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INTRODUCTION TO
BIOPHARMACEUTICS
AND
PHARMACOKINETICS

BIOPHARMACEUTICS

All pharmaceuticals, from the generic analgesic tablet in the community pharmacy
to the state-of-the-art immunotherapy in specialized hospitals, undergo extensive
research and development prior to approval by the U.S. Food and Drug
Administration (FDA). The physicochemical characteristics of the active pharma-
ceutical ingredient (API, or drug substance), the dosage form or the drug, and the
route of administration are critical determinants of the in-vivo performance, safety
and efficacy of the drug product. The properties of the drug and its dosage form
are carefully engineered and tested to produce a stable drug product that upon
administration provides the desired therapeutic response in the patient. Both the
pharmacist and the pharmaceutical scientist must understand these complex rela-
tionships to comprehend the proper use and development of pharmaceuticals.
To illustrate the importance of the drug substance and the drug formulation on
absorption, and distribution of the drug to the site of action, one must first con-
sider the sequence of events that precede elicitation of a drug’s therapeutic effect.
First, the drug in its dosage form is taken by the patient either by an oral, intra-
venous, subcutaneous, transdermal, etc., route of administration. Next, the drug
is released from the dosage form in a predictable and characterizable manner.
Then, some fraction of the drug is absorbed from the site of administration into
either the surrounding tissue, into the body (as with oral dosage forms), or both.
Finally, the drug reaches the site of action. If the drug concentration at the site of
action exceeds the minimum effective concentration (MEC), a pharmacologic response
results. The actual dosing regimen (dose, dosage form, dosing interval) was care-
fully determined in clinical trials to provide the correct drug concentrations at

1
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CHAPTER 1. INTRODUCTION TO BIOPHARMACEUTICS AND PHARMACOKINETICS

the site of action. This sequence of events is profoundly affected—in fact, some-
times orchestrated—by the design of the dosage form, the drug itself, or both.

Historically, pharmaceutical scientists have evaluated the relative drug availability
to the body in vive after giving a drug product to an animal or human, and then
comparing specific pharmacologic, clinical, or possible toxic responses. For ex-
ample, a drug such as isoproterenol causes an increase in heart rate when given
intravenously but has no observable effect on the heart when given orally at the
same dose level. In addition, the bioavailability (a measure of systemic availabil-
ity of a drug) may differ from one drug product to another containing the same
drug, even for the same route of administration. This difference in drug bioavail-
ability may be manifested by observing the difference in the therapeutic effec-
tiveness of the drug products. In other words, the nature of the drug molecule,
the route of delivery, and the formulation of the dosage form can determine
whether an administered drug is therapeutically effective, toxic, or has no
apparent effect at all.

Biopharmaceutics is the science that examines this interrelationship of the physi-
cochemical properties of the drug, the dosage form in which the drug is given, and
the route of administration on the rate and extent of systemic drug absorption.
Thus, biopharmaceutics involves factors that influence (1) the stability of the drug
within the drug product, (2) the release of the drug from the drug product,
(3) the rate of dissolution/release of the drug at the absorption site, and (4) the
systemic absorption of the drug. A general scheme describing this dynamic rela-
tionship is described in Figure 1-1.

The study of biopharmaceutics is based on fundamental scientific principles and
experimental methodology. Studies in biopharmaceutics use both in-vitro and in-vivo
methods. In-vitro methods are procedures employing test apparatus and equipment
without involving laboratory animals or humans. In-vivo methods are more complex
studies involving human subjects or laboratory animals. Some of these methods will
be discussed in Chapter 14. These methods must be able to assess the impact of the
physical and chemical properties of the drug, drug stability, and large-scale produc-
tion of the drug and drug product on the biologic performance of the drug.
Moreover, biopharmaceutics considers the properties of the drug and dosage form

in a physiologic environment, the drug’s intended therapeutic use, and the route of
administration.

Drug release and o piiet > Drug in systemic - = Drug in
issolution circulation e — tissues
H
Elimination :
1
Excretion and Pharmacologic or
metabolism clinical effect

Figure 1-1. Scheme demonstrating the dynamic relationship between the drug, the drug product.
and the pharmacologic effect.
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~_INTRODUCTION TO BIOPHARMACEUTICS AND PHARMACOKINETICS CHAPTER 1. 3

PHARMACOKINETICS

After a drug is released from its dosage form, the drug is absorbed into the sur-
rounding tissue, the body, or both. The distribution through and elimination of
the drug in the body varies for each patient but can be characterized using math-
ematical models and statistics. Pharmacokinetics is the science of the kinetics of
drug absorption, distribution, and elimination (ie, excretion and metabolism).
The description of drug distribution and elimination is often termed drug dis-
position. Characterization of drug disposition is an important prerequisite for de-
termination or modification of dosing regimens for individuals and groups of
patients.

The study of pharmacokinetics involves both experimental and theoretical ap-
proaches. The experimental aspect of pharmacokinetics involves the development
of biologic sampling techniques, analytical methods for the measurement of drugs
and metabolites, and procedures that facilitate data collection and manipulation.
The theoretical aspect of pharmacokinetics involves the development of pharma-
cokinetic models that predict drug disposition after drug administration. The ap-
plication of statistics is an integral part of pharmacokinetic studies. Statistical meth-
ods are used for pharmacokinetic parameter estimation and data interpretation
ultimately for the purpose of designing and predicting optimal dosing regimens
for individuals or groups of patients. Statistical methods are applied to pharmaco-
kinetic models to determine data error and structural model deviations. Mathematics
and computer techniques form the theoretical basis of many pharmacokinetic
methods. Classical pharmacokinetics is a study of theoretical models focusing mostly
on model development and parameterization.

CLINICAL PHARMACOKINETICS

During the drug development process, large numbers of patients are tested to de-
termine optimum dosing regimens, which are then recommended by the manu-
facturer to produce the desired pharmacologic response in the majority of the an-
ticipated patient population. However, intra- and interindividual variations will
frequently result in either a subtherapeutic (drug concentration below the MEC)
or toxic response (drug concentrations above the minimum toxic concentration,
MTC), which may then require adjustment to the dosing regimen. Clinical phar-
macokinetics is the application of pharmacokinetic methods to drug therapy.
Clinical pharmacokinetics involves a multidisciplinary approach to individually op-
timized dosing strategies based on the patient’s disease state and patient-specific
considerations.

The study of clinical pharmacokinetics of drugs in disease states requires input
from medical and pharmaceutical research. Table 1.1 is a list of 10 age-adjusted
rates of death from 10 leading causes of death in the United States, 2003. The in-
fluence of many diseases on drug disposition is not adequately studied. Age, gen-
der, genetic, and ethnic differences can also result in pharmacokinetic differences
that may affect the outcome of drug therapy. The study of pharmacokinetic dif-
ferences of drugs in various population groups is termed population pharmacokinet-
ics (Sheiner and Ludden, 1992).
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CHAPTER 1. INTRODUCTION TO BIOPHARMACEUTICS AND PHARMACOKINETICS

TABI_-E 1.1 Ratio of Age-Adjusted Death Rates, by Male/Female Ratio from the 10
Leading Causes of Death in the USA, 2003

DISEASE RANK MALE:FEMALE
1.5

Disease of heart

I
Malignant neoplasms - 2
Cerebrovascular diseases 3 10
Chronic lower respiration diseases 4 1.4
Accidents and others* > 2.2
Diabetes mellitus 6 1.2
Pneumonia and influenza 7 .4
Alzheimers 8 0.8
Nephrotis, nephrotic syndrome and nephrosis v 1.5
Septicemia 10 1.2

*Death due to adverse effects suffered as defined by CDC.
Source: National Vital Statistics Report Vol 52, No. 3, 2003

Pharmacokinetics is also applied to therapeutic drug monitoring (TDM) for very po-
tent drugs such as those with a narrow therapeutic range, in order to optimize efficacy
and to prevent any adverse toxicity. For these drugs, it is necessary to monitor the
patient, either by monitoring plasma drug concentrations (eg, theophylline) or by
monitoring a specific pharmacodynamic endpoint such as prothrombin clotting
time (eg, warfarin). Pharmacokinetic and drug analysis services necessary for safe
drug monitoring are generally provided by the clinical pharmacokinetic service (CPKS).
Some drugs frequently monitored are the aminoglycosides and anticonvulsants.
Other drugs closely monitored are those used in cancer chemotherapy, in order to
minimize adverse side effects (Rodman and Evans, 1991).

PHARMACODYNAMICS

Pharmacodynamics refers to the relationship between the drug concentration at the
site of action (receptor) and pharmacologic response, including biochemical and
physiologic effects that influence the interaction of drug with the receptor. The
interaction of a drug molecule with a receptor causes the initiation of a sequence
of molecular events resulting in a pharmacologic or toxic response. Pharmacokinetic-
pharmacodynamic models are constructed to relate plasma drug level to drug
concentration in the site of action and establish the intensity and time course of
the drug. Pharmacodynamics and pharmacokinetic-pharmacodynamic models are
discussed more fully in Chapter 19.

TOXICOKINETICS AND CLINICAL TOXICOLOGY

Toxicokinetics is the application of pharmacokinetic principles to the design, con-
duct, and interpretation of drug safety evaluation studies (Leal et al, 1993) and
in validating dose-related exposure in animals. Toxicokinetic data aids in the in-
terpretation of toxicologic findings in animals and extrapolation of the resulting
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INTRODUCTION TO BIOPHARMACEUTICS AND PHARMACOKINETICS CHAPTER 1. 5

data to humans. Toxicokinetic studies are performed in animals during preclini-
cal drug development and may continue after the drug has been tested in clinical
trials.

Clinical toxicology is the study of adverse effects of drugs and toxic substances
(poisons) in the body. The pharmacokinetics of a drug in an overmedicated (in-
toxicated) patient may be very different from the pharmacokinetics of the same
drug given in lower therapeutic doses. At very high doses, the drug concentration
in the body may saturate enzymes involved in the absorption, biotransformation,
or active renal secretion mechanisms, thereby changing the pharmacokinetics from
linear to nonlinear pharmacokinetics. Nonlinear pharmacokinetics is discussed in
Chapter 9. Drugs frequently involved in toxicity cases include acetaminophen, sal-
icylates, morphine, and the tricylic antidepressants (TCAs). Many of these drugs
can be assayed conveniently by fluorescence immunoassay (FIA) Kkits.

MEASUREMENT OF DRUG CONCENTRATIONS

Because drug concentrations are an important element in determining individual
or population pharmacokinetics, drug concentrations are measured in biologic
samples, such as milk, saliva, plasma, and urine. Sensitive, accurate, and precise an-
alytical methods are available for the direct measurement of drugs in biologic ma-
trices. Such measurements are generally validated so that accurate information is
generated for pharmacokinetic and clinical monitoring. In general, chromato-
graphic methods are most frequently employed for drug concentration measure-
ment, because chromatography separates the drug from other related materials
that may cause assay interference.

Sampling of Biologic Specimens

Only a few biologic specimens may be obtained safely from the patient to gain in-
formation as to the drug concentration in the body. /nvasive methods include sam-
pling blood, spinal fluid, synovial fluid, tissue biopsy, or any biologic material that
requires parenteral or surgical intervention in the patient. In contrast, noninvasive
methods include sampling of urine, saliva, feces, expired air, or any biologic mate-
rial that can be obtained without parenteral or surgical intervention. The mea-
surement of drug and metabolite concentration in each of these biologic materi-
als yields important information, such as the amount of drug retained in, or
transported into, that region of the tissue or fluid, the likely pharmacologic or tox-
icologic outcome of drug dosing, and drug metabolite formation or transport.

Drug Concentrations in Blood, Plasma, or Serum

Measurement of drug concentration (levels) in the blood, serum, or plasma is the
most direct approach to assessing the pharmacokinetics of the drug in the body.
Whole blood contains cellular elements including red blood cells, white blood
cells, platelets, and various other proteins, such as albumin and globulins. In gen-
eral, serum or plasma is most commonly used for drug measurement. To obtain
serum, whole blood is allowed to clot and the serum is collected from the
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6 CHAPTER 1. INTRODUCTION TO BIOPHARMACEUTICS AND PHARMACOKINETICS

supernatant after centrifugation. Plasma is obtained from the supernatant of cen-
trifuged whole blood to which an anticoagulant, such as heparin, has been added.
Therefore, the protein content of serum and plasma is not the same. Plasma per-
fuses all the tissues of the body, including the cellular elements in the blood.
Assuming that a drug in the plasma is in dynamic equilibrium with the tissues,
then changes in the drug concentration in plasma will reflect changes in tissue
drug concentrations.

Plasma Level-Time Curve

The plasma level-time curve is generated by obtaining the drug concentration in
plasma samples taken at various time intervals after a drug product is administered.
The concentration of drug in each plasma sample is plotted on rectangular-
coordinate graph paper against the corresponding time at which the plasma sam-
ple was removed. As the drug reaches the general (systemic) circulation, plasma
drug concentrations will rise up to a maximum. Usually, absorption of a drug is
more rapid than elimination. As the drug is being absorbed into the systemic cir-
culation, the drug is distributed to all the tissues in the body and is also simultane-
ously being eliminated. Elimination of a drug can proceed by excretion, biotrans-
formation, or a combination of both.

The relationship of the drug level-time curve and various pharmacologic pa-
rameters for the drug is shown in Figure 1-2. MEC and MTC represent the mini-
mum effective concentration and minimum toxic concentration of drug, respectively. For
some drugs, such as those acting on the autonomic nervous system, it is useful to
know the concentration of drug that will just barely produce a pharmacologic ef-
fect (ie, MEC). Assuming the drug concentration in the plasma is in equilibrium
with the tissues, the MEC reflects the minimum concentration of drug needed at
the receptors to produce the desired pharmacologic effect. Similarly, the MTC rep-
resents the drug concentration needed to just barely produce a toxic effect. The
onset time corresponds to the time required for the drug to reach the MEC. The

Plasma level

i A1 1 L 1 L L i

Figure 1-2. Generalized plasma level-time curve Onset
after oral administration of a drug. Hme
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INTRODUCTION TO BIOPHARMACEUTICS AND PHARMACOKINETICS CHAPTER 1. 7

intensity of the pharmacologic effect is proportional to the number of drug re-
ceptors occupied, which is reflected in the observation that higher plasma drug
concentrations produce a greater pharmacologic response, up to a maximum. The
duration of drug action is the difference between the onset time and the time for the
drug to decline back to the MEC.

In contrast, the pharmacokineticist can also describe the plasma level-time curve
in terms of such pharmacokinetic terms as peak plasma level, time for peak plasma level,
and area under the curve, or AUC (Fig. 1-3). The time of peak plasma level is the
time of maximum drug concentration in the plasma and is a rough marker of
average rate of drug absorption. The peak plasma level or maximum drug con-
centration is related to the dose, the rate constant for absorption, and the elimi-
nation constant of the drug. The AUC is related to the amount of drug absorbed
systemically. These and other pharmacokinetic parameters are discussed in suc-
ceeding chapters.

