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Foreword

As a pharmacist for 36 years, I am rarely surprised about most things that happen in my professional life. How-
ever, I continue to be amazed by the depth and breadth of both the practice and research efforts in the area of
therapeutic drug monitoring. As I write this, it is baseball season, so perhaps that eternal philosopher says it best:

“In theory, there is no difference between theory and practice. In practice, there is.”—Yogi Berra

Antibiotics usually take front-and-center attention in clinical pharmacokinetics. While the aminoglyco-
sides continue to develop quietly, vancomycin is demanding more attention as pharmacokinetic/pharmacody-
namic (PK/PD) relationships are uncovered and pathogen MICs push upward (short version: the bacteria are
winning).

Immunosuppressants continue to be the number one category of monitored drugs in our health care sys-
tem, and sirolimus makes its debut in this edition of the book. Of course, being a large transplant center con-
tributes to this trend, but it is a rare clinician that doesn’t encounter transplant patients and their medications
on a routine basis.

While being a static area for quite some time, the next generation anticonvulsants are finally coming into
their own. Updated treatment guidelines put these agents squarely in the spotlight, and the increase in serum
concentration monitoring for these medications has been impressive. The challenge with these newer drugs is
the role that therapeutic drug monitoring will play in their therapy because the concentration-response relation-
ships are not as well defined for them compared to the older agents. Lamotrigine, levetiracetam, oxcarbaze-
pine, and eslicarbazepine are included in this edition.

As for me, preparation for the fourth edition begins today.

Larry A. Bauer, PharmD
May 17,2014



From Applied Clinical
Pharmacokinetics, Second Edition

Upon beginning my thirtieth year as a pharmacist, the number of new approaches that continue to be devel-
oped for therapeutic drug monitoring impresses me. The second edition of Applied Clinical Pharmacokinetics
includes new methods to dose immunosuppressants (2-hour postdose cyclosporine concentrations, area under
the curve methods for cyclosporine and tacrolimus), and the elevation of what were new methods of dosing
antibiotics to the mainstream (extended interval and area under the curve methods for aminoglycosides, trough-
only monitoring for vancomycin). Other additions include more complete coverage of pediatric patients, dos-
ing during hemoperfusion, an overview of methods preceding the initial and dosage adjustment sections, and a
dosing strategies section that groups together initial and dosage adjustment techniques into a logical sequence.
Of course, relevant sections, examples, problems, and references have been updated as needed for each
chapter. However, one thing that remains unchanged is the general organization and philosophy of the book
(please see the excerpt from the first edition following this section).

Bernard of Chartres used to say that we are like dwarfs on the shoulders of giants, so that we can see more
than they, and things at a greater distance, not by virtue of any sharpness of sight on our part, or any physical
distinction, but because we are carried high and raised up by their giant size.—in Metalogicon (1159 A.D.),
by John of Salisbury.

Depending on one’s point of view, the discipline of therapeutic drug monitoring is entering its fifth decade.
Some brilliant scientists and practitioners who have made significant contributions to the area (and whose
names are in the reference list or attached to the methods recommended in this text) and changed the lives of
countless patients are no longer with us. I extend my humble thanks to all of these exceptional individuals for
making things a little bit clearer and a lot easier for the rest of us.

Larry A. Bauer, PharmD
June 2008

xi



From Applied Clinical
Pharmacokinetics, First Edition

The structure of this book is uniform for each chapter and is derived from my lectures in clinical pharmacoki-
netics. The introduction, which consists of a brief discussion of the clinical pharmacology and mechanism of
action for the drug, is followed by sections that describe the therapeutic concentration range and anticipated
adverse effects for the drug as well as a general monitoring scheme for the agent. Clinical monitoring param-
eters for therapeutic response and toxicity and basic clinical pharmacokinetic parameters for the compound are
discussed next. The next sections describe the effects of disease states and conditions on the pharmacokinetics
and dosing of the drug, and drug interactions that may occur with concurrent use of other agents. Each chap-
ter concludes with a comprehensive presentation (with examples) of various methods to compute initial drug
doses and to modify drug therapy regimens using serum concentrations to adjust doses. All dosing methods
used in this text are ones that are published in peer-reviewed literature. Additionally, they are techniques that |
have personal clinical experience with and have produced acceptable results in my practice and clinical clerk-
ships. Finally, problems (with solutions) are included for each chapter so that the various dosing methods can
be practiced. The problems are made up of brief clinical vignettes which, given a brief background. request that
initial doses be computed or that dosage regimens be modified using drug concentrations.

This text is meant to teach clinical pharmacokinetic and therapeutic drug monitoring techniques to all clinical
practitioners regardless of professional background. Pharmacists, physicians, nurse practitioners, and physician
assistants are among the individuals who could benefit from the text. With the advent of the almost-universal
Doctor of Pharmacy degree in colleges of pharmacy, this book could be used in a pharmaceutics, pharmacokinet-
ics, therapeutics, or clinical pharmacy course sequence. It is also possible to use this textbook in a self-directed
manner to teach oneself or review important concepts and techniques. Every effort was made to make the chapters
“student-friendly.” Abbreviations are held to an absolute minimum. When abbreviations are used, they are defined
near the place where they are used. Rather than using appendices, important information is repeated in each drug
section so that readers do not need to jump from section to section for critical data. Multiple dosage computation
and adjustment techniques for each drug, ranging from the simplest to the sophisticated, are presented. The easi-
est pharmacokinetic equations that produce accurate results are used in each instance.

It is my strong belief that clinical pharmacokinetics cannot be practiced in a vacuum. Individuals interested
in using these dosing techniques for their patients must also be excellent clinical practitioners. Although it is
true that “kinetics = dose,” clinicians must be able to select the best drug therapy among many choices and
appropriately monitor patients for therapeutic response, adverse drug effects, potential drug interactions, disease
states and conditions that alter drug dosage, and so on. Thus, it is not acceptable to simply suggest a dose and
walk away from the patient, satisfied that the job has been done. It is my sincere hope that this book will help
clinicians increase their knowledge in the area of therapeutic drug monitoring and improve care to their patients.

Larry A. Bauer, PharmD
May 17,2014
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Clinical Pharmacokinetic
and Pharmacodynamic
Concepts

INTRODUCTION

Clinical pharmacokinetics is the discipline that applies pharmacokinetic concepts and principles in humans in
order to design individualized dosage regimens that optimize the therapeutic response of a medication while
minimizing the chance of an adverse drug reaction. Pharmacokinetics is the study of the absorption, distribu-
tion, metabolism, and excretion of drugs.' When drugs are given extravascularly (eg, orally, intramuscularly,
applied to the skin via a transdermal patch, etc), absorption must take place for the drug molecules to reach
the systemic circulation. In order to be absorbed, the drug molecules must pass through several physiological
barriers before reaching the vascular system. For example, when a medication is given orally, the drug dosage
form must release drug molecules via dissolution, and the molecules must pass through the various layers of
the gastrointestinal (GI) tract where they enter capillaries. Distribution occurs when drug molecules that have
entered the vascular system pass from the bloodstream into various tissues and organs such as the muscle or
heart. Metabolism is the chemical conversion of the drug molecule, usually by an enzymatically mediated
reaction, into another chemical entity referred to as a metabolite. The metabolite may have the same, or dif-
ferent, pharmacological effect as the parent drug, or even cause toxic side effects. Excretion is the irreversible
removal of drug from the body and commonly occurs via the kidney or biliary tract. )

Pharmacodynamics is the relationship between drug concentration and pharmacological response. It is
extremely important for clinicians to realize that the change in drug effect is usually not proportional to the
change in drug dose or concentration (Figure 1-1). For example, when a drug dose or concentration is
increased from a baseline value, the increase in pharmacological effect is greater when the initial dose or
concentration is low compared to the change in drug effect observed when the initial dose or concentration is
high. Thus, the increase in pharmacological effect that one observes in a patient as the dose is incremented is
subject to the law of diminishing returns and will eventually reach a maximum. The reason that most drugs
follow this pattern is because their pharmacological effect is produced by forming a complex with a drug
receptor. Once the drug-receptor complex is formed, the pharmacological effect is expressed. Often, toxic side
effects of drugs follow the same type of dose- or concentration-response relationship, albeit shifted to the right
on the dose or concentration axis. In clinical situations, patients may need to tolerate some drug side effects
in order to obtain the maximal pharmacological effect of the agent.

LINEARVERSUS NONLINEAR PHARMACOKINETICS

When drugs are given on a constant basis, such as a continuous intravenous infusion or an oral medication
given every 12 hours, serum drug concentrations increase until the rate of drug administration equals the rate
of drug metabolism and excretion. At that point, serum drug concentrations become constant during a continu-
ous intravenous infusion or exhibit a repeating pattern over each dosage interval for medications given at a
scheduled time (Figure 1-2). For example, if theophylline is given as a continuous infusion at a rate of
50 mg/h, theophylline serum concentrations will increase until the removal of theophylline via hepatic

3
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FIGURE 1-1 The relationship between drug concentration and response is usually a hyperbolic function: Effect = (€, - C)/
(EC;,+C), where E

oy 1S the maximum effect and EC, is the drug concentration where the drug effect equals E__ /2. After a dosage
change is made and drug concentrations increase, the drug effect does not change proportionally. Further, the increase in phar-
macological effect is greater when the initial concentration is low compared to the change in drug effect observed when the initial
concentration is high. In this graph, the drug effect changes ~50% (from ~40 to 80 units) with a fivefold increase in concentrations at

low levels (from ~40 to 200 mg/L), but only ~20% (from ~80 to 95 units) when the same fivefold increase in concentrations is made
at high concentrations (from ~200 to 1000 mg/L).

metabolism and renal excretion equals 50 mg/h. If cyclosporine is given orally at a dose of 300 mg every
12 hours, cyclosporine blood concentrations will follow a repeating pattern over the dosage interval that will
increase after a dose is given (because of drug absorption from the GI tract) and decrease after absorption is
complete. This repeating pattern continues and eventually drug concentrations for each dosage interval
become superimposable when the amount of cyclosporine absorbed into the body from the GI tract equals the
amount removed by hepatic metabolism over each dosage interval. Regardless of the mode of drug administra-
tion, when the rate of drug administration equals the rate of drug removal, the amount of drug contained in
the body reaches a constant value. This equilibrium condition is known as steady-state and is extremely
important in clinical pharmacokinetics because usually steady-state serum or blood concentrations are used to
assess patient response and compute new dosage regimens.

Concentration (mg/L)
)
1

0 T T T T 1
0 20 40 60 80 100
Time (h)

FIGURE 1-2 When medications are given on a continuous basis, serum concentrations increase until the rate of drug admin-
istration equals the elimination rate. In this case, the solid line shows serum concentrations in a patient receiving intravenous
theophylline at a rate of 50 mg/h (solid line) and oral theophylline 300 mg every 6 hours (dashed line). Because the oral dosing rate
(dose/dosage interval = 300 mg/6 h = 50 mg/h) equals the intravenous infusion rate, the drug accumulation patterns are similar. For
the intravenous infusion, serum concentrations increase in a smooth pattern until steady-state is achieved. During oral dosing, the

serum concentrations oscillate around the intravenous profile, increasing during drug absorption and decreasing after absorption is
complete and elimination takes place.



