DRUGS AND THE PHARMACEUTICAL SCIENCES VOLUME 67

armacoKinelics

Regulatory - Industrial - Academic
Perspectives

Second Edifion

LIVER

INTESTINE

oooooooooooooo

oooooooooooooo

edited by
Peter G. Welling
Francis L. S. Tse



Phiarmacokinelics

Regulatory - Industrial - Academic

Perspectives
Second Edition

(T

edited by ¥2000460
Peter G. Welling

Warner-Lambert Company
Ann Arbor, Michigan

Francis L. S. Tse

Sandoz Research Institute
East Hanover, New Jersey

Marcel Dekker, Inc. New YorkeBasel®*Hong Kong



Library of Congress Cataloging-in-Publication Data

Pharmacokinetics : regulatory, industrial, academic perspectives /
edited by Peter G. Welling, Francis L. S. Tse. — 2nd ed.
p. cm. — (Drugs and the pharmaceutical sciences ; v. 67)
Includes bibliographical references and index.
ISBN 0-8247-9378-1 (hbk. : acid-free paper)
1. Pharmacokinetics. 1. Welling, Peter G. - II. Tse, Francis L.
S. III. Series.
RM301.5.P485 1995
615'.7—dc20 94-47123
CIP

The publisher offers discounts on this book when ordered in bulk quantities. For
more information, write to Special Sales/Professional Marketing at the address
below.

This book is printed on acid-free paper.

Copyright © 1995 by Marcel Dekker, Inc. All Rights Reserved.

Neither this book nor any part may be reproduced or transmitted in any form or by
any means, electronic or mechanical, including photocopying, microfilming, and
recording, or by any information storage and retrieval system, without permission

in writing from the publisher.

Marcel Dekker, Inc.
270 Madison Avenue, New York, New York 10016

Current printing (last digit):
10 9 8 7 6 5 4 3 21

PRINTED IN THE UNITED STATES OF AMERICA




Pharmacokinetics



-

11.
12.
13.
14.
15.
16.
17.
18.
19.

20.

DRUGS AND THE PHARMACEUTICAL SCIENCES

A Series of Textbooks and Monographs

edited by

James Swarbrick
AAl, Inc.
Wilmington, North Carolina

. Pharmacokinetics, Milo Gibaldi and Donald Perrier
. Good Manufacturing Practices for Pharmaceuticals: A Plan for Total Quality

Control, Sidney H. Willig, Murray M. Tuckerman, and William S. Hitchings
v

. Microencapsulation, edited by J. R. Nixon
. Drug Metabolism: Chemical and Biochemical Aspects, Bernard Testa and

Peter Jenner

. New Drugs: Discovery and Development, edited by Alan A. Rubin

Sustained and Controlled Release Drug Delivery Systems, edited by Joseph
R. Robinson

. Modern Pharmaceutics, edited by Gilbert S. Banker and Christopher T.

Rhodes

Prescription Drugs in Short Supply: Case Histories, Michael A. Schwartz
Activated Charcoal: Antidotal and Other Medical Uses, David O. Cooney
Concepts in Drug Metabolism (in two parts), edited by Peter Jenner and
Bernard Testa

Pharmaceutical Analysis: Modern Methods (in two parts), edited by James
W. Munson

Techniques of Solubilization of Drugs, edited by Samuel H. Yalkowsky
Orphan Drugs, edited by Fred E. Karch

Novel Drug Delivery Systems: Fundamentals, Developmental Concepts,
Biomedical Assessments, Yie W. Chien

Pharmacokinetics: Second Edition, Revised and Expanded, Milo Gibaldi and
Donald Perrier

Good Manufacturing Practices for Pharmaceuticals: A Plan for Total Quality
Control, Second Edition, Revised and Expanded, Sidney H. Willig, Murray M.
Tuckerman, and William S. Hitchings IV

Formulation of Veterinary Dosage Forms, edited by Jack Blodinger
Dermatological Formulations: Percutaneous Absorption, Brian W. Barry
The Clinical Research Process in the Pharmaceutical Industry, edited by Gary
M. Matoren

Microencapsulation and Related Drug Processes, Patrick B. Deasy



21.

22,
23.

24.

25.
26.

27.
28.
29.
30.

31:
32.

33.

34.
35.

36.
37.
38.
39.
40.
41.
42.

43.
44,

45,

46.

47.

48.

49.