Drug Concentrations in Tissues

Tissue biopsies are occasionally removed for diagnostic purposes, such as the ver-
ification of a malignancy. Usually, only a small sample of tissue is removed, mak-
ing drug concentration measurement difficult. Drug concentrations in tissue biop-
sies may not reflect drug concentration in other tissues nor the drug concentration
in all parts of the tissue from which the biopsy material was removed. For exam-
ple, if the tissue biopsy was for the diagnosis of a tumor within the tissue, the blood
flow to the tumor cells may not be the same as the blood flow to other cells in
this tissue. In fact, for many tissues, blood flow to one part of the tissues need not
be the same as the blood flow to another part of the same tissue. The measure-
ment of the drug concentration in tissue biopsy material may be used to ascertain
if the drug reached the tissues and reached the proper concentration within the
tissue.

Plasma level

Figure 1-3. Plasma level-time curve showing peak
time and concentration. The shaded portion
Time represents the AUC (area under the curve).
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8 CHAPTER 1. INTRODUCTION TO BIOPHARMACEUTICS AND PHARMACOKINETICS

Drug Concentrations in Urine and Feces

Measurement of drug in urine is an indirect method to ascertain the bioavailability
of a drug. The rate and extent of drug excreted in the urine reflects the rate and
extent of systemic drug absorption. The use of urinary drug excretion measurements
to establish various pharmacokinetic parameters is discussed in Chapter 15.
Measurement of drug in feces may reflect drug that has not been absorbed after
an oral dose or may reflect drug that has been expelled by biliary secretion after sys-
temic absorption. Fecal drug excretion is often performed in mass balance studies,
in which the investigator attempts to account for the entire dose given to the patient.
For a mass balance study, both urine and feces are collected and their drug content
measured. For certain solid oral dosage forms that do not dissolve in the gastroin-
testinal tract but slowly leach out drug, fecal collection is performed to recover the
dosage form. The undissolved dosage form is then assayed for residual drug.

Drug Concentrations in Saliva

Saliva drug concentrations have been reviewed for many drugs for therapeutic drug
monitoring (Pippenger and Massoud, 1984). Because only free drug diffuses into
the saliva, saliva drug levels tend to approximate free drug rather than total plasma
drug concentration. The saliva/plasma drug concentration ratio is less than 1 for
many drugs. The saliva/plasma drug concentration ratio is mostly influenced by
the pKa of the drug and the pH of the saliva. Weak acid drugs and weak base drugs
with pKa significantly different than pH 7.4 (plasma pH) generally have better cor-
relation to plasma drug levels. The saliva drug concentrations taken after equilib-
rium with the plasma drug concentration generally provide more stable indication
of drug levels in the body. The use of salivary drug concentrations as a therapeu-
tic indicator should be used with caution and preferably as a secondary indicator.

Forensic Drug Measurements

Forensic science is the application of science to personal injury, murder, and other
legal proceedings. Drug measurements in tissues obtained at autopsy or in other
bodily fluids such as saliva, urine, and blood may be useful if a suspect or victim
has taken an overdose of a legal medication, has been poisoned, or has been us-
ing drugs of abuse such as opiates (eg, heroin), cocaine, or marijuana. The ap-
pearance of social drugs in blood, urine, and saliva drug analysis shows short-term
drug abuse. These drugs may be eliminated rapidly, making it more difficult to
prove that the subject has been using drugs of abuse. The analysis for drugs of
abuse in hair samples by very sensitive assay methods, such as gas chromatography
coupled with mass spectrometry, provides information regarding past drug expo-
sure. A study by Cone et al (1993) showed that the hair samples from subjects who
were known drug abusers contained cocaine and 6-acetylmorphine, a metabolite
of heroine (diacetylmorphine).

Significance of Measuring Plasma Drug Concentrations

The intensity of the pharmacologic or toxic effect of a drug is often related to the
concentration of the drug at the receptor site, usually located in the tissue cells.
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Because most of the tissue cells are richly perfused with tissue fluids or plasma,
measuring the plasma drug level is a responsive method of monitoring the course
of therapy.

Clinically, individual variations in the pharmacokinetics of drugs are quite com-
mon. Y\doni’loring the concentration of drugs in the blood or plasma ascertains that
the calculated dose actually delivers the plasma level required for therapeutic effect.
With some drugs, receptor expression and/or sensitivity in individuals varies, so mon-
itoring of plasma levels is needed to distinguish the patient who is receiving too much
of a drug from the patient who is supersensitive to the drug. Moreover, the patient’s
physiologic functions may be affected by disease, nutrition, environment, concurrent
drug therapy, and other factors. Pharmacokinetic models allow more accurate inter-
pretation of the relationship between plasma drug levels and pharmacologic response.

In the absence of pharmacokinetic information, plasma drug levels are relatively
useless for dosage adjustment. For example, suppose a single blood sample from
a patient was assayed and found to contain 10 mg/mL. According to the literature,
the maximum safe concentration of this drug is 15 mg/mL. In order to apply this
information properly, it is important to know when the blood sample was drawn,
what dose of the drug was given, and the route of administration. If the proper in-
formation is available, the use of pharmacokinetic equations and models may de-
scribe the blood level-time curve accurately.

Monitoring of plasma drug concentrations allows for the adjustment of the drug
dosage in order to individualize and optimize therapeutic drug regimens. In the
presence of alteration in physiologic functions due to disease, monitoring plasma
drug concentrations may provide a guide to the progress of the disease state and
enable the investigator to modify the drug dosage accordingly. Clinically, sound
medical judgment and observation are most important. Therapeutic decisions
should not be based solely on plasma drug concentrations.

In many cases, the pharmacodynamic response to the drug may be more important
to measure than just the plasma drug concentration. For example, the electro-
physiology of the heart, including an electrocardiogram (ECG), is important to
assess in patients medicated with cardiotonic drugs such as digoxin. For an anti-
coagulant drug, such as dicumarol, prothrombin clotting time may indicate whether
proper dosage was achieved. Most diabetic patients taking insulin will monitor their
own blood or urine glucose levels.

For drugs that act irreversibly at the receptor site, plasma drug concentrations
may not accurately predict pharmacodynamic response. Drugs used in cancer
chemotherapy often interfere with nucleic acid or protein biosynthesis to destroy
tumor cells. For these drugs, the plasma drug concentration does not relate di-
rectly to the pharmacodynamic response. In this case, other pathophysiologic pa-
rameters and side effects are monitored in the patient to prevent adverse toxicity.

BASIC PHARMACOKINETICS AND
PHARMACOKINETIC MODELS

Drugs are in a dynamic state within the body as they move between tissues and flu-
ids, bind with plasma or cellular components, or are metabolized. The biologic
nature of drug distribution and disposition is complex, and drug events often
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happen simultaneously. Yet such factors must be considered when designing drug
therapy regimens. The inherent and infinite complexity of these events require the
use of mathematical models and statistics to estimate drug dosing and to predict
the time course of drug efficacy for a given dose.

A model is a hypothesis using mathematical terms to describe quantitative rela-
tionships concisely. The predictive capability of a model lies in the proper selec-
tion and development of mathematical function(s) that parameterize the essential
factors governing the kinetic process. The key parameters in a process are com-
monly estimated by fitting the model to the experimental data, known as variables.
A pharmacokinetic parameter is a constant for the drug that is estimated from the
experimental data. For example, estimated pharmacokinetic parameters such as k
depend on the method of tissue sampling, the timing of the sample, drug analy-
sis, and the predictive model selected.

A pharmacokinetic function relates an independent variable to a dependent variable,
often through the use of parameters. For example, a pharmacokinetic model may
predict the drug concentration in the liver 1 hour after an oral administration of
a 20-mg dose. The independent variable is time and the dependent variable is the
drug concentration in the liver. Based on a set of time-versus-drug concentration
data, a model equation is derived to predict the liver drug concentration with re-
spect to time. In this case, the drug concentration depends on the time after the
administration of the dose, where the time:concentration relationship is defined
by a pharmacokinetic parameter, k, the elimination rate constant.

Such mathematical models can be devised to simulate the rate processes of drug
absorption, distribution, and elimination to describe and predict drug concentra-
tions in the body as a function of time. Pharmacokinetic models are used to:

. Predict plasma, tissue, and urine drug levels with any dosage regimen
Calculate the optimum dosage regimen for each patient individually
Estimate the possible accumulation of drugs and/or metabolites

Correlate drug concentrations with pharmacologic or toxicologic activity
Evaluate differences in the rate or extent of availability between formulations
(bioequivalence)

Describe how changes in physiology or disease affect the absorption, distribu-
tion, or elimination of the drug

7. Explain drug interactions

G o o

o

Simplifying assumptions are made in pharmacokinetic models to describe a com-
plex biologic system concerning the movement of drugs within the body. For ex-
ample, most pharmacokinetic models assume that the plasma drug concentration
reflects drug concentrations globally within the body.

A model may be empirically, physiologically, or comparumentally based. The
model that simply interpolates the data and allows an empirical formula to estimate
drug level over time is justified when limited information is available. Empirical mod-
els are practical but notvery useful in explaining the mechanism of the actual process
by which the drug is absorbed, distributed, and eliminated in the body. Examples
of empirical models used in pharmacokinetics are described in Chapter 22.

Physiologically based models also have limitations. Using the example above, and
apart from the necessity to sample tissue and monitor blood flow to the liver 7
vivo, the investigator needs to understand the following questions. What does liver
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drug concentration mean? Should the drug concentration in the blood within the
tissue be determined and subtracted from the drug in the liver tissue? What type
of cell is representative of the liver if a selective biopsy liver tissue sample can be
collected without contamination from its surroundings? Indeed, depending on the
spatial location of the liver tissue from the hepatic blood vessels, tissue drug con-
centrations can differ depending on distance to the blood vessel or even on the
type of cell in the liver. Moreover, changes in the liver blood perfusion will alter
the tissue drug concentration. If heterogeneous liver tissue is homogenized and as-
sayed, the homogenized tissue represents only a hypothetical concentration that is
an average of all the cells and blood in the liver at the time of collection. Since tis-
sue homogenization is not practical for human subjects, the drug concentration in
the liver may be estimated by knowing the liver extraction ratio for the drug based
on knowledge of the physiologic and biochemical composition of the body organs.

A great number of models have been developed to estimate regional and global
information about drug disposition in the body. Some physiologic pharmacokinetic
models are also discussed in Chapter 22. Individual pharmacokinetic processes are
discussed in separate chapters under the topics of drug absorption, drug distribu-
tion, drug elimination, and pharmacokinetic drug interactions involving one or all
the above processes. Theoretically, an unlimited number of models may be con-
structed to describe the kinetic processes of drug absorption, distribution, and elim-
ination in the body, depending on the degree of detailed information considered.
Practical considerations have limited the growth of new pharmacokinetic models.

A very simple and useful tool in pharmacokinetics is compartmentally based mod-
els. For example, assume a drug is given by intravenous injection and that the drug
dissolves (distributes) rapidly in the body fluids. One pharmacokinetic model that
can describe this situation is a tank containing a volume of fluid that is rapidly
equilibrated with the drug. The concentration of the drug in the tank after a given
dose is governed by two parameters: (1) the fluid volume of the tank that will di-
lute the drug, and (2) the elimination rate of drug per unit of time. Though this
model is perhaps an overly simplistic view of drug disposition in the human body,
a drug’s pharmacokinetic properties can frequently be described using a fluid-filled
tank model called the one-compartment open model (see below). In both the tank and
the one-compartment body model, a fraction of the drug would be continually
eliminated as a function of time (Fig. 1-4). In pharmacokinetics, these parameters
are assumed to be constant for a given drug. If drug concentrations in the tank
are determined at various time intervals following administration of a known dose,
then the volume of fluid in the tank or compartment (V}, volume of distribution)
and the rate of drug elimination can be estimated.

In practice, pharmacokinetic parameters such as k and V;, are determined ex-
perimentally from a set of drug concentrations collected over various times and
known as data. The number of parameters needed to describe the model depends
on the complexity of the process and on the route of drug administration. In

Fluid reclacichad ‘ Figure 1-4. Tank with a constant volume of fluid

qubmﬁc;{;bke,p » > Fluid equilibrated with drug. The volume of the fluid is
volume constant ouflet | 0| The fluid outlet is 10 mL/min. The fraction of drug

removed per unit of time is 10/1000, or 0.01 min™".
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general, as the number of parameters required to model the data increases, accu-
rate estimation of these parameters becomes increasingly more difficult. With com-
plex pharmacokinetic models, computer programs are used to facilitate parame-
ter estimation. However, for the parameters to be valid, the number of data points
should always exceed the number of parameters in the model.

Because a model is based on a hypothesis and simplifying assumptions, a cer-
tain degree of caution is necessary when relying totally on the pharmacokinetic
model to predict drug action. For some drugs, plasma drug concentrations are not
useful in predicting drug activity. For other drugs, an individual’s genetic differ-
ences, disease state, and the compensatory response of the body may modify the
response of a drug. If a simple model does not fit all the experimental observa-
tions accurately, a new, more elaborate model may be proposed and subsequently
tested. Since limited data are generally available in most clinical situations, phar-
macokinetic data should be interpreted along with clinical observations rather than
replacing sound judgment by the clinician. Development of pharmacometric sta-
tistical models may help to improve prediction of drug levels among patients in
the population (Sheiner and Beal, 1982; Mallet et al, 1988). However, it will be
some time before these methods become generally accepted.

Compartment Models

If the tssue drug concentrations and binding are known, physiologic pharmaco-
kinetic models, which are based on actual tissues and their respective blood flow,
describe the data realistically. Physiologic pharmacokinetic models are frequently
used in describing drug distribution in animals, because tissue samples are easily
available for assay. On the other hand, tissue samples are often not available for
human subjects, so most physiological models assume an average set of blood flow
for individual subjects.

In contrast, because of the vast complexity of the body, drug kinetics in the body
are frequently simplified to be represented by one or more tanks, or compartments,
that communicate reversibly with each other. A compartment is not a real physio-
logic or anatomic region but is considered as a tissue or group of tissues that have
similar blood flow and drug affinity. Within each compartment, the drug is consid-
ered to be uniformly distributed. Mixing of the drug within a comparunent is rapid
and homogeneous and is considered to be “well stirred,” so that the drug concen-
tration represents an average concentration, and each drug molecule has an equal
probability of leaving the compartment. Rate constants are used to represent the
overall rate processes of drug entry into and exit from the compartment. The model
is an open system because drug can be eliminated from the system. Compartment mod-
els are based on linear assumptions using linecar differential equations.

Mammillary Model

A compartmental model provides a simple way of grouping all the tissues into one
or more compartments where drugs move o and from the central or plasma com-
partment. The mammillary model is the most common compartment model used in
pharmacokinetics. The mammillary model is a strongly connected system, because
one can estimate the amount of drug in any compartment of the system after drug
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is introduced into a given compartment. In the one-compartment model, drug is
both added to and eliminated from a central compartment. The central compart-
ment is assigned to represent plasma and highly perfused tissues that rapidly equil-
ibrate with drug. When an intravenous dose of drug is given, the drug enters di-
rectly into the central compartment. Elimination of drug occurs from the central
compartment because the organs involved in drug elimination, primarily kidney
and liver, are well-perfused tissues.

In a two-compartment model, drug can move between the central or plasma
compartment to and from the tissue compartment. Although the tissue compart-
ment does not represent a specific tissue, the mass balance accounts for the drug
present in all the tissues. In this model, the total amount of drug in the body is
simply the sum of drug present in the central compartment plus the drug pres-
ent in the tissue compartment. Knowing the parameters of either the one- or two-
compartment model, one can estimate the amount of drug left in the body and
the amount of drug eliminated from the body at any time. The compartmental
models are particularly useful when little information is known about the tissues.

Several types of compartment models are described in Figure 1-5. The phar-
macokinetic rate constants are represented by the letter k. Compartment 1 repre-
sents the plasma or central compartment, and compartment 2 represents the tis-
sue compartment. The drawing of models has three functions. The model
(1) enables the pharmacokineticist to write differential equations to describe drug
concentration changes in each compartment, (2) gives a visual representation of
the rate processes, and (3) shows how many pharmacokinetic constants are nec-
essary to describe the process adequately.

MODEL 1. One-compartment open model, IV injection.

k
1 ———

MODEL 2. One-compartment open model with first-order absorption.
k k

a

— 1 p———————

MODEL 3. Two-compartment open model, IV injection.
kig

1 < 2

k2l
L

MODEL 4. Two-compartment open model with first-order absorption.

k, kiz
__b
k?l
k i
Figure 1-5. Various compartment modeis.
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EXAMPLE

Two parameters are needed to describe model 1 (Fig. 1-5): the volume of the com-
partment and the elimination rate constant, k In the case of model 4, the phar-
macokinetic parameters consist of the volumes of compartments 1 and 2 and the
rate constants—&k,, k, ko, and ky—for a total of six parameters.

In studying these models, it is important to know whether drug concentration
data may be sampled directly from each compartment. For models 3 and 4 (Fig.
1-5), data concerning compartment 2 cannot be obtained easily because tissues are
not easily sampled and may not contain homogeneous concentrations of drug. If
the amount of drug absorbed and eliminated per unit time is obtained by sam-
pling compartment 1, then the amount of drug contained in the tissue compart-
ment 2 can be estimated mathematically. The appropriate mathematical equations
for describing these models and evaluating the various pharmacokinetic parameters
are given in the succeeding chapters.

Catenary Model

In pharmacokinetics, the mammillary model must be distinguished from another
type of compartmental model called the catenary model. The catenary model
consists of compartments joined to one another like the compartments of a train
(Fig. 1-6). In contrast, the mammillary model consists of one or more compart-
ments around a central compartment like satellites. Because the catenary model
does not apply to the way most functional organs in the body are directly con-
nected to the plasma, it is not used as often as the mammillary model.

Physiologic Pharmacokinetic Model (Flow Model)

Physiologic pharmacokinetic models, also known as blood flow or perfusion models, are
pharmacokinetic models based on known anatomic and physiologic data. The mod-
els describe the data kinetically, with the consideration that blood flow is respon-
sible for distributing drug to various parts of the body. Uptake of drug into organs
is determined by the binding of drug in these tissues. In contrast to an estimated
tissue volume of distribution, the actual tissue volume is used. Because there are
many tissue organs in the body, each tissue volume must be obtained and its drug
concentration described. The model would potentially predict realistic tissue drug
concentrations, which the two-compartment model fails to do. Unfortunately, much
of the information required for adequately describing a physiologic pharmacoki-
netic model are experimentally difficult to obtain. In spite of this limitation, the
physiologic pharmacokinetic model does provide much better insight into how

k, ky, ka3
— 1 » 7. L 3
Figure 1-6. Example of caternary model. kay - sz
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physiologic factors may change drug distribution from one animal species to an-
other. Other major differences are described below.

First, no data fitting is required in the perfusion model. Drug concentrations in
the various tissues are predicted by organ tissue size, blood flow, and experimen-
tally determined drug tissue-blood ratios (ie, partition of drug between tissue and
blood).

Second, blood flow, tissue size, and the drug tissue—blood ratios may vary due
to certain pathophysiologic conditions. Thus, the effect of these variations on drug
distribution must be taken into account in physiologic pharmacokinetic models.

Third, and most important of all, physiologically based pharmacokinetic mod-
els can be applied to several species, and, for some drugs, human data may be
extrapolated. Extrapolation from animal data is not possible with the compart-
ment models, because the volume of distribution in such models is a mathemat-
ical concept that does not relate simply to blood volume and blood flow. To date,
numerous drugs (including digoxin, lidocaine, methotrexate, and thiopental)
have been described with perfusion models. Tissue levels of some of these drugs
cannot be predicted successfully with compartment models, although they gen-
erally describe blood levels well. An example of a perfusion model is shown in
Figure 1-7.

The number of tissue compartments in a perfusion model varies with the drug.
Typically, the tissues or organs that have no drug penetration are excluded from
consideration. Thus, such organs as the brain, the bones, and other parts of the
central nervous system are often excluded, as most drugs have little penetration
into these organs. To describe each organ separately with a differential equation
would make the model very complex and mathematically difficult. A simpler but

equally good approach is to group all the tissues with similar blood perfusion prop-
erties into a single compartment.

Heart e

Muscle  [rt——————— Figure 1-7. Pharmacokinetic model of drug

perfusion. The ks represent kinetic constants:
ke is the first-order rate constant for urinary

— Qs drug excretion and k,, is the rate constant
= for hepatic elimination. Each "box” represents

a tissue compartment. Organs of major

Qe importance in drug absorption are consid-

ered separately, while other tissues are
grouped as RET (rapidly equilibrating tissue)
and SET (slowly equilibrating tissue). The size
or mass of each tissue compartment is
determined physiologically rather than by

T A T —

Urine €——— Q«
T

mathematical estimation. The concentration
of drug in the tissue is determined by the
ability of the tissue to accumulate drug as well
as by the rate of blood perfusion to the tissue,
represented by Q.

Liver - ————
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A perfusion model has been used successfully to describe the distribution of |-
docaine in blood and various organs. In this case, organs such as lung, liver, brain,
and muscle were individually described by differential equations, whereas other tis-
sues were grouped as RET (rapidly equilibrating tissue) and SET (slowly equili-
brating tissue), as shown in Figure 1-7. Figure 1-8 shows that the blood concentra-
tion of lidocaine declines biexponentially and was well predicted by the physiologic
model based on blood flow. The tissue lidocaine level in the lung, muscle, and adi-
pose and other organs is shown in Figure 1-9. The model shows that adipose tis-
sue accumulates drugs slowly because of low blood supply. In contrast, vascular tis-
sues, like the lung, equilibrate rapidly with the blood and start to decline as soon
as drug level in the blood starts to fall. The physiologic pharmacokinetic mode]
provides a realistic means of modeling tissue drug levels. Unfortunately, the simu-
lated tissues levels in Figure 1-9 cannot be verified in humans because drug levels
in tissues are not available. A criticism of physiologic pharmacokinetic models in
general has been that there are fewer data points than parameters that one tries
to fit. Consequently, the projected data are not well constrained.

The real significance of the physiologically based model is the potential appli-
cation of this model in the prediction of human pharmacokinetics from animal
data (Sawada et al, 1985). The mass of various body organs or tissues, extent of
protein binding, drug metabolism capacity, and blood flow in humans and other
species are often known or can be determined. Thus, physiologic and anatomic
parameters can be used to predict the effects of drugs on humans from the effects
on animals in cases where human experimentation is difficult or restricted.

100
80
H
5 60
2
2
8
_g 40
£
Lung
i Somuilobed § Chsocved 20
perfusion model
I | 1 | ] | L
60 120 180 240 0
Time (minutes) 1 2 4 8 16 32 64 128 25

Time [minutes)

Figure 1-8. Observed mean (@) and simulated (—|
arterial lidocaine blood concentrations in normal
volunteers receiving 1 mg/kg per min constant
infusion for 3 minutes.

(From Benowitz et al 1974, with permission; data from
Tucker GT, Boas RA; Anesthesiology 34:538, 1971.)

Figure 1-9. Perfusion model simulation of the
distribution of lidocaine in various tissues and its
elimination from humans following an intravenous
infusion for 1 minute.

(From Benowitz et al 1974, with permission.)
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2| FREQUENTLY ASKED QUESTIONS

1. Why is plasma or serum drug concentration, rather than blood concentration,
used to monitor drug concentration in the body?

2. What are reasons to use a multicompartment model instead of a physiologic
model?

3. At what time should plasma drug concentration be taken in order to best pre-
dict drug response and side effects?

LEARNING QUESTIONS

1. What is the significance of the plasma level-time curve? How does the curve re-
late to the pharmacologic activity of a drug?

2. What is the purpose of pharmacokinetic models?

3. Draw a diagram describing a three-compartment model with first-order absorp-
tion and drug elimination from compartment 1.

4. The pharmacokinetic model presented in Figure 1-10 represents a drug that is
eliminated by renal excretion, biliary excretion, and drug metabolism. The
metabolite distribution is described by a one-compartment open model. The fol-
lowing questions pertain to Figure 1-10.

a. How many parameters are needed to describe the model if the drug is in-
jected intravenously (ie, the rate of drug absorption may be neglected)?

b. Which compartment(s) can be sampled?

c. What would be the overall elimination rate constant for elimination of drug
from compartment 1?

d. Write an expression describing the rate of change of drug concentration in
compartment 1 (dG,/di).

k, = rate constant for urinary excretion of metabolites;
k, = rate constant for biliary excretion of drug; and
k. = rate constant for urinary drug excretion.

f Metabolite
Drug I compartment

|

:

2 I

|

1

|

|

“lzT l k) :
K, 1 L Figure 1-10. Pharmacokinetic model for a drug elim-
— 1 : » 3 k, ina[ed by renal and biliary excretion anq drug metab-
: olism. k., = rate constant for metabolism of drug:

i

]

]

]
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5. Give two reasons for the measurement of the plasma drug concentration, G as-
suming (a) the C, relates directly to the pharmacodynamic activity of the drug
and (b) the G, does not relate to the pharmacodynamic activity of the drug.

6. Consider two biologic compartments separated by a biologic membrane. Drug

A is found in compartment 1 and in compartment 2 in a concentration of ¢ and
G, respectively.

a. What possible conditions or situations would result in concentration ¢ > ¢,
at equilibrium?

b. How would you experimentally demonstrate these conditions given above?

c¢. Under what conditions would ¢ = ¢, at equilibrium?

d. The total amount of Drug A in each biologic compartment is A, and A,, re-
spectively. Describe a condition in which A; > Ay, but ¢ = ¢ at equilibrium.

Include in your discussion, how the physicochemical properties of Drug A or the
biologic properties of each compartment might influence equilibrium conditions.
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A multisou.rce drug product is a drug product that contains the same active drug
substance in the same dosage form and is marketed by more than one pharma-
ceutical manufacturer. Single-source drug products are drug products for which the
patent has not yet expired or has certain exclusivities so that only one manufac-
turer can make it. Single-source drug products are usually brand-name (innova-
tor) drug products. After the patent and other exclusivities for the brand-name
drug expires, a pharmaceutical firm may manufacture a generic drug product
that can be substituted for the branded drug product. Since the formulation and
method of manufacture of the drug product can affect the bioavailability and sta-
bility of the drug, the generic drug manufacturer must demonstrate that the
generic drug product is bioequivalent and therapeutically equivalent to the brand-
name drug product. o i

Drug product selection and generic drug product substitution are major re-
sponsibilities for physicians, pharmacists, anfl'others who prescribe, dispense,
or purchase drugs. To facilitate such c.lecm.ons, the U.S. Food and Dru:;g
Administration (FDA) publishes annually, in pr.mt and on the Inte;neé,r Appr}o;;gk
Drug Products with Therapeutic Equivalence Evaluations, als.o kn?wn 2(115 the l;"g:ts 20
(Www.fda.gov/cder/ob/ default.htm). The Orange Book identifies rug.prCih:ra eg:
Proved on the basis of safety and effectiveness.by the FDA ar.ld .congams rodgcts
tic equivalence evaluations for approved rr.lultlSOl(;I‘C; P;:Stf)nsg:;nhe;i%l ggencies;
s evaluations serve as public informatlonl;fl :d:;ation in the area of drug
Prescribers, and pharmacists to promote pu 1Ch b iietstsr Thie Tebine
Product selection and to foster containment of hea ! Regulations, 21 CFR 320,
definitions are from the 2003 Orange Book, Code of Federat 48 ,

and other sources.

D

t to which the active ingre-

) Bioavailability Bioavailability means e ra:je an(:;::éitt and becomes available at
i . ' 3 . m a rug

'€nt or active moiety is absorbed fro 153
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the site of action. For drug products that are not intended to be.absorb
the bloodstream, bioavailability may be a§ses§ed by measurements intend
flect the rate and extent to which the active ingredient or active moiety
i site of action.

. al‘;:le]qa:::ixli:zttr ::vquiremml. A requirement imp?sed by tf;)e FDI'\ffor in-vitry
in-vivo testing of specified drug products, which must be satisfied as a ¢

3 g;:;:::::::«glmg products. This term dfescribes pharmaceu.tical c.:qui.v?lent or
maceutical alternative products that display comparable' bloavallablllty when
ied under similar experimental conditions. For systemically absorbed. drugs, the
test (generic) and reference listed drug (brand.-name) shall be considereq bio-
equivalent if: (1) the rate and extent of absorption of the te'st drug do not show
a significant difference from the rate and extent of absorption of t.he- reference
drug when administered at the same molar dose of the therapeutic }ngrediem
under similar experimental conditions in either a single dose or multiple doses,
or (2) the extent of absorption of the test drug does not show a significant djf.
ference from the extent of absorption of the reference drug when administereq
at the same molar dose of the therapeutic ingredient under similar experimen-
tal conditions in either a single dose or multiple doses and the difference from -
the reference drug in the rate of absorption of the drug is intentional, is reflected
in its proposed labeling, is not essential to the attainment of effective body drug
concentrations on chronic use, and is considered medically insignificant for the
drug.

When the above methods are not applicable (eg, for drug products that are
not intended to be absorbed into the bloodstream), other in-vivo or in-vitro test
methods to demonstrate bioequivalence may be appropriate. Bioequivalence may
sometimes be demonstrated using an in-vitro bioequivalence standard, especially
when such an in-vitro test has been correlated with human in-vivo bioavailabil
ity data. In other situations, bioequivalence may sometimes be demonstrated
through comparative clinical trials or pharmacodynamic studies.

Bioequivalent drug products may contain different inactive ingredients, pr&
vided the manufacturer identifies the differences and provides information that
the differences do not affect the safety or efficacy of the product.

® Brand name. The trade name of the drug. This name is privately owned by the
manufacturer or distributor and is used to distinguish the specific drug product
from competitor’s products (eg, Tylenol, McNeil Laboratories).

® Chemical name. The name used by organic chemists to indicate the chemical struC
ture of the drug (eg, N-acetyl-paminophenol). DA

* Abbreviated New Drug Application (ANDA). Drug manufacturers must file an AN ”
for approval to market a generic drug product. The generic manufacturer 50

. . jes 10
required to perform clinical efficacy studies or nonclinical toxicology studies
the ANDA.

* Drug product. The finished dosa
tains the active drug in
inactive ingredients.

* Drug product selection. The process of choosin
specified dosage form.

ed into
ed to "

and/ or
ndi[ion

Phar.
Stud.

. con
ge form (eg, tablet, capsule, or soluuon) t!lat th
gredient, generally, but not necessarily, in association

ind
g or selecting the drug ProduCt

A
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o Equivalence. Relationship in term, of bio
of established standards of one drug prod

o Generic name. The established, noner())prieutCt O
drug in a drug product (eg, acetaminopher?)ry’

o Generic substitution. The process of dis
branded drug product in place of the
tuted drug product contains the same a

availabili :
lablll[}’, therapeutlc response, or a set

Or common name of the active

pensing a different brand or an un-
Pf'esc.rlbed drug product. The substi-

manufacturer. For example, 5 prescri
might be dispensed by the pharmacist
branded generic ibuprofen if generic
the physician.

. ft};arl;r:zlc:c;zsttgzé :rltee::ast;ltess. Esrtlégs p(r)oducts tlhat contain the same therape:utic moi-
phate or tetracycline hyc,lrochlc;ridr ComP cres. For example tetra({ycllne phos

. _ e equivalent to 250 mg tetracycline base are
C(?ns.ldered pharm.aceutlcal alternatives. Different dosage forms and strengths
within a product line by a single manufacturer are pharmaceutical alternatives
(eg, an extended-release dosage form and a standard immediate-release dosage
form of the same active ingredient). The FDA currently considers a tablet and
capsule containing the same active ingredient in the same dosage strength as
pharmaceutical alternatives.

* Pharmaceutical equivalents. Drug products in identical dosage forms that contain
the same active ingredient(s), ie, the same salt or ester, are of the same dosage
form, use the same route of administration, and are identical in strength or con-
centration (eg, chlordiazepoxide hydrochloride, 5-mg capsules). Pharmaceutically
equivalent drug products are formulated to contain the same amount of active
ingredient in the same dosage form and to meet the same or compendial or othf-:r
applicable standards (ie, strength, quality, purity, and i(?entlty), but they may dif-
fer in characteristics such as shape, scoring conﬁgurauon., release r.ne(Eham.f)ms,
packaging, excipients (including colors, ﬂavoTs, preservatives), e.xpllrauo.n tllm(:’
and, within certain limits, labeling. When applicable, pharmaceutical equivalents

must meet the same content uniformity, disintegration times, and/or dissolution
uire a reservoir or overage or cer-

i that re
rates. Modified-reléase, dosage S o qn which residual volume may vary

ain dosage forms such as prefilled s'yringes . dient over an identical dosing
must deliver identical amounts of acuve drug ingredl

Perirm . i eutical alternative
j sation. T ispensing a pharmac
* Pharmaceutical substitution. he process of di p g

icilli ion is dispensed

s Prescn'bed gt product. o exarrll'ple,ha;’r(rilrpolccg}:)nﬁiifli)se:i]is;g:n?edlig Place

. icilli tetracycline : y

:)I;_Iizi:;f il‘r::pllc)l}l-ll(;rsll;:}?;):eme}fﬂi::maceu)t,iCal substitution generally requires the
cline .

Physician’s approval. , (RLD) is identified by the FDA as
* Reference listed drug. The reference llStedag:urgelies when seeking approval of an

the drug product on which an applic The RLD is generally the brand-

o o A). .
Abbreviated New Drug Applicaton (ﬁsp?ic;tion (NDA). The FDA designates a

name drug that has a full New Drig

ption.for Motrin brand of ibuprofen
as Ad.v11 prand of ibuprofen or as a non-
substitution is permitted and desired by
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\
drug as the standard to which all generic versjop, -
FDA hopes to avoid possible significan¢ Val‘iats't be
brand-name counterparts. Such variag, long

i their
among generic drugs and : : 1S coyg
result if generic drugs were compared to different reference listed drugs,

o Therapeutic alternatives. Drug products c(?ntainir.lg. differ-ent. active i.ngr
that are indicated for the same therapeutic OT clinical obJectlves.. Active
ents in therapeutic alternatives are fror.n the same pharma.co.loglc class
expected to have the same therapeutic ffffea when‘ ad.mml‘stered to
for such condition of use. For example, ibuprofen is given instead of
cimetidine may be given instead of ranitidine. .

o Therapeutic equivalents. Drug products are conSIdered.to be therapeutic equiva.
lents only if they are pharmaceutical equivalents and if the).l can be expected 1,
have the same clinical effect and safety profile when administered to Patien
under the conditions specified in the labeling. The F DA classifies as thelapeuﬁ.
cally equivalent those products that meet the following general criteria: (1) they
are approved as safe and effective; (2) they are pharmaceutical equivalents in hy
they (a) contain identical amounts of the same active drug ingredient in the same
dosage form and route of administration, and (b) meet compendial or other a
plicable standards of strength, quality, purity, and identity; (3) they are bio-
equivalent in that (a) they do not present a known or potential bioequivalence
problem, and they meet an acceptable in-vitro standard, or (b) if they do present
such a known or potential problem, they are shown to meet an appropriate bio-
equivalence standard; (4) they are adequately labeled; and (5) they are manufac-
tured in compliance with Current Good Manufacturing Practice regulations. The
FDA believes that products classified as therapeutically equivalent can be subst:-
tuted with the full expectation that the substituted product will produce the same
clinical effect and safety profile as the prescribed product.

® Therapeutic substitution. The process of dispensing a therapeutic alternative in place
of the prescribed drug product. For example, amoxicillin is dispensed instead of
a.mpicillin or ibuprofen is dispensed instead of naproxen. Therapeutic substitu-
tion can also occur when one NDA-approved drug is substituted for the same dig
Wh_'Ch_has been approved by a different NDA, eg, the substitution of Nicoderm
(nicotine transdermal system) for Nicotrol (nicotine transdermal System).

single reference listed
shown to be bioequivalent. The

.e dlen[s
Ingreg;.
and are
Patiems
aSpi]in;

PURPOSE OF BIOAVAILABILITY STUDIES

Bloavailab.ility studies are performed for both approved active drug ingr edients and
thera}?eutlc moieties not yet approved for marketing by the FDA. New formulatio™
of active drug ingredients must be approved by the FDA before marketing: In 27
proving a drug product for marketing, the FDA ensures that the drug product "
safe and effective for its labeled indications for use. Moreover, the drug product
must meet all applicable standards of identity, strength, quality,’ and purity. To e

sut;(.e thatdfhese :ltandards are met, the FDA requires bioavailabiliW/Phalﬂlagods
netic studies and, - : . u
where necessary, bloequlvalence studies for all drug P™ oct

(FDA Guidance for Industry,
of drug product quality tha
clinical trials to studies de

2003). Bioavailability may be considered as on¢ as% in
tlinks in-vivo performance of the drug product =
monstrating evidence of safety and efficacy.

b |

y
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For unm:ilrket.ed drugs that do not haye full N
and/or in.v-zvo bioequivalence studies must be pe

DA approval by the FDA, in-vitro
rformed on the drug formulation
duct. Furthermore, the essential

systemic absorption, elimination half-ife, and rates of excretion and metabolis

. . . m,
sh oulq be‘ est.ablls}?ed .a.fter sm.gle- and multiple-dose administration Data from
these in-vivo bioavailability studies are important to establish recommended dosage
regimens and to support drug labeling. ;

In—fiivo bic.)availability Studie§ are :.:1159 performed for new formulations of active
drug ingredients or therapeutic moieties that have full NDA approval and are ap-
proved for marketing. The purpose of these studies is to determine the bioavail-
ability and to characterize the pharmacokinetics of the new formulation, new
dosage form, or new salt or ester relative to a reference formulation.

In summary, clinical studies are useful in determining the safety and efficacy of
drug products. Bioavailability studies are used to define the effect of changes in the
physicochemical properties of the drug substance and the effect of the drug prod-
uct (dosage form) on the pharmacokinetics of the drug. Bioequivalence studies are
used to compare the bioavailability of the same drug (same salt or ester) from var-
ious drug products. Bioavailability and bioequivalence can also be considered as
performance measures of the drug product in-vivo. If the drug products are bio-
equivalent and therapeutically equivalent (as defined above), then the clinical effi-
cacy and the safety profile of these drug products are assumed to be similar and
may be substituted for each other.

RELATIVE AND ABSOLUTE AVAILABILITY

The area under the drug concentration—time curve (AUCQ) is l.lsed as a measure of
the total amount of unaltered drug that reaches the systemic.qrculatlon. Tht? A.UC
is dependent on the total quantity of available drug, fDo,.dmded b}/ the ellmlpa-
tion rate constant, k&, and the apparent volume of distribution, .VD' Fis the fraction
of the dose absorbed. After IV administration, Fis equal to unity, bec.::liuse (;h; el;:
tire dose enters the systemic circulation: Therefore, the dr}lg. is ct('):rsilocfe;edrug .
completely available after v administratlon..After oral adml?lts;rgrlu absorptio;l).
may vary from a value of 0 (no drug absorption) to 1 (comple g

Relative Availability

£ et d roduct
Relative (apparent) availability is the availability of the drug from a drug p

3 : ilabl
as compared to a recognized standard. The fraction l dos?lsty)s':?m]ocf gyrj;ﬁathz
from arfl) oral drug product is g aSCCfrfiam- rlrrfl Z zgrllsaicllt)(,losage formula-

N o ilability of dru
formulation is compared to th; j::lliarzl;tgvaluateg - erossover study. The rela-

tion, usually a solution of the . vel and by the same
tive ’availabi}l,ity of two drug products given at the same cllosz.ige 1: i y
route of administration can be obtained using the following €q

[AUGC]a ol
Relative availability = (377G},
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where drug product B is the recognized reference standard. This fraction may b,

multiplied by 100 to give percent relative availability: '
When different doses are administered, a correction for the size of the dose i

made, as in the following equation:

[AUC],/dose A
[AUC]p/dose B

Relative availability =

(15.2)

Urinary drug excretion data may also be used to measure relative availap;);
as long as the total amount of intact drug excreted in the urine is collecteq, Thé
percent relative availability using urinary excretion data can be determineq =
follows:

[D.JR

(D

Percent relative availability = X 100 (15.3)

where [D,]* is the total amount of drug excreted in the urine.

Absolute Availability

The absolute availability of drug is the systemic availability of a drug after ex-
travascular administration (eg, oral, rectal, transdermal, subcutaneous) compared
to IV dosing. The absolute availability of a drug is generally measured by com-
paring the respective AUCs after extravascular and IV administration. This mea-
surement may be performed as long as Vp and % are independent of the route of
administration. Absolute availability after oral drug administration using plasma
data can be determined as follows:

[AUC]pO/ dOSCPO
[AUC]y/ doseyy

Absolute availability = F = (15.4)

Absolute availability, £, may be expressed as a fraction or as a percent by multi-
plying F X 100. Absolute availability using urinary drug excretion dati can be de-
termined by the following:

[DU](I%/dOSCPO

Absolute availability s [D ]°°/d
ulv/ A0S€ry

(15:5)

The absolute bioavailability is also equal to F, the fraction of the dose that .
bioavailable. Absolute availability is sometimes expressed as a percent, ie, F=L0"
100%. For drugs given intravascularly, such as by IV bolus injection, F = 1 because
all of the drug is completely absorbed. For all extravascular routes, of administ®
tion, such as the oral route (PO), the absolute bioavailability F may not exceedIOO Y
(F >1). Fis usually determined by Equation 15.4 or 15.5, where PO is the OF
route or any other extravascular route of drug administration.
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oA A8 , calculate (a) th i
bioavallabl.hty O_f th.e.drug from the tablet compared to the oral solutién) ang r(g)attl}‘:z
absolute bioavailability of the drug from the tablet,

Drug Product Dose (mg) AUC (pg hr/mL) Standard Deviation
Oral tablet 200 89.5 19.7
Oral solution 200 86.1 18.1
IV bolus injection 50 37.8 5.7
Solution

The relative bioavailability of the drug from the tablet is estimated using Equation
15.1. No adjustment for dose is necessary.

89.5
Relative bioavailability = LT 1.04 or 104%

The relative bioavailability of the drug from the tablet is 1.04, or 104%, compared
to the solution. In this study, the difference in drug bioavailability.bet\t/een t.abI.eF and
solution was not statistically significant. It is possible for the relative bioavailability to
be greater than 100%. . . .

The absolute drug bioavailability from the tablet is calculated using Equation 15.4
and adjusting for the dose.

89.5/200
F= absolute bioavailability = ?7—5/—50— = 0592 or 59.2%

Because F, the fraction of dose absorbed from the tflblet, is less t:hant}(,) r:h;r(rl;:gl 11)5_
Dot completely absorbed systemically, as a resylt of either poc()ir a sgr(‘)pm e
Olism by first-pass effect. The relative bioavailability (?f the drug
pproximately 100% when compared to the oral solution. s
Results from bioequivalence studies may show that the re1 e e Lrstihe
the test oral product is greater than, equal to, or less t};}an bioequivalence studies
reference oral drug product. However, the results from t lc:eavail z?bility B
should not be misinterpreted to imply that the absolut;ef lr?n LY ey
from the oral drug products is also 100% unless the oral 10

an intravenous injection of the drug.
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TY
METHODS FOR ASSESSING BIOAVAILABILI

ds may be used to assess drug bioavailability, T}, ;

?’l-vl'vo
il d roduct is demonstrated by the rate and extent of T
hibavallabilityiof a L .8 4 on of measured parameters, eg,

; i Conceny,,
absorption, as.determ“}s dr:();ice(r)lrtnilr))a:lllse blood, cumulatiVe_ urinary excretion ra::»i
tion of the active dru%fl i For drug products that are not intended to t->e absorhe
or pharmacological ¢ lficoa.vailabilit)’ may be assessed by measur?ments. Intendeq ,
into the bloodstream, t to which the active ingredient or active moiety hecop
reflect the rate ar}d exftzr(lztion. The design of the bioavailability study depeng; on
ot e o :_lt;]: study, the ability to analyze the drug (and metabolitey) ;,
t}}e ob.Jecuve§d0 e 2T rr’lacodynamics of the drug substance., the.r route of dp,
blolo.gl_cal ﬂpl S, e tlll)e nature of the drug product. Pharmaco.kln'etlc anc.1/ or phar.
admuclll;ltlfrtrll(i)cn [’):rameters as well as clinical observations and in-vitro studies may e
maco

used to determine drug bioavailability from a drug product (Table 15.1).

Direct and indirect metho

Plasma Drug Concentration

D 0
Measurement of drug concentrations in blood, plasma,d or serum ;Slizi:; I:l;u% I;;g

ini ion i ' d objective way to determine
ministration is the most direct an ! yst o
bioavailability. By appropriate blood sampling, an accurate descrl.ptlo(;lmo s l}e
plasma drug concentration—time profile of the therapeutically active drug
stance(s) can be obtained using a validated drug assay.

] i ired
tmax. 1he time of peak plasma concentration, tmay, corresponds to the time required

to reach maximum drug concentration after drug admin.istratlon.lAftr tlr?;]x;
peak drug absorption occurs and the rate of drug abso.rptlor.l exaCt')rImgs "
the rate of drug elimination (Fig. 15-1). Drug absorptlon still conti e
ter ¢, is reached, but at a slower rate. When comparing (.irug proc}ltl}i va]ﬁle
can be used as an approximate indication of drug absorption rate. ;: ik
for tmax will become smaller (indicating less time required to reach p

TABLE 15.1 Methods for Assessing Bioavailability and Bioequivalence

Plasma drug concentration
Time for peak plasma (blood) concentration {tmax)
Peak plasma drug concentration {Cmax)
Area under the plasma dru
Urinary drug excretion
Cumulative amount of drug excreted in the urine (DJ)
Rate of drug excretion in the urine (dD,/at
Time for maximum urinary excretion (t)
Acute pharmacodynamic effect
Maximum pharmacodynamic effect {Ernax)
Time for maximum pharmacodynamic effect
Area under the pharmacodynamic effect-time curve

Onset time for pharmacodynamic effect
Clinical observations

Well-controlled clinical trials
In-vitro studies
Drug dissolution

_/

g concentration~time curve (AUC)
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Figure 15-1. Plasma drug concentration-time curve.

plasma concentration) as the absorption rate for the drug becomes more
rapid. Units for ¢max are units of time (eg, hours, minutes).

Cmax- The peak plasma drug concentration, Gy, represents the maximum plasma
drug concentration obtained after oral administration of drug. For many
drugs, a relationship is found between the pharmacodynamic drug effect and
the plasma drug concentration. Gyax provides indications that the drug is suf-
ficiently systemically absorbed to provide a therapeutic response. In addition,
Cmax provides warning of possibly toxic levels of drug. The units of Ginax are
concentration units (eg, mg/mL, ng/mL). Although not a unit for rate, Cmax
is often used in bioequivalence studies as a surrogate measure for the rate of
drug bioavailability.

AUC. The area under the plasma lev
tent of drug bioavailability (Fig. 15-.
active drug that reaches the systemic
the drug plasma level-time curve .fro
amount of unchanged drug reaching

el-time curve, AUC, is a measurement of the ex-
1). The AUC reflects the total amount of
circulation. The AUC is the area under
m t =0 tot=oo and is equal to the
the general circulation divided by the

clearance.
* (15.6)
[AUCTy = f C,dt
: FD, FD, (15.7)

clearance kW .
= elimination rate con-

sorbed, Do = dose,

where F = fraction of dosz .ab'bution- The AUC is independent of the route
stant, and Vp = volume of distrl

- elimina-
.+ -tion as long as the .

f ini ion and processes of drug ehmgladetermined by a numerical
S admmlstratu()ln g The AUC can be

1on processes do

its for
i method. The units
h as the trapezmdal rule
Integration procedure, suc

. hr/mL)-
AUQC are concentration time (eg, 18
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Figure 15-2. Plasma level-time curve following
administration of single doses of (A) 250 mg, (B) Time -
500 mg, and (C) 1000 mg of drug.

For many drugs, the AUC is directly proportional to dose. For example, jf ,
single dose of a drug is increased from 250 to 1000 mg, the AUC will also S,how
a fourfold increase (Figs. 15-2 and 15-3).

In some cases, the AUC is not directly proportional to the administereg
dose for all dosage levels. For example, as the dosage of drug is increased,
one of the pathways for drug elimination may become saturated (Fig. 154).
Drug elimination includes the processes of metabolism and excretion. Drug
metabolism is an enzyme-dependent process. For drugs such as salicylate and
phenytoin, continued increase of the dose causes saturation of one of the en-
zyme pathways for drug metabolism and consequent prolongation of the elim-
ination half-life. The AUC thus increases disproportionally to the increasein
dose, because a smaller amount of drug is being eliminated (ie, more drug
is retained). When the AUC is not directly proportional to the dose, bioavait
ability of the drug is difficult to evaluate because drug kinetics may be dose
dependent.

Urinary Drug Excretion Data

}I‘J:nary drug excretion data is an indirect method for estimating bioavailability
e drug must be excreted in significant quantities as unchan ged drugin the urin€.

(Iin addltlon,-tnmely urine samples must be collected and the total amount of urinay
Tug excretion must be obtained (see Chapter 3).

0 250 500 750 1000
Dose mg) - | —_—
- Dose (mg
Figure 15-3. |; ' )
A 3. Linear relationship petween . cen AL
dose (data from Fig, 15.2), Figure 15-4. Relationship Def""tura,,le.
sa

and dose when metabolism i

4

MPI EXHIBIT 1045 PAGE 41



s s s

R E———————————————————
v BIOAVAILABI
— 2IDAVAILABILITY
/__ “A"M‘OLOUMCE CHAPTER1S. 463

F:gst:;e |15-5.. Corresponding piots relating the
p a eVe!~tlme curve and the cumuiative urina
drug excretion, 7

DY. The cumulative amount of drug excreted in the urine, DY, is related directly to
the total amount of drug absorbed. Experimentally, urine samples are
collected periodically after administration of a drug product. Each urine
specimen is analyzed for free drug using a specific assay. A graph is con-
structed that relates the cumulative drug excreted to the collection-time in-
terval (Fig. 15-5).

The relationship between the cumulative amount of drug excreted in the
urine and the plasma level-time curve is shown in Figure 15-6. When the drug
is almost completely eliminated (point C), the plasma concentration ap-
proaches zero and the maximum amount of drug excreted in the urine, D,
is obtained.

dD,/dt. The rate of drug excretion. Because most drugs are eliminated by a first-
order rate process, the rate of drug excretion is dependent on the first-order
elimination rate constant k and the concentration of drug in the plasma G,
In Figure 15-6, the maximum rate of drug excretion, (dD,/ dt)max, is at point B,
whereas the minimum rate of drug excretion is at points A and C. Thus, a
graph comparing the rate of drug excretion with respect to time should be
similar in shape as the plasma level-time curve for that drug (Fig. 15-7).
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_ creted. In Figures 15-6 and 157, ¢,
¢, The total time for the drug [0 L he rate of drug absorption, wh e Pe gy
ment A-Bis related to the ra oY NeTeas
s st s;% the total time required after drug adm’o?l.s tration for dlnt
kS bod and completely excreted ¢ = 00 The " is a useful eTg
e
:?1 ll))?oaetc)lslloi:ralence studies that compare several drug products, as v be \

de.
scribed later in this chapter.

slo e

Acute Pharmacodynamic Effect

In some cases, the quantitative measurement (Zif a (:)filf 1f11:(1))r12;i)ﬂcmuor ur.ine lacks
an assay with sufficient accuracy and/or repro l~JCII lcor);.icosteroiad yEoB non,
systemically absorbed drug products, s.uch as topica B 4 Sy plas.ma dry
concentrations may not reflect the bioavailability of t _e rug gt the site of .
tion. An acute pharmacodynamic effect, such as an f-:ffect 01.1 forceq expiratory
volume, FEV; (inhaled bronchodilators) or skin blancl.llng (topical corticosterods)
can be used as an index of drug bioavailability. In this case, the acute pharmac,
dynamic effect is measured over a period of time after administration of the drug
product. Measurements of the pharmacodynamic effect s.hould l?e made with gif.
ficient frequency to permit a reasonable estimate for a time period at least three
times the halflife of the drug (Gardner, 1977). This approach may be particularly
applicable to dosage forms that are not intended to deliver the active moiety to the
bloodstream for systemic distribution.

The use of an acute pharmacodynamic effect to determine bioavailability
generally requires demonstration of a dose-response curve (see Chapter 19).
Bioavailability is determined by characterization of the dose-response curve. For
bioequivalence determination, pharmacodynamic parameters including the to@l
area under the acute pharmacodynamic effect-time curve, peak pharmacodynami
effect, and time for peak pharmacodynamic effect are obtained from the phar
macodynamic effect-time curve. The onset time and duration of the pharmac
kinetic effect may also be included in the analysis of the data. The use o
pharmacodynamic endpoints for the determination of bioavailability and bio-

equivalence is much more variable than the measurement

: of plasma or urine drug
concentrations.

Clinical Observations

Well-controlled clinical trials in humans establish the safety and effectivenes§ Of

e used to determine bioavailability. However, the:

t
approaches Ok be developed to permit use of one of
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),J'ilﬂ' St
- dissalutton stidies may : v

t[:xr:;‘:nihhmm Ideally, the i;mmu‘n de(;r(: :t;f“ c.“"d"‘“"* give an indication of drug

n Evghal- § dissolution rate should ith

" bioavailabilit 3 should correlate with in-
“wg;u%)i@oluﬁOnb:tl:d~(‘ ee Chapters 7 and 14 on n-wee~nihe correlation

- -~ S L 4

N, 1€s are often performed on several test formulations of

o <v -
d‘rc same dn.xb. '!he;?lslt formulation that demonstrates the most rapid rate of drug
@*a?lunon en w3lvo Wil generally have the mast rapid rate of drug bioavailability
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The FDA may also use other in-mitro approaches for establishing bioequiva-
Jence. For ex:fmple, c‘holest_\‘mmine resin is a basic quaternary ammonium anion-
exchaflge resin that is hydrophilic, insoluble in water, and not absorbed in the
gasn-omtestfnal tract. The bioequivalence of cholestyramine resin is performed
by equilibium and kinetic binding studies of the resin to bile acid salts
(www.fda.gov/ cder/guidance/ cholesty.pdf).

BIOEQUIVALENCE STUDIES

Differences in the predicted clinical response or an adverse event may be due to
differences in the pharmacokinetic and/or pharmacodynamic behavior of the
drug among individuals or to differences in the bioavailability of the drug from
the drug product. Bioequivalent drug products that have the same systemic drug
bioavailability will have the same predictable drug response. However, variable
clinical responses among individuals that are unrelated to bioavailability may be
due to differences in the pharmacodynamics of the drug. Differences in pharna-
codynamics, ie, the relationship between the drug and the receptor site, may be
due to differences in receptor sensitivity to the drug. Various factors aﬁjecting Phar—
macodynamic drug behavior may include age, drug tolerance, drug interactons,
and unknown pathophysiologic factors. . ™ .
The bioavailability of a drug may be more reproducible among fasted individu-
als in controlled studies who take the drug on an empty stomach. When the drug

is used on a daily basis, however, the nature of an individual’s diet and lifestyle may
affect the plasma drug levels because of variable absorption in the presence of food
learance of the drug. Feldman and associates

or even a change in the metabolic ¢ . g
(1982) reported that patients on a high—carbohydrate diet ha;.;e ; m\;ch longerF :}r:\-
inati -li hylline, due to the reduced metabolic clearance of the

ation halflife of theophylline rmal diets (/2 = 6.76 hours).

drug (#;,5, 18.1 hours), compared to patients on no
Previous studies demonstrated that the theophylline drug product was completely

bioavailable. The higher plasma drug concentration resul.ting fron_l a carbohyd.rate
diet may subject the patient to a higher risk of drug intoxication with theophylline.
The effect of food on the availability of theophylline has been reported by the FDA

concerning the risk of higher theophylline plasma concentratior.ls fro.m a ?+hour
Sustained-release drug product taken with food. Although most bioavailability drug

studies use fasted volunteers, the diet of patients actually }Jsing the drug product
may increase, decrease, or have no affect on the bioavailability of the drug (Hendles

€tal, 1984).
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g Bioequivalence
ablished if the in-vivo bioavailability of a test dr, o
duct) does not differ slgnnﬁcar}tly (ie, statistically ; . u,“
e it e ot o o n  detene X
arison of measured parameters (cs: conc;f]n acodynamic ffve dm. mgfedien;
in the blood, urinary excrelod o (:ir ¥ n?:zm rodu);t) wherf qus-) :.from that
the reference listed drug (usually th(? brand-narr iFl)ar exoeri ent:l mm"st'ered at the
same molar dose of the active moiety under sim pernm condmOns, Cith,

i iple dose.
single dose or multiple _ |
In a few cases, a drug product that differs from the reference listed drg in

rate of absorption, but not in its extent of abso.rptl<?n:. may 'be considereq bio.
equivalent if the difference in the rate of absorption 15 intentional and. 2ppropr;
ately reflected in the labeling and/or the rate of absorption is not detrimeng] ;,
the safety and effectiveness of the drug product.

Bases for Determunin

Bioequivalence is 'est
(usually the generic pro

Drug Products with Possible Bioavailability
and Bioequivalence Problems

Lack of bioavailability or bioequivalence may be suspected when evidence from
well-controlled clinical trials or controlled observations in patients of various mar-
keted drug products do not give comparable therapeutic effects. These drug
products need to be evaluated either in vitro (eg, drug dissolution/release test)
or in vivo (eg, bioequivalence study) to determine if the drug product hasa
bioavailability problem (see also U.S. Code of Federal Regulations, 21 CFR 320.33).

In addition, during the development of a drug product, certain biophar-
maceutical properties of the active drug substance or the formulation Of.ﬂle
drug product may indicate that the drug may have variable bioa\aiIabl[.iPv
and/or a bioequivalence problem. Some of these biopharmaceutic properes
include:

* The active drug ingredient has low solubility in water (eg, less than 5 mg/ ml)

* The dissolution rate of one or more such products is slow (eg, less than B
30 minutes when tested with a general method specified by the FDA).

* The particle size and/or surface area of the active drug ingredient is ¢
determining its bioavailability.

* Certain structural forms of the active drug ingredient (eg, pOIYmOrph

solvates', complexes, and crystal modifications) dissolve poorly, thus
absorption.

. conts (€8
]g):el;gtefl;zg:cés:lt)}.‘at have a high ratio of excipients to active ingredlems ( y

* Specific inactive ingredients (e
lubricants) either may be requir%d
or therapeutic moiety or may inte

* The active drug ingredient, thera
large part in a
site.

tical i0

ic form*
aﬂ‘ectiﬂg

. an
hydrophilic or hydrophobic CXCIPlenSdient
for absorption of the active drug n
rfere with such absorption. . bsofbed in
: Peutic moiety, or its precursor s 4 Calizfd
Particular segment of the GI tract or is absorbed from @

-
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e

+ The degree of absorption of the active drug in
: ri
jts precursor 1s poor (eg,.le.ss than 50%, ordinarily in comparison to an intra
ven(,us-dose.)(i even whf:n 1t is administered in pure form (eg, in solution)

o There is }rlaplb meta.bollsm of the Eherapeutic moiety in the in;est'mal wall or liver
during the a sorp;;on process (first-order metabolism), so that the rate of ab-

. L} 1 = §
sorption is unusually important in the therapeutic effe ici
ct an
drug product. d/or toxicity of the

« The therapeutiC m_Olety is rapidly metabolized or excreted, so that rapid disso-
Jution and absorption are required for effectiveness.

o The active drug mgredu?nt or therapeutic moiety is unstable in specific portions
of the GI tract and requires special coatings or formulations (eg, buffers, enteric
coatings, and film coatings) to ensure adequate absorption.

o The drug product is subject to dose-dependent kinetics in or near the thera-
peutic range, and the rate and extent of absorption are important to bioequiv-
alence.

gredient, therapeutic moiety, or

DESIGN AND EVALUATION
OF BIOEQUIVALENCE STUDIES

Bioequivalence studies are performed to compare the bioavailability of the
generic drug product to the brand-name product. Statistical techniques should
be of sufficient sensitivity to detect differences in rate and extent of absorption
that are not attributable to subject variability. Once bioequivalence is established,
it is likely that both the generic and brand-name dosage forms will produce the
same therapeutic effect. The FDA publishes guidances for bioequivalence stud-
ies (www.fda.gov/cder/guidance; see also 21 CFR $20.25). Sponsors may also
request a meeting with the FDA to review the study design for a specific drug

product.

Design

ell-controlled bioequivalence studies require co-
Kineticists, statisticians, clinicians, bioanalytical
chemists, and others. The basic design for a bioequivalence study is determined by
(1) the scientific questions to be answered, (2) the nature of the reference mate-
rial and the dosage form to be tested, (3) the availability of analyncgl methods,
and (4) benefit-risk and ethical considerations with regard to testing m-humans.
For some generic drugs, the FDA offers general guidelines fo¥~ coqductmg thes;
studies. For example, Statistical Procedures for Bioequivalence Studzes.Usz.ng a Standar
Two-Treatment Crossover Design is available from the FDA; the-: publication ad(ligessies
three specific aspects, including (1) logarithmic transzrmatlon of pharmaco. }?egc
data, (2) sequence effect, and (3) outlier consideration. However, even \:;lt ; g
availability of such guidelines, the principal investigator should prepare 2 b.et;lz’;l-
Protocol for the study. Some of the elements of a protoc.ol for an in-vivo D10
ability study are listed in Table 15.2. Bioavailability studies
dosage forms are discussed in Chapter 17.

The design and evaluation of w
operative input from pharmaco

for controlled-release
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TABLE 15.2 Elementsaf a Bioavailability Stdy Pratacol

EQUIVALENCE
CHAPTER 15. BIOAVAILABILITY AND BIOEQL i

Title

A. Principal investigator (study director)
B. Project/protocol number and date

Study objective

€ Inclusion/exciusion critenia o —

1. Inclusion criteria
2. Exclusion criteria
D. Restrictions/prohibitions
V. Clinical procedures

tudy design .
o A. Dosage and drug administration

A. Design
B. Drug products
I. Test product(s}
2. Reference product
C. Dosage regimen
D. Sampile collection schedule

B. Biological sampling schedule and handiing
C. Activity of subjects
VI. Ethical considerations
A. Basic principles
B. Institutional review board

pr Ocedul-Es

E. Housing/confinement C. Informed consent
F. Fasting/meals schedule D. Indications for subject withdrawal

G. Analytical methods E. Adverse reactions and emergency procedures
Study population VII.  Facilities

A. Subjects Vill. Data analysis

B. Subject selection A. Analytical validation procedure

1. Medical history B. Statistical treatment of data

2. Physical examination IX.  Drug accountability
3. Laboratory tests X.  Appendix

For bioequivalence studies, the test and reference drug formulations must con-
tain the pharmaceutical equivalent drug in the same dose strength, in similar dosage
forms (eg, immediate release or controlled release), and be given by the same route
of administration. Both a single-dose and/or a multiple-dose (steady-state) study
may be required. Before beginning the study, the Institutional Review Board (IRB)
of the clinical facility in which the study is to be performed must approve the study.
The IRB is compose.d.of both professional and lay persons with diverse back-
igsrsilelggrsl,dwch(;)mhave f:lll’llCE.ll experience anfi expertise as well as sensitivity to ethical
e ke r}?:;:ﬁ i:;,jﬁf: The IRB is responsible for safeguarding the rights

The basic guiding principle in performing studies is do not do unnecessary human
research. Generally, the study is performed in normal, healthy male and female vo-

or ion f
thx}(;z‘xls:okr:l (f)x;:rrln, ltlhe s?tudy. For example, the study might exclude any volunle.ﬂs
tion within .« _2} e(;gles_to the drug, are overweight, or have taken any mé ca
included i }Il)ea . [_)erlod (often 1 week) prior to the study. Smokers ar¢ ofte”
In these studies. The subjects are generally fasted yf.'or 10 to

(overnight) prior to d .
. rug administrati : . .
period after dosing, g tration and may continue to fast for a 2-

Analytical Methods

The analytical method used in a

. . [0
N in-vivo bj Takils . . tudy
measure the concentration of th bioavailability or bioequivalence S ¢

€ active drug ingredient or therapeutic mo1eY’

-%
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its active metabolite(s), in bo dy fluids or exc

to measure an acute [.)lola-rrnacological effect, rrrfltlcs)?ll)g r(;):mu(c)trj;tor t}zle method used
and of s uificlent SEnsitivity to measure, with appropriate _rated to be accurate
centration of the active drug ingredient or thera eg . HreCISIOn, the actual con-
lite (s), achieved in the body. peutic moiet

Reference Standard

For bloequlv?llence §tudies, one formulation of the drug is chosen as a reference
standard against which all other formulations of the drug are compared. The ref-
erence drug product should be administered by the same route as the comparison
forrn.ulatlons unles§ an. alternative route or additional route is needed to answer
specific pharmacokl.netlc questions. For example, if an active drug is poorly bioavail-
able after oral administration, the drug may be compared to an oral solution or
an intravenous injection. For bioequivalence studies on a proposed generic drug
product the reference standard is the reference listed drug (RLD), which is listed in

- Approved Drug Products with Therapeutic Equivalence Evaluations—the Orange Book
(www.fda.gov/cder/ob/default.htm), and the proposed generic drug product is of-
ten referred to as the “Test” drug product. The RLD is generally a formulation cur-
rently marketed with a fully approved NDA for which there are valid scientific safety
and efficacy data. The RLD is usually the innovator’s or original manufacturer’s
brand-name product and is administered according to the dosage recommendations
in the labeling.

Before beginning an in-vivo bioequivalence study, the total content of the active
drug substance in the test product (generally the generic product) must be within
5% of that of the reference product. Moreover, in-vitro comparative dissolution or
drug-release studies under various specified conditions are gsuz.Llly p.erfor{ned for
both test and reference products before performing the in-vivo bioequivalence
study.

Extended-Release Formulations

The purpose of an in-vivo bioavailability study involving an extexllldgd-r;:elaeszi l(;irrlrlg
product is to determine if (1) the drug product meets the cocrlltro ero-(ai etwnles out
made for it, (2) the bioavailability profile established for Ehe rlilg.s}t)ate performance
the occurrence of any dose dumping, (3) the drug product ; stf;a ye paiLis) e
is equivalent to that of a currently marketed non_e}ftende Ke ea:icokinetic perform-
(4) the drug product’s formulation provides consisteit p ';lmtﬁlit study is used for
ance between individual dosage units. A companson blgavz:lii wh)iICh the reference
the development of a new extended release drug Pro tl’l fhe active ingredient or a
drug product may be either a solution or suspensuzln ;)t e TaHlohor Capeule
currently marketed non-controll(;d reliazz :tl;lcl)flgl (I:c;-(x)"ell:? i (immediate-release) drug
. availabili a non- i
il(');;l)l{:tr;?iz’ntzf : 13::: llafb;;t)rln?g every 8 hours is compared to an extended-rel g
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of the same drug given once daily. _l"or a biocquivalc,,c‘
I release drug product, the reference drug pro dUcL[
ded release drug product listed as the RLD) i, e
according to the dosage recommendations jj, the

product containing 75 mg
study of a new generic extendlec
is the currently marketed exten
Orange Book and is administered

approved labeling.

Combination Drug Products

Generally, the purpose of an n-vivo bioavailfibility study involvir.lg a combinatigy,
drug product containing more than one active drug sul.)stana_e Is to determine j
the rate and extent of absorption of each active drug ingredient or therape,
moiety in the combination drug product is equivalent to the rate and extent (f
absorption of each active drug ingredient or therapeutic moiety administered ¢op.
currently in separate single-ingredient preparations. The reference material in such
a bioavailability study should be two or more currently marketed, single-ingredient
drug products, each of which contains one of the active drug ingredients in the
combination drug product. The FDA may, for valid scientific reasons, specify that
the reference material be a combination drug product that is the subject of an
approved NDA.

STUDY DESIGNS

For many drug products, the FDA, Division of Bioequivalence, Office of Generic
Drugs, provides guidance for the performance of in-vitro dissolution and in-vivo
bioequivalence studies. Similar guidelines appear in the United States Pharmacopeia
NF. Currently, three different studies may be required for solid oral dosage
forms, including (1) a fasting study, (2) a food intervention study, and/or (3)
a multiple-dose (steady-state) study. Other study designs have been proposed by
the FDA. For example, the FDA published two draft guidelines in October and
pecerpber 1997 to consider the performance of individual bioequivalence stud-
les using a replicate design and a two-way crossover food intervention study-
Proper study design and statistical evolution are important considerations for

Fasting Study

Bioequivalence studies are usually evaluated by a single-dose two-period, two-trea®
guant, two-sequence, open-label, randomized crossover de;ign comparing equa
doses qf the test and reference products in fasted, adult, health subjects. This study
I1s required for all immediate-release and modiﬁed-rele’ase oralydosi e f'ormS- Bo
.male and female subjects may be used in the study. Blood sam lirlg is performe
Ju§t before (zero time) the dose and at appropriate intervals afi)er t%le (Ii)ose to 0"
taln' an adequate description of the plasma drug concentration time profile. The
(siubjects s}.lo.uld l?e in the fasting state (overnight fast of at least— ll(r)n hopurS) befor®
o:}l:g admclir-nstfatlo'n and should continue to fast for up to 4 hours after dosing:

er medication is normally given to the subject for at least 1 week prior t0 L
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study. In some cases, 3
products, containing a dr

sien may be used for a dry .o,
vagrlilability. 8 product containing a drug that

Ffood Intervention Study

strips of lf)acc.)lrli, twq slices of toast -Wlth butter, 4 ounces of brown potatoes, and 8
?il;:;re; H(: Prrnoltei.nTl;;sr ;es;]t r;ez:l der:ivis approximately 150, 250, and 500-600 calo-
3 o rate, and fat, re i : i

4613dftpdf), y spectively (www. fda.gov/cder/ guidance/

For bioequivalence studies, drug bioavailability from both the test and reference
products should be affected similarly by food. The study design uses a single-dose,
randomized, two-treatment, two-period, crossover study comparing equal doses of
the test and reference products. Following an overnight fast of at least 10 hours,
subjects are given the recommended meal 30 minutes before dosing. The meal is
consumed over 30 minutes, with administration of the drug product immediately
after the meal. The drug product is given with 240 mL (8 fluid ounces) of water.
No food is allowed for at least 4 hours postdose. This study is required for all
modified-release dosage forms and may be required for immediate-release dosage
forms if the bioavailability of the active drug ingredient is known to be affected by
food (eg, ibuprofen, naproxen). For certain extended-release capsules that contain
coated beads, the capsule contents are sprinkled over soft foods such as apple sauce,
which is taken by the fasted subject and the bioavailability of the drug is then
measured. Bioavailability studies might also examine the affects of other foods and

special vehicles such as apple juice.

Multiple-Dose (Steady-State) Study

In a few cases, a multiple-dose, steady-state, randomizedT two-treatment, two—wsy
crossover study comparing equal doses of the test an.d reference produ(.:ts may }(;,‘
Performed in adult, healthy subjects. For these studies, three conse_cutcllve trougr_
concentrations (Cp;,) on three consecutive days shou.ld be de'terr.mnetott(;l :ssclfb_
tain that the subjects are at steady state. The 1.35t rpommg dos; is g1¥§EO‘Vin i
Ject after an overnight fast, with continual f'asungr f'or at leas;1 2 -ou;sé B Stu{,:i "
administration. Blood sampling is performed similarly to the sing

Cro
SSover Designs
: study criteria and have given informed

Subjects who meet the inclusion and exclusion et i Ssuplyemntilbyed,

consent are selected at random. A complete Crossover ed gh fi e product
y the reference p .

§ . R R st dru produCt an ;

' which each subject receives the te fi D bioequivalence study in human

Examples of Latin-square €rossover designs
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TABLE 15.3 LatinSquare Crossover Design for @ Bioequivalence Study of Three py,

Products in Six Human Volunteers

ey
DRUG PRODUCT P

SUBJECT Study Period 1 Study Period 2 stuam

— d3

! A g C

2 B T A

3 C - B

4 A B

5 C E A

6 B A C
S

volunteers, comparing three different drug formulations (A, B, C) or four differep
drug formulations (A, B, C, D), are described in Tab}es 10.3 fmd 10.4. The gy,
square design plans the clinical trial so that each subject receives each drug prog.
uct only once, with adequate time between medications for the elimination of (e
drug from the body (Table 15.3). In this design, each subject is his own contro),
and subject-to-subject variation is reduced. Moreover, variation due to sequence, pe-
riod, and treatment (formulation) are reduced, so that all patients do not receive
the same drug product on the same day and in the same order. Possible carryover
effects from any particular drug product are minimized by changing the sequence
or order in which the drug products are given to the subject. Thus, drug product
B may be followed by drug product A, D, or C (Table 15.4). After each subject re-
ceives a drug product, blood samples are collected at appropriate time intervals so
that a valid blood drug level-time curve is obtained. The time intervals should be
spaced so that the peak blood concentration, the total area under the curve, and
the absorption and elimination phases of the curve may be well described.

TABLE 15.4 Latin-Square Crossover Design for a Bioequivalency Study of Four Drug Products
in_16 Human Volunteers

T |

DRUG PRODUCT
SUBJECT  study Period 1 Study Period 2

3 iod &
Study Period 3 Study Period ”_

1
2 2 g C D
3 G C D A
4 D A B
5 2 A B C
6 A B D C
7 D [g C g
8 C b A
9 A 5 B

10 B 5 3

1 5 3 3

12 " P 2

13 ! A C

14 - ¢ e

15 E P -

i s A 6\ ;

C
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Period 1 Period 2
Sequence 1 T R
Sequence 2 R T

where R = reference and T = treatment.

Table '15.4 shows a design for three different drug treatment groups given in a
three-period study with six different sequences. The order in which the drug
treatments are given should not stay the same in order to prevent any bias in the
data due to a residual effect from the previous treatment.

Replicated Crossover Design

Replicated crossover designs are used for the determination of individual bio-
equivalence, to estimate within-subject variance for both the Test and Reference
drug products, and to provide an estimate of the subject-by-formulation interac-
tion variance. Generally, a four-period, two-sequence, two-formulation design is
recommended by the FDA.

Period 1 Period 2 Period 3 Period 4
Sequence 1 T R T R
Sequence 2 R T R T

where R = reference and T = treatment.
The same reference and the same test are each given twice to the same subject.
Other sequences are possible. In this design, Reference-to-Reference and Test-to-

Test comparisons may also be made.

EVALUATION OF THE DATA

Analytica] Method
The analytical method for measurement o acew
racy, precision, sensitivity, and specificity. The use of. more than one anta yeth-
method during a bioequivalence study may not be valid, b'ecauSttah dlfi;:nlent (rinand
ods may yield different values. Data should be presenteq in l?o tabu afe g
graphic form for evaluation. The plasma drug concentration-time curve for e

drug product and each subject should be available.

f the drug must be validated for accu-

P
harmacokinetic Evaluation of the Data
dy or a food intervention study, the

For single-dose studies, including a fasting.stu g1 S
Pharmacokinetic analyses include calculation for eac )

h
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ifi ation (AUCo-,) and to infinity (Ay
the'etiryg (DTS 1;;[3??:3;&::1; (;;li:ir;gtion rate constant, .k, the eliminatioy, ;loao ,
Tinaxs and Crnax- Add1 lramei'érs may be estimated. For multiple-dose studies, pha{
. ar.ld Oth]e:isp ?ncludes calculation for each subject of the steady-s[ate are;
macokinetic ana y(AUCO ), Tmaxs Cenins Cmaxs and the percent ﬂUCt_uanon (105
1(12der theC cu;\}eé 1 P;Oper statistical evaluation should be performed ¢, the
max ~ ~min minl:

estimated pharmacokinetic parameters.

life, & /2,

Statistical Evaluation of the Data

Bioequivalence is generally determined using a Com’I;?\?ssZn OEOI;SE“:Z?;H (;lvemges
of a bioequivalence metric, such as AUC and Cmax.f'dencfli)ntewai E, t}(: @ver
bioequivalence, involves the calculation of a 90% conflce 1 i rf € ratio of
averages (population geometric means) of the.bloe(_luwa ence:} etrics tor the Tes
and Reference drug products. To establish bloequ\falenC.e, the CalC.lﬂ.ated conf;-
dence interval should fall within a prescribed bioequivalence 11m¥t, usually,
80-125% for the ratio of the product averages. Standard crossover design studies
are used to obtain the data. Another approach proposed by the FDA and others
is termed individual bioequivalence. Individual bioequivalence requires a replicate
crossover design, and estimates within-subject variability for the Test and Reference
drug products, as well as subject-by-formulation interaction. Presently, on!y aver-
age bioequivalence estimates are used to establish bioequivalence of generic drug
products.

To prove bioequivalence, there must be no statistical difference between the
bioavailability of the Test product and the Reference product. Several statistical ap-
proaches are used to compare the bioavailability of drug from the test dosage form
to the bioavailability of the drug from the reference dosage form. Many statistical
approaches (parametric tests) assume that the data are distributed according toa
normal distribution or “bell-shaped curve” (see Appendix A). The distribution of
many biological parameters such as C;., and AUC have a longer right tail than
would be observed in a normal distribution (Midha et al, 1993). Moreover, the tru¢
distribution of these biological parameters may be difficult to ascertain becaust
of the small number of subjects used in a bioequivalence study. The distribution of
d:?lta'tha.t has been transformed to log values resembles more closely a normal
distribution compared to the distribution of non-log-transformed data. Therefor®
log .trz.insformation of the bioavailability data (eg, Cnax, AUC) is pelformed before
statistical data evaluation for bioequivalence determination.

Analysis of Variance (ANOVA)
An analysis of variance (ANOVA) is a statistical procedure (Appendix A) wel ¥
test the. data for differences within and between treatment and control grouP* .
blo:equlvalent product should produce no significant difference in all Pharmaco —
netc parameters tested. The parameters tested usually include AUGCo-» A UCO'O'T
tmz-xx.v and Cpp,.« obtained for each treatment or dosage form. Other metrics Ofbioavm -
abl.hty have also been used to compare the bioequivalen;:e of two or more g
lations. The ANOVA may evaluate variability in subjects, treatment group® o

u

. . (4
Ser}ol;j.i-fonulatlon, a.nd other variables, depending on the study design- _f iljc
anability in the data is large, the difference in means for each pharmacokm
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L

arameter, such as AUC, may be mas i i i
corlclUd? t.hat tl}e two drug pyroducts ::: ,b?:g]ltll':\?all:rrisugator SR
A statistical difference between the pharmacokinetic parameters obtained fr
two or more drug products is considered statistically significant if there is a rzrti
ability of less than 1 in 20 times or 0.05 probability (p < 0.05) that these rssult
would have happened on the basis of chance alone, The probability, p, is used ts
indicate the level of statistical significance. If p < 0.05, the difference; ﬁ’etwefsri tho
two drug products are not considered statistically significant. )
To reduce the pos§ibility of failing to detect small differences between the test
products, a pow_er lest 1s performed to calculate the probability that the conclusion
of the ANOVA is valid. The power of the test will depend on the sample size, vari-
ability of the data, and desired level of significance. Usually the power is set a; 0.80
with a B = 0.2 and a level of significance of 0.05. The higher the power, the m(;re
sens?i(;re the test and the greater the probability that the conclusion of the ANOVA
is valid.

Two One-Sided Tests Procedure

The two one-sided tests procedure is also referred to as the confidence interval ap-
proach (Schuirmann, 1987). This statistical method is used to demonstrate if the
bioavailability of the drug from the Test formulation is too low or high in com-
parison to that of the Reference product. The objective of the approach is to de-
termine if there are large differences (ie, greater than 20%) between the mean
parameters.

The 90% confidence limits are estimated for the sample means. The interval
estimate is based on a Student’s ¢ distribution of the data. In this test, presently
required by the FDA, a 90% confidence interval about the ratio of means of the two
drug products must be within £20% for measurement of the rate and extent of drug
bioavailability. For most drugs, up to a 20% difference in AUC or Cmax between two
formulations would have no clinical significance. The lower 90% confidence inter-
val for the ratio of means cannot be less than 0.80, and the upper 90% confidence
interval for the ratio of the means cannot be greater than 1.20. When log-transformed
data are used, the 90% confidence interval is set at 80—-125%. These confidence lim-
its have also been termed the bioequivalence interval (Midha et al, 1993). The 90%
confidence interval is a function of sample size and study variability, including inter-

and intrasubject variability.

For a single-dose, fasting study,
formed on the log—transformed AUC a
cal differences between the mean AUC and Cn,
and Reference drug products. In addition, the
ratio of the means for AUC and Cnax Values o
be less than 0.80 (80%) nor greater than 1.25 (125%
Product based on log-transformed data.

an analysis of variance (ANOVA) is usually per-
nd Cpax values. There should be no stat1§t1—
ax parameters for the Test (generic)
90% confidence intervals about the
f the Test drug product should not
) of that of the Reference

BIOEQUIVALENCE EXAMPLE

i i - asti dy is shown in
A simulated example of the results for a single-dose, fasting s.tu' y is
Table 155 anec;(in IFT)igure 15-8. As shown by the ANOVA, no statistical differences
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~~
a Generic (Test) and Brand-Name (Reference| Drug

90% AR A

CONFIDENCE p VALUES
INTERVAL FOR  POWER
GEOMETRIC MEAN % (LOWER LIMIT, PRODUCT  OF
Test  Reference RATIO UPPER LIMIT) EFFECTS ANOvA

h v
966  (895112) 03586  0879)

TABLE 15.5 Bioavailability Comparison of
Products (Log-Normal Transformed Data)

‘VARIABLE  UNITS

L 34479 356.81 79

,E'Jacxo_t nggrf?mL 2659.12  2674.92 99.4 (95.1,:8;1) 8-2{;(7); 1.0000 2.68‘;’;

Aic, 2708.63 2718.52 99 6 (95.4, ) . 1.0000 '220%
Tmax hr 4.29 2 LG
T 1/hr 0.0961 0.0980  98.1
tis2 hr 8.47 8.33 101.7

—_h-—ﬁ"""--—-

The results were obtained from a two-way, crossover, single-dose study in 36 fasted, healthy, adult male 3nq Fermae

volunteers. No statistical differences were observed for the mean values between Test and Reference prodgcs

for the pharmacokinetic parameters AUCq_,, AUG_ o, and Cnax were observed pe.
tween the Test product and the brand-name product. The 90% confidence Limits
for the mean pharmacokinetic parameters of the Test product were within
0.80-1.25 (80-125%) of the reference product means based on log transformation
of the data. The power test for the AUC measures were above 99%, showing good
precision of the data. The power test for the Cpax values was 87.9%, showing that
this parameter was more variable.

Table 15.6 shows the results for a hypothetical bioavailability study in which three
different tablet formulations were compared to a solution of the drug given in the
same dose. As shown in the table, the bioavailability from all three tablet formula-
tions was greater than 80% of that of the solution. According to the ANOVA, the

350
300
250
200
150

100

Plasma Drug Concentration (ng/mlL)

50

1 1
22 24 26 28 30 32 34 36
Time (hr)

Figure 15-8.
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Cmax
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Imax
pOSAGE FORM (rg/mL) (hr) ‘ ;:;Urf:;rzr:L; , . 70% CONFIDENCE
m 16.1 £ 2.5 154 F INTERVAL FOR AUC
5%0.85 1835 +
Tablet A 10.5 * 3.2¢ 2.5% 1 0c 1523 - P2
Tab:etcB: :i.; 2 g(l) 21098 1707+ ;?; 2; 74-90%
/Tf-bjt— Y | 18+095 1762 % 295 o4 9?8;8322

aThe bicavailability of a drug from four different formu!
(atin-square CrosSOver design. The results represent the
203 pioavailability relative to the solution.

cps 005

ati ied i
10ns was studied in 24 healthy, adult male Subjects usin,

Mean % standard deviation, g a four-way

% confidence interval for the AUC showed th
. . oqe at
for tablet A, the bloavallablhty was less than 80% (ie, 74%), compared to the solution

at the lc.)w-rangfe estimate and would not be considered bioequivalent based on AUC.

For 1llustr'flt1ve purposes, consider a drug that has been prepared at the same
dosage level in three formulations, A, B, and C. These formulations are given to a
group of volunteers using a three-way, randomized crossover design. In this experi-
mental design, all subjects receive each formulation once. From each subject, plasma
drug level and urinary drug excretion data are obtained. With these data we can ob-
serve the relationship between plasma and urinary excretion parameters and drug
bioavailability (Fig. 15-9). The rate of drug absorption from formulation A is more
rapid than that from formulation B, because the #,,, for formulation A is shorter.
Because the AUC for formulation A is identical to the AUC for formulation B, the
extent of bioavailability from both of these formulations is the same. Note, however,

A
£ AUC, = AUGC,
e AUC. = 0.5 AUC,
2
0 T
§ r
)
o
—
Time
B
o ——
£
5 L
£
1]
;g * A
£ | . —
3
s |
‘§
3k =
E & 1 ' lots relating plasma
U Figure Las COrres‘pond‘en?:rstion data.
| : : 1 I concentration and urinary €x
Time

 —————————————
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TABLE 15.7 Relationship of Plasma Level and Urinary Excretion Parameters

to Drug Bioavailability —
F
EXTENT OF DRUG RATE awongg
BIOAVAILABILITY DECREASES BIOAVAILABILITY DECREASES
= e |
Parameter Change
Change
Parameter ——
it Lot Same frnax Increase
rg‘“ Decrease Crax Decrease
Aﬂacx Decrease AUC Same
Ur[i::e e Same Increase
Decrease
dD, /dt] max* Decrease
E)[f Decrease Same
e ——

2 Maximum rate of urinary drug excretion.

the Cpax for A is higher than that for B, because the rate of drug absorption is more
rapid.

The Cpax is generally higher when the extent of drug bioavailability is greater.
The rate of drug absorption from formulation C is the same as that from formu-
lation A, but the extent of drug available is less. The Cpax for formulation Cis less
than that for formulation A. The decrease in Cyax for formulation C is propor-
tional to the decrease in AUC in comparison to the drug plasma level data for
formulation A. The corresponding urinary excretion data confirm these observa-
tions. These relationships are summarized in Table 15.7. The table illustrates how
bioavailability parameters for plasma and urine change when only the extent and
rate of bioavailability are changed, respectively. Formulation changes in a drug
product may affect both the rate and extent of drug bioavailability.

STUDY SUBMISSION AND DRUG REVIEW PROCESS

The contents of New Drug Applications (NDAs) and Abbreviated New Drg
Applications (ANDAs) are similar in terms of the quality of manufacture (Table 158)

TABLE 15.8 NDA Versus ANDA Review Process

BRAND-NAME DRUG
NDA REQUIREMENTS

_—-—"-‘-J-/
GENERIC DRUG ANDA
REQUIREMENTS —

1. Chemistry 1. Chemistry

2. Manufacturing 2. Manufacturing
3. Controls 3. Controls

4. Labeling 4. Labeling

5. Testing 5. Testing

6. Animal studies

. ] 6. Bioequivalence
7. Clinical studies q

8. Bioavailability

/

Source: ;
ce- Center for Drug Evaluation & Research, U.S. Food & Drug Administration
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D ies. € animal, clinjcal, and pharmacokinetic
An outline for the submission
. of a com
to the FDA is shown in Table 15.9. Ck? P letefi bloavallablllt}’ study for submission

ANDA applications, the FDA Office
shown in Figure 15-10. If the applica
submission and the sponsor will rec

9f Generic Drugs reviews the entire ANDA as
tion 1s incomplete, the FDA will not review the
eive a Refusal to File letter.

Waivers of In-Vivo Bioequivalence Studies (Biowaivers)

In some cases, in-vitro dissolution testing may be used in lieu of in-vivo bioequiva-
lence studies. When the drug product is in the same dosage form but in different
strengths, and is proportionally similar in active and inactive ingredients, an in-vivo
bioequivalence study of one or more lower strengths can be waived based on the
dissolution tests and an in-vivobioequivalence study on the highest strength. Ideally,
if there is a strong correlation between dissolution of the drug and the bioavail-
ability of the drug, then the comparative dissolution tests comparing the test prod-
uct to the reference product should be sufficient to demonstrate bioequivalence.
For most drug products, especially immediate-release tablets-and capsules, no
strong correlation exists, and the FDA requires an in-vivo bioequlvalenc'e study. For
oral solid dosage forms, an in-vivo bioequivalence study may be.: rec!ulred. to sup-
port at least one dose strength of the product. Usually, an in-vivo bloequlvalen;e
study is required for the highest dose str<.3ngt}T. If _the lovaer-dose-stren%th testnz)r(;n. ‘
uct is substantially similar in active and inactive ingredients, then only a Cl;)e ped
son in-vitro dissolution between the test and bra}nd-n%lme fo.rm;(l)z(l)t.lons rlr:)ag’—m uz nd-

For example, an immediate-release tablet is axgilllabler ;nmadeﬂtlfé <y %v,ay ”
50-mg strengths. The 100- and 50-mg—st.rengt}.1 tla e;s ;udy e DA G, the
the higheststrength tablet. A human blo.eql?;va(;i?si)lution studies are performed
highest or 200-mg strength. Comparative znizzt;t; g prachs P
on the 100-mg and 50-mg dose Strengths.d stemically, are well correlated with
bioavailability problems, are well absorbe_ S}; afety, then arguments for not per-
in-vitro dissolution, and have a large margin of safcly.

i { lation of
ilabili be valid. Methods for cor.re :
forming an o biogails 17 Smd');z-r;:z drug bioavailability are discussed in

/17 Wmoliiiciy of, the S i does not need to perform additional ¢n-vivo
L 7. The manufactute? i roducts meet all in-vitro
bioelzlilei:/zlllt::l (:ulldies on the lower-strength products if the p

e

criteria.
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TABLE 15.9 Proposed Format and

| e e
ITY AND BIOEO\UIVALENCE \

CHAPTER 1. BIOAVAILABIL

Contents of an in-

~——

a8

Vivo Bioequivalence Study SumeSSion an
d

—

L

Accompanying inVitro Data

Title page
Study title

Name of sponsor .
Name and address of clinical laboratory

Name of principal investigator(s)

Name of clinical investigator

Name of analytical laboratory

Dates of clinical study (start. completion)
Signature of principal investigator (and date)
Signature of clinical investigator (and date)

Table of contents

Study Résume
Product information
Summary of bioequivalence study
Summary of bioequivalence data
Plasma
Urinary excretion
Figure of mean plasma concentration-time profile
Figure of mean cumulative urinary excretion
Figure of mean urinary excretion rates

. Protocol and Approvals

Protocol

Letter of acceptance of protocol from FDA

Informed consent form

Letter of approval of Institutional Review Board

List of members of Institutional Review Board

Clinical Study

Summary of the study

Details of the study

Demographic characteristics of the subjects

Subject assignment in the study

Mean physical characteristics of subjects
arranged by sequence

Details of clinical activity

Deviations from protocol

Vital signs of subjects

Adverse reactions report

. Assay Methodology and Validation

Assay method description

Validation procedure

Summary of validation

Data on linearity of standard samples

Data on ?nterday precision and accuracy

Qata onintraday precision and accurac

Figure for standard curve(sj for low/high ranges

Chromatograms of sta
Nndard i
samples and quality control

Sample ca tu htion

Modifi

o ;
d from Dighe and Adams () 991). with permission,

V.

Vil

VIII.

Pharmacokinetic Parameters and Tegy <

Definition and calculations

Statistical tests

Drug levels at each sampling tme anqg
pharmacokinetic parameters

Figure of mean plasma concentration ~time
profile

Figures of individual subject plasma
concentration-time profiles

Figure of mean cumulative urinary
excretion

Figures of individual subject cumulative Urinary
excretion

Figure of mean urinary excretion rates

Figures of individual subject urinary excresion
rates

Tables of individual subject data arranged by
drug, drug/period, drug/sequence

. Statistical Analyses

Statistical considerations

Summary of statistical significance

Summary of statistical parameters

Analysis of variance, least squares estimates and
least-squares means

Assessment of sequence, period, and treatment
effects

90% Confidence intervals for the difference
between Test and Reference products for
the log-normal-transformed parameters of -
AUC,_,, AUC,_.,, and Cmax Should be witin
80% and 125%

Appendices

Randomization schedule

Sample identification codes

Anatytical raw data

Chromatograms of at least 20% of subjec®

Medical record and clinical reports

Clinical facilities description

Analytical facilities description

Curricula vitae of the investigators

In-Vitro Testing

Dissolution testing

Dissolution assay methodology

Content uniformity testing

Potency determination

- Batch Size and Formulation

Batch record

Quantitative formulation_/
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M 10 General Elements of 3 Biopharmaceutics Review
Inroduction
Study design Sclézr?naerr{tsa nd analysis of data
Study objective(s) Deficiencies
Assay description and validation Recommendati
Assay for individual samples checked é

L G—

DissOlUﬁon Profile Comparison

Comparative dissolution profiles are used as (1) the basis for formulation de-
velopment of bioequivalent drug products and proceeding to the pivotal in-vivo
bioequivalence study; (2) comparative dissolution profiles are used for demon-
strating the equivalence of a change in the formulation of a drug product after
the drug product has been approved for marketing (see SUPAC in Chapter 16);
and (3) the basis of a biowaiver of a lower-strength drug product that is dose

proportional in active and inactive ingredients to the higher-strength drug
product.

Appliconl J—-

No Refuse to File Letter

 ——— .

Figure 1510, Generic drug review
Process,

OUrce: Office of Generic Drugs, Center for
Bvaluation & Research, U.S. Food &
P Adminisration.

ANDA APPROVED
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thematical method was developed by Moore ”m

A model-independentma . . .
(1996) to compare dissolution profiles using tWo fal():tors, fi agld % The fay -
known as the similarity factor, measures the closeness between the two Profile, b,

CHAPTER15._

n

f, =50 X log {[1 + %Z(Rl —~ Tl)ﬂ]—5 X 100}

t=1

oints, Ry is the dissolution value of the Referen
Ce

atch o

where n is the number of time poin ;
product at time {, and T; is the dissolution value of the Test product },

time (. )

The Reference may be the original drug product before a formulation change
(prechange) and the Test may be the drug product after the formulation ,,
changed (postchange). Alternatively, the Reference may be the higherstrep
drug product and the Test may be the lower-strel_'lgth drug PrOd}JCt- The £ com.
parison is the focus of several FDA guidances and is of regulatory interest in ky,,
ing the similarity of the two dissolution curves. When the two prqﬁles are identica),
fz = 100. An average difference of 10% at all measured time points results ina ,
value of 50. The FDA has set a public standard for f; value between 50 and 100 ¢
indicate similarity between two dissolution profiles.

In some cases, two generic drug products may have dissimilar dissolution pro-
files and still be bioequivalent in-vivo. For example, Polli et al (1997) have shown
that slow-, medium-, and fast-dissolving formulations of metoprolol tartrate tablets
were bioequivalent. Furthermore, bioequivalent modified-release drug products
may have different drug release mechanisms and therefore different dissolution
profiles. For example, for theophylline extended-release capsules, the United States
Pharmacopeia (USP) lists 10 individual drug release tests for products labeled for
dosing every 12 hours. However, only generic drug products that are FDA approved

as bioequivalent drug products and listed in the current edition of the Orange Book
may be substituted for each other.

THE BIOPHARMACEUTICS CLASSIFICATION
SYSTEM (BCS)

A theoretical basis for correlating in-vitro drug dissolution with in-vivo bioavailab!
Ny .developed by Amidon et al (1995). This approach is based on the aque.ous
solubility of the drug and the permeation of the drug through the gastrointesun '
tract. The classification system is based on Fick’s first T2 ap%) lied to a mem rane:

jw 3 PW(“W
. ) ¢ anf
/time) through the intestinal Wagleadnlg

lity of the membrane, and G 18
mbrane surface.

where [, is the drug flux (mass/area
position and time, P, is the permeabi
concentration at the intestinal me

- Thti)s approach ass.u.mes that no other components in the formulation o
ten; rane Perme?}blllty and/or intestinal transport. Using this approach, ot
iep?esérll?;?) (sltudled the Sf)lubility and permeability characteristicS © ];.]l)
ve drugs and obtained a biopharmaceutjc drug classification (Ta el i

for predicting the jn-y;
¢ n-vitro drug dissolution of j : lid o
- PR of i 2 soll
products with in-viyg absorption. Ttiaterslease
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15.11 Biopharmacey; i i
ﬂ-———— utics Classification System
CLASS SOLUBILITY PERMEABILITY

/————_ 5
High NMMENTS

s | '

Clas Drug dissoives rapidly and is wer absorbed
Bioavailabiiity problem is not expected for
!mmediate release drug products.

DFUQ s dissolution limited and well absorbed.
Bioavailability is controfied by the dosage form
anq rate of release of the drug substance.

Drug IS permeability fimited. Biocavailability may
Ze lnlcor;plete if drug is not released and

Issolved within absorption window.
Class 4 Low Low Difficulty in formulating ap drug product that will
deliver consistent drug bioavailabiiity. An alter-
nate route of administration may be needed.

class 2 Low High

Class 3 High Low

From FDA Guidance for industry: Waiver of In Vivo Bioavailabiity and Bioequivalence Studies for immediate Release
Solig Oral Dosage Forms Containing Certain Active Moieties/Active Ingredients Based on a Biopharmaceutics
Ciassification System (2000), and Amidon et al [1995).

The FDA may waive the requirement for performing an in-vivo bioavailability or
bioequivalence study for certain immediate-release solid oral drug products that
meet very speciﬁc criteria, namely, the permeability, solubility, and dissolution of
the drug. These characteristics include the in-vitro dissolution, of the drug prod-
uct in various media, drug permeability information, and assuming ideal behavior
of the drug product, drug dissolution, and absorption in the GI tract. For regula-
tory purpose, drugs are classified according to the Biopharmaceutics Classification
System (BCS) in accordance the solubility, permeability, and dissolution charac-
teristics of the drug (FDA Guidance for Industry, 2000; Amidon et al, 1995).

Solubility

An objective of the BCS approach is to determine the t.tquilibrium solubil_ity (?f a

drug under approximate physiologic conditions. For this purpose, delte;ll'n.matllon

of pH-solubility profiles over a pH range of 1-8 is suggested. :The so uﬁl. ity class

is determined by calculating what volume of an aqueous med-lum is su lslﬁ?thtlo

dissolve the highest anticipated dose strength. A drug substance 1s coln51 e;e u1§) uz

soluble when the highest dose strength is solub!e in 250 mL or less of aq
Jume estimate of 250 mL is derived from

medium over the pH range 1-8. The vo ; f 2 r -
typical bioequivalegce study protocols that prescribe admnr;ns::tl:ron of a drug prod
uct to fasting human volunteers with a glass (8 ounces) of water.

l)""meability
Studies of the extent of absorption in huma ;i To he clas
€an be used foe(;(ef:rmine the};)ermeability class memb::;.::rllpt gtf :bif) l;gt iorci o
sified as highly permeable, a test drpg ShOUI(ialll;;ﬁyacl;laracteristics of the drug sub-
in humaps, Supportive information on perm

i i ti , octanol:
Stance should also be derived from its physncal-chemlcal properties (eg

Water partition coefficient). cability oFa
Some methods to determine thf? perm cusion studi
Nal tract include: (1) in-vivo intestinal per

ns, or intestinal permeability methods,

drug from the gastrointesti-
es in humans; (2) in-vivo or
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. . . (8) in-vitro permeation experi

N . .- studies in animals; ( rme e
zn:sztu mt‘?su(;l ?:uprﬁfﬁ S(l)? animal intestinal tissuesg and.(4) ml.lmt;i] Perme?tion o
HEHIg ex:sls;cross a monolayer of cultured human intestinal cells. ben using the
pex:}rln‘:ir; the experimental permeability data should correlate with the Know,
methods, :
extent-of-absorption data 1n humans.

Dissolution

s is based on the in-vitro dissolution .ra.te of an immediage.
release drug product under specified test conditions and is mFended to infiiCate
rapid in-vivo dissolution in relation to the average rate of gastric emptying in by,
mans under fasting conditions. An immediate-release drug product is considereq
rapidly dissolving when not less than 85% of the label amount of drug substapce
dissolves within 30 minutes using USP Apparatus I (sef: Chapter 14) at IOO'Ipm oF
Apparatus II at 50 rpm in a volume of 900 mL or less 1n each_ of thfe following me-
dia; (1) acidic media such as 0.1 N HCI or Simulated Gastric Fluid USP withoyt
enzymes, (2) a pH 4.5 buffer, and (3) a pH 6.8 buffer or Simulated Intestinal Fluid
USP without enzymes.

The dissolution clas

Drug Products for Which Bioavailability
or Bioequivalence May Be Self-Evident

3. The drug product

The best measure of a drug product’s performance is to determine the n-vivo
bioavailability of the drug. For some well-characterized drug products and for
certain drug products in which bioavailability is self-evident (eg, sterile solutions
for injection), in-vivo bioavailability studies may be unnecessary or unimportant
to the achievement of the product’s intended purposes. The FDA will waive the
requirement for submission of in-vivo evidence demonstrating the bioavailability
of the drug product if the product meets one of the following criteria (U.S. Code
of Federal Regulations, 21 CFR 320.22). However, there may be specific re-

quirements for certain drug products, and the appropriate FDA division should
be consulted.

1. The drug product (a) is a solution intended solely for intravenous administ

Ef)n an(.i (b) contains an active drug ingredient or therapeutic moiety com-
ined with the same solvent and in the same concentration as in an intravenots

solution that is the subject of an approved, full, New Drug Application.

2. The. drug product is a topically applied preparation (eg, a cream ointment
g}‘:l Intended for local therapeutic effect). The FDA has’released ’guidances for
; e pflrrformance of bioequivalence studies on topical corticosteroids and an®
ungal agents. The FDA is also considering performing dermatophannacokl-

netic (DPK) studies on other topical drug products. In addition, in-vitro 43
release and diffusion studies may be required ’

sorbed (eg, an antals-(lin 'y Oral. dosage form that is not intended to b€ '?Z:

lenc d', o' or a radiopaque medium). Specific in-vitro bioeq"
€ studies may be required by the FDA. Féreexampla: thasbiod uivalenc®

of cholestyramine resin is demonstrated jn-y Faper Pgeoe +ds tO

the resin. itro by the binding of bile acl

4
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4. The drug product meets both of th
a. It is administered by inhalation
an inhalation anesthetic).
b. It contains an active dru
dosage form as a drug pr
Drug Application (NDA).
5. The drug product meets all of the following conditions:
a. Itisan qral soluti<?n, elixir, syrup, tincture, or similar ;)ther solubilized form
b. It conta}ms an active drug ingredient or therapeutic moiety in the same con:
centration as a drug product that is the subject of an approved, full, New
Drug Application. ’ ’
c. It contains no inactive ingredient that is known to significantly affect ab-
sorption of the active drug ingredient or therapeutic moiety.

e following conditions:
as ici
a gas or vapor (eg, as a medicinal or as

gdlