when assessing the
beneficial or adverse effects of a drug.

Dosage regimens are designed to achieve a therapeutic objective, namely, safe
and effective therapy. This objective may be accomplished using various modalities of
drug administration, extending from a single, or occasional, dose to continuous and
constant input. An example of the former is the use of aspirin to treat an occasional
headache; the continuous intravenous infusion of fentanyl, which is one option for the
use of this opioid for the relief of pain after surgery, is an example of the latter. More
commonly, drugs are administered repeatedly in discrete doses, a multiple-dosing
regimen. The frequency and duration of a dosage regimen vary with the condition
being treated. For many drugs, maintenance of a relatively constant systemic expo-
sure is needed to maintain effect, which may, for example, be achieved by giving the
drug three times daily for the duration of treatment. Other drugs do not require such
a strict maintenance of systemic exposure and can be given relatively infrequently,
which results in large fluctuations in the systemic exposure-time profile. Reasons for
this latter approach being therapeutically desirable include the development of toler-
ance to the desired effect of the drug if exposure is maintained; the need to produce
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high exposure for short periods of time, as occurs in some antibiotic and anticancer
chemotherapies; and persistence of drug effect even when the drug has been elim-
inated, as discussed in Chapter 9. To rapidly initiate therapy, the initial (or loading)
dose of some drugs must be larger than the maintenance dose. In all cases, however,
the general intent is to achieve and maintain effective therapy while minimizing harm-
ful effects.

Evidence was presented in Chapter 3 that pharmacodynamic response is often
better correlated with systemic exposure than with dose administered. Accordingly, it
would seem to be most appropriate to apply pharmacokinetic principles to the design
of dosage regimens to achieve desired systemic exposure-time profiles. Ultimately,
however, the value of a dosage regimen must be assessed by the therapeutic and ad-
verse responses produced when given to patients. Linking pharmacokinetics with
pharmacodynamics, however, facilitates the achievement of an appropriate dosage
regimen and serves as a useful means of evaluating existing dosage regimens.

In this chapter, various elements of the exposure-response relationship in the
context of dosage regimens are explored; these build on principles developed in Chap-
ters 3 and 9. Principles for achieving a desired exposure profile are discussed in the
subsequent two chapters of this section, Chapters 11 and 12.

THERAPEUTIC WINDOW

Fig. 10-2 shows the probabilities of observing beneficial and adverse effects each
as a function of the systemic exposure to a drug within its target patient population.
In common with most drugs, the probability of each of a drug’s effects increases pro-
gressively with increasing exposure. Also shown is the difference between the two
probabilities, that is, the probability of achieving therapeutic benefit without harmful
effects of the drug, a measure of its therapeutic utility. This difference plot is known
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FIGURE 10-2 Schematic representation of the frequencies of effective therapy and adverse response within
the target patient population as a function of systemic drug exposure. Also shown is the “therapeutic utility”
(in color), or the curve of therapeutic success, given by the difference in frequencies of effective and adverse
responses. The therapeutic window (indicated by the width of the double-headed arrow) is given by the range of
exposures associated with frequencies of success in the patient population being equal to or greater than some
preset value, in this case, 50%. In this example, the curves for both therapeutic and adverse responses are steep
and well separated. The therapeutic window is therefore relatively wide (0.3 to 3) because there is little overlap
between the exposure associated with attainment of total effective treatment within the patient population and
the exposure associated with the likelihood of an adverse effect.
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Outcome
T Adverse Effects Failure
g
=]
3 Effective Therapy
3 with Minimal Success
FIGURE 10-3 Schematic diagram depicting the thera- ""_J, Adverse Effects
peutic window of a drug, which lies between two regions ‘g
of exposure associated with therapeutic failure. The %
lower region of failure is principally due to the absence Iy ) Failure
of adequate efficacy, whereas the upper region is due to Ineffective Therapy
an inability to have adequate efficacy without an unac-
ceptable adverse response.

as an unweighted therapeutic utility curve in that there is no particular signifi-
cance, or weight, given to these two effects. They are treated equally. Here we see that
the probability of achieving therapeutic utility increases with increasing exposure at
low exposures, approaches a maximum, and then decreases at still higher exposures.
Making the assumption that to be of therapeutic value the therapeutic utility should,
for example, be in excess of 50%, we conclude that there is a range of exposures asso-
ciated with successful therapy, the therapeutic window of the drug. This concept of
a therapeutic window is depicted in Fig. 10-3.

At exposures below the window, therapy is deemed a failure because the probabil-
ity of therapeutic benefit of the drug is too low despite the virtual absence of adverse
effects. At exposures above the window, therapy is also deemed to fail; in this case,
the probability of having a desired effect is high, but so too is the probability of being
harmed. In other words, the risk of harm approaches and may even become greater
than the likelihood of benefit.

In addition to the probability of desired and undesired effects, one should also
consider the intensity or severity of these responses. In general, as discussed in Chap-
ter 9, the frequency of more intense effects tends to increase with increasing exposure
to the drug. This is seen, for example, in Fig. 10-4, by the greater incidence of severe
central nervous system adverse effects with increasing exposure to the antiepileptic
drug phenytoin. The first sign of adverse effects is usually nystagmus (jerky eye move-
ment), which appears above a concentration of approximately 20 mg/L; gait ataxia

Mental Changes o 8 $ 8eee
FIGURE 10-4 The occurrences of
mild (nystagmus), moderate (ataxia),
and severe (mental changes) untow-
ard effects increase with the plasma .
Ataxia © 003 e0o

concentration of the antiepileptic drug
phenytoin  (diphenylhydantoin). The
values for nystagmus are for those sub-
jects who have no more severe adverse
effects. The values for ataxia are for

[J (]
those with no mental changes. (Modi- Nystagmus ° ::: Y ..: ° °
fied from Kutt H, Winters W, Kokenge R,
et al. Diphenylhydantoin metabolism, T T T T T T 1
blood levels, and toxicity. Arch Neu- ¢ 20 40 60

rol 1964;11:642-648. Copyright 1964,
American Medical Association.)

Plateau Plasma Phenytoin Concentration (mg/L)
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(unsteadiness) usually appears with a concentration approaching 30 mg/L; and pro-
longed drowsiness and lethargy may be seen at concentrations greater than 40 mg/L.
In practice, then, desired and adverse effects need to be balanced with due con-
sideration to their relative clinical importance. One must ask to what extent the bene-
ficial effects of the drug outweigh its harmful effects. This relative weighting of effects
requires judgment, which can vary depending on the drug, the condition being treated
and the point of view of the evaluator. For example, appreciable gastrointestinal dis-
tress may be judged as a severe, and perhaps unacceptable, adverse effect for an an-
algesic drug, such as ibuprofen, being considered for relief of occasional headache.
However, a more severe adverse effect, like constipation, may well be viewed as minor
when a narcotic drug like morphine, a much stronger analgesic, is intended for the re-
lief of severe pain in a patient suffering from the terminal stages of cancer. In addition,
drugs may produce multiple adverse effects of different degrees of severity, judged as
mild, moderate, and severe, as seen with phenytoin, with each requiring a different
weighting. A therapeutic utility curve of greatest usefulness clinically is therefore one
that takes into account all the above considerations. In reality, the utility curve cannot
be very precise owing to the subjective nature of the weighting procedure. Also to be
kept in mind is that such data are rarely, if ever, obtained in an individual. Rather, the
data are the composite of limited data from many patients, each receiving a very small
number of discrete dose strengths of the drug, such as 5 or 10 mg, with the spread of
plasma concentrations, and responses, primarily resulting from the inherent pharma-
cokinetic and pharmacodynamic variabilities within the patient population.
Therapeutic windows, expressed in terms of the range of plasma, associated with
successful therapy of the patient population with specific conditions, are listed in
Table 10-1 (next three pages) for a select number of drugs. These are drugs taken by
patients for relatively long periods of time, measured in months, years, and sometimes
most of a lifetime. Several points are worth noting. First, for most of these drugs, the
therapeutic concentration range is narrow in that the upper and lower limits differ by a
factor of only 2 or 3. Of course, for many other drugs, this therapeutic window is much
wider. This is certainly the case for amoxicillin and some other antibiotics. Second,
some drugs are used to treat several diseases, and the therapeutic window may differ
with the disease. For example, the dose, and associated systemic exposure, of aspirin
needed to achieve an anticlotting effect is much lower than that needed to achieve
an analgesic effect, and even higher doses are needed to relieve rheumatic symptoms.
Next, the upper limit of the plasma concentration may be, like for the tricyclic antide-
pressant nortriptyline, a result of diminishing therapeutic efficacy at higher concentra-
tions, producing a bell-shaped efficacy—concentration relationship. Or, it may be, like
the immunosuppressant agent cyclosporine, used to prevent organ rejection after trans-
plantation, a result of an increased likelihood of renal toxicity. The upper concentration
limit may also be due to the drug being limited in its effectiveness, as with ibuprofen to
relieve pain suffered by patients during severe trauma. Finally, an adverse effect may
be either an extension of the pharmacologic property of the drug, or it may be totally
distinct from its therapeutic effect. The hemorrhagic tendency associated with an ex-
cessive plasma concentration of the oral anticoagulant, warfarin, is an example of the
former; the ototoxicity caused by the antibiotic gentamicin is an example of the latter.
A distinction also needs to be made between the steepness of a probability of
response-versus-exposure curve and the width of a therapeutic window. In Fig. 10-2,
the curves for the desired and adverse effects are both steep; yet because there is very
little overlap between the two effects, the therapeutic window is relatively wide. For
such a drug, the normal strategy would be to ensure that all patients receive a dosage
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CHAPTER 10 e Therapeutic Window 195

Likelihood (Frequency)
of Response

regimen that produces an exposure profile that achieves the therapeutic objective.
Fig. 10-5 shows a drug with a narrow therapeutic window, despite the therapeutic
curve being shallow. This narrowness arises because the curves overlap well below
the point of maximal likelihood of therapeutic benefit, a result of the curve for adverse
response being steep, so that it is difficult to find exposures that produce a high prob-
ability of efficacy without a high degree of a limiting adverse effect.

It is to be stressed that significant interindividual patient variability occurs in both
therapeutic and adverse responses, leading to differences among individuals in the
exposures where the desirable and undesirable effects occur. This should be kept
in mind when considering the therapeutic windows listed in Table 10-1 for selective
drugs for which concentration monitoring plays an important part in managing ther-
apy. The values are derived from patient populations requiring the drugs, and they ap-
ply to the average patient within those populations. Also, one must keep in mind that
the ultimate therapeutic objective is to treat each patient as efficaciously and safely as
possible and not to keep his or her plasma concentrations within the recommended
therapeutic window. This window can serve as a useful guide, however, particularly
in the absence of additional information. When combined with pharmacokinetic in-
formation about the individual, as discussed further in Chapter 14, knowing the thera-
peutic window helps to define the dosage regimen to be used when initiating therapy.
However, some patients fail to respond beneficially even when the plasma concen-
tration lies within, or even considerably above, the normal therapeutic window. Such
nonresponders may unknowingly lack or have a genetically different target receptor.
Alternatively, the issue may be one of inaccurate diagnosis or misdiagnosis. For exam-
ple, knowing that a patient suffers from cancer or an inflammatory disease does not
guarantee that a particular anticancer or anti-inflammatory drug will be effective. The
causes of such diseases are manifold, and no single drug is effective against all the
causes of cancer or inflammation.

In many therapeutic situations several drugs are used in combination to treat a
given condition or disease. An example is the use of a thiazide diuretic, a -blocker,
and an ACE (angiotensin-converting enzyme) inhibitor or angiotensin-receptor in-
hibitor in the treatment of hypertension. Each drug acts on a different part of the
cardiovascular system to lower blood pressure. Another is the combination of acet-
aminophen with a nonsteroidal anti-inflammatory agent to relieve arthritic pain. Given
that the adverse effects of drugs are often unrelated to their therapeutic effects, the

100 4
80 - Beneficial Adverse FIGURE 10-5 The width of a therapeutic window
Response depends on the degree of overlap of the therapeutic

Response o

and adverse exposure-response curves within the
60 patient population. The therapeutic window (indi-
cated by the width of the double-headed arrow) is
Therapeutic narrow because of a high degree of overlap between
40 1 Window efficacy and untoward effects caused by the ad-
verse effect being the steeper of the two responses
20 - Therapeutic and making the utility curve (color) drop off sharply
Utility with increasing concentration. In this example, the
therapeutic window is associated with exposures

0 4

at which the frequency of success is greater than
0.01 0'1_ 1 10 100 5000, If a lower likelihood of success was clinically
Systemic Exposure (log scale) acceptable the therapeutic window would be wider.
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advantage of such combinations is that the dose of each needed to produce a given
therapeutic effect may be lower than if either is given alone, thereby reducing the like-
lihood of adverse effects. A combination of drugs is also often used in the treatment
of infectious diseases, but for a somewhat different reason. For example, in the treat-
ment of AIDS, patients are likely to receive a combination of one or two nucleoside/
nucleotide reverse transcriptase inhibitors (faulty versions of the building block that
the human immunodeficiency virus [HIV] needs to make more copies of itself so that
reproduction of the virus is stalled), with either a nonnucleoside reverse transcriptase
or a protease inhibitor (which disables protease, a protein that HIV needs to make
more copies of itself). Each drug acts on a different critical pathway of the viral rep-
lication such that together they achieve a greater benefit than is possible with either
drug alone, thereby reducing the chances of the emergence of resistant strains. More-
over, the combination allows the use of lower doses of each drug and again reduces
the chances of associated adverse effects.

THERAPEUTIC CORRELATES

So far, plasma concentration has been assumed to be a better correlate of a drug’s
therapeutic response and harmful effects in a population of patients needing a drug
than any other measure. However, because doses are administered and plasma con-
centration measurement requires invasive sampling and is costly, why not use dose as
atherapeutic correlate? Certainly, in most cases, response and exposure both increase
with increasing dose. Still, plasma concentration is expected to be a better correlate
within the target patient population than dosage. This must be true after a single dose
of drug, because with dose alone, no account is taken of time. It may also be true for
continuous drug administration as well, but for different reasons.

The objective of much of drug therapy is to maintain a stable therapeutic response
for the duration of treatment, usually by maintaining an effective plasma concentra-
tion. Recall, Fig. 1-7 (Chapter 1) shows the relationship between the steady-state
plasma concentration and the rate of administration of the antiepileptic drug, phe-
nytoin. Particularly noticeable are the large interindividual deviations in the plasma
concentration at any specific dosing rate; in the patient cohort studied, the plasma
concentration ranged from nearly 0 to 50 mg/L at a dosing rate of 6 mg/day/kg of body
weight. Had no correction been made for body weight, the deviations may well have
been even greater. In contrast, plasma concentration correlates reasonably well with
effect. Thus, seizures are usually effectively controlled without undue adverse events
at plasma concentrations between 10 and 20 mg/L. For phenytoin, plasma concentra-
tion is a better correlate than dose during chronic administration because pharmaco-
kinetics is the major source of variability between