Drugs and Nutrients: The Interactive Effects, edited by Daphne A. Roe and
T. Colin Campbell

Biotechnology of Industrial Antibiotics, Erick J. Vandamme
Pharmaceutical Process Validation, edited by Bernard T. Loftus and Robert
A. Nash

Anticancer and Interferon Agents: Synthesis and Properties, edited by
Raphael M. Ottenbrite and George B. Butler

Pharmaceutical Statistics: Practical and Clinical Applications, Sanford Bolton
Drug Dynamics for Analytical, Clinical, and Biological Chemists, Benjamin J.
Gudzinowicz, Burrows T. Younkin, Jr., and Michael J. Gudzinowicz
Modern Analysis of Antibiotics, edited by Adjoran Aszalos

Solubility and Related Properties, Kenneth C. James

Controlled Drug Delivery: Fundamentals and Applications, Second Edition,
Revised and Expanded, edited by Joseph R. Robinson and Vincent H. Lee
New Drug Approval Process: Clinical and Regulatory Management, edited
by Richard A. Guarino

Transdermal Controlled Systemic Medications, edited by Yie W. Chien
Drug Delivery Devices: Fundamentals and Applications, edited by Praveen
Tyle

Pharmacokinetics: Regulatory - Industrial - Academic Perspectives, edited
by Peter G. Welling and Francis L. S. Tse

Clinical Drug Trials and Tribulations, edited by Allen E. Cato

Transdermal Drug Delivery: Developmental Issues and Research Ini- tiatives,
edited by Jonathan Hadgraft and Richard H. Guy

Aqueous Polymeric Coatings for Pharmaceutical Dosage Forms, edited by
James W. McGinity

Pharmaceutical Pelletization Technology, edited by Isaac Ghebre-Sellassie
Good Laboratory Practice Regulations, edited by Allen F. Hirsch

Nasal Systemic Drug Delivery, Yie W. Chien, Kenneth S. E. Su, and Shyi-Feu
Chang

Modern Pharmaceutics: Second Edition, Revised and Expanded, edited by
Gilbert S. Banker and Christopher T. Rhodes

Specialized Drug Delivery Systems: Manufacturing and Production Technolo-
gy, edited by Praveen Tyle

Topical Drug Delivery Formulations, edited by David W. Osborne and Anton
H. Amann

Drug Stability: Principles and Practices, Jens T. Carstensen
Pharmaceutical Statistics: Practical and Clinical Applications, Second
Edition, Revised and Expanded, Sanford Bolton

Biodegradable Polymers as Drug Delivery Systems, edited by Mark Chasin
and Robert Langer

Preclinical Drug Disposition: A Laboratory Handbook, Francis L. S. Tse and
James J. Jaffe

HPLC in the Pharmaceutical Industry, edited by Godwin W. Fong and
Stanley K. Lam

Pharmaceutical Bioequivalence, edited by Peter G. Welling, Francis L. S.
Tse, and Shrikant V. Dinghe

Pharmaceutical Dissolution Testing, Umesh V. Banakar



50.
51.
52.
53.
54.
55.
56.
57.

58.
59,

60.
61.

62.

63.
64.
65.
66.
67.

Novel Drug Delivery Systems: Second Edition, Revised and Expanded, Yie
W. Chien

Managing the Clinical Drug Development Process, David M. Cocchetto and
Ronald V. Nardi

Good Manufacturing Practices for Pharmaceuticals: A Plan for Total Quality
Control, Third Edition, edited by Sidney H. Willig and James R. Stoker
Prodrugs: Topical and Ocular Drug Delivery, edited by Kenneth B. Sloan
Pharmaceutical Inhalation Aerosol Technology, edited by Anthony J. Hickey
Radiopharmaceuticals: Chemistry and Pharmacology, edited by Adrian D.
Nunn

New Drug Approval Process: Second Edition, Revised and Expanded, edited
by Richard A. Guarino

Pharmaceutical Process Validation: Second Edition, Revised and Expanded,
edited by Ira R. Berry and Robert A. Nash

Ophthalmic Drug Delivery Systems, edited by Ashim K. Mitra
Pharmaceutical Skin Penetration Enhancement, edited by Kenneth A.
Walters and Jonathan Hadgraft

Colonic Drug Absorption and Metabolism, edited by Peter R. Bieck
Pharmaceutical Particulate Carriers: Therapeutic Applications, edited by
Alain Rolland

Drug Permeation Enhancement: Theory and Applications, edited by Dean S.
Hsieh

Glycopeptide Antibiotics, edited by Ramakrishnan Nagarajan

Achieving Sterility in Medical and Pharmaceutical Products, Nige/ A. Halls
Multiparticulate Oral Drug Delivery, edited by Isaac Ghebre-Sellassie
Colloidal Drug Delivery Systems, edited by Jérg Kreuter
Pharmacokinetics: Regulatory - Industrial - Academic Perspectives, Second
Edition, edited by Peter G. Welling and Francis L. S. Tse

ADDITIONAL VOLUMES IN PREPARATION

Modern Pharmaceutics: Third Edition, Revised and Expanded, edited by
Gilbert S. Banker and Christopher T. Rhodes

Physical Characterization of Pharmaceutical Solids, edited by Harry G.
Brittain

Pharmaceutical Powder Compaction Technology, edited by Christer Nystrom
and Gdran Alderborn

Good Laboratory Practice Regulations: Second Edition, Revised and Ex-
panded, edited by Sandy Weinberg

Drug Stability: Principles and Practices, Second Edition, Revised and Ex-
panded, Jens T. Carstensen



To Caroline, Christine, Clara, Graham, Luisa, and Stephen



Preface

The objective of this book is to present the latest concepts and developments in the
area of pharmacokinetics from the perspective of those actively working in the reg-
ulatory, industrial, and academic environments. The first edition of the book was
published in 1988. Since that time there have been considerable upheavals in the
pharmaceutical industry. These have been associated with quantum scientific ad-
vances and achievements as well as continued globalization of pharmaceutical drug
discovery and development on the one hand, and the challenges of cost contain-
ment and increasing regulatory demands on the other. These events continue to
have a considerable impact on drug development and also on the critical role that
pharmacokinetics and drug metabolism play in discovery and development and in
drug therapy.

We felt it both timely and necessary to prepare this second edition in order to
keep abreast of the changing roles and responsibilities of pharmacokinetics. This
book is the result of that initiative. While the overall thrust of this second edition
is similar to that of the first edition, a number of changes have been made. Al-
though a strong component of classical pharmacokinetics and metabolism has been
retained, there is greater emphasis on topics that are rapidly changing within the
dynamic framework of the application of pharmacokinetic principles.

The first chapter addresses the central issue of good laboratory practice regu-
lations, as applied to pharmacokinetics. This is followed by chapters on methods
of assessing drug absorption, drug delivery systems, peptide and protein drug de-
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livery, and membrane transport. Drug distribution is addressed in chapters on
blood-brain barrier permeability, pharmacokinetic and pharmacodynamic rela-
tionships of drugs acting on the central nervous system, and quantitative whole-
body autoradiography. Two chapters discuss recent advances in drug metabolism
methodology and the use of hepatic in vitro systems as models for human drug me-
tabolism. The latter part of the book focuses on drug development with chapters
on the monolithic approach of integration of pharmacokinetics into development,
nonclinical and clinical pharmacokinetics in drug discovery and development, and
population pharmacokinetics and pharmacodynamics. The book concludes with
regulatory perspectives of bioavailability and bioequivalence of oral controlled-
release products, and statistical issues relating to bioavailability and bioequiva-
lence studies.

Our intent in preparing this book has been to continue to present the latest con-
cepts in the most rapidly changing areas in the broad discipline of pharmacoki-
netics. We have drawn from the expertise of authors who are active leaders in their
respective fields, and have attempted to focus on areas that are undergoing the
greatest change and are having the greatest influence on the many applications of
pharmacokinetics and drug metabolism. We hope that this second edition of phar-
macokinetics has achieved this objective. We are grateful for the generous contri-
butions of our colleagues, who took the time from their busy schedules. We also
thank Theresa Davis for her limitless administrative help and patience during the
preparation of this book.

Peter G. Welling
Francis L. S. Tse
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. HISTORY AND INTENT OF THE REGULATIONS
A. 1970-1978

All individuals, and ‘‘individuals’’ is used in its broadest sense, within a social
system are bound by regulations, spoken as well as unspoken. Within political
units, organizations are bound by regulations, some of which may make good
sense, others of which are used to exemplify and even drive social policy. In the
1970s in the United States the Food and Drug Administration (FDA), rocked by
allegations and proof of misconduct and fraud within segments of the pesticide*
and drug testing industry, used its authority under the Federal Food, Drug and
Cosmetic Act (FFDCA) and the Public Health Service Act (PHSA) to propose
regulations governing the conduct of nonclinical laboratory studies’ [1] submitted
to the FDA by manufacturers and other petitioners to demonstrate the safety and
effectiveness of their products. Historically, the FDA never has had the resources
to test or evaluate the safety and effectiveness of chemicals under its jurisdiction.
Public policy was, therefore, to require manufacturers and petitioners to provide
these data at their own expense; this policy continues to this day. The FDA pre-
scribed the type and extent of such testing, reviewed the data submitted, and
eventually either permitted distribution and sale of a regulated chemical or device
or, lacking sufficient information, refused to allow distribution and sale.

Prior to 1978 the FDA had in place a program of small size that was used
as an adjunct to desk audits and reviews of data supporting petitions for action.
These on-site investigations were generally the result of questions raised during
the review of data; that is, they were retrospective. The FDA had assumed that
the nonclinical studies submitted were the result of the application of appropriate
testing procedures by a testing facility. The change came in 1975 when FDA
investigators showed that fraud and deception had entered the testing industry.
FDA'’s point of view is best illustrated by an understated analysis of the problem
that appeared in the preamble to the proposed rule on Good Laboratory Practice
(GLP) regulations for nonclinical studies [2]:

Recent FDA experiences have identified significant problems in the manner in
which nonclinical laboratory studies are being performed. Deficiencies were
found during inspections of the testing facilities of major pharmaceutical firms,
inspections of several private contract testing facilities, and internal reviews of

*The toxicological properties of pesticides were tested since the FDA classified these chemicals as
food additives and, accordingly, they were under its jurisdiction.

““Nonclinical laboratory study’’ means in vivo or in vitro experiments in which test articles are
studied prospectively in test systems under laboratory conditions to determine their safety. The term
does not include studies utilizing human subjects or clinical studies or field trials in animals. The
term does not include basic exploratory studies carried out to determine whether a test article has
any potential utility or to determine physical or chemical characteristics of a test article.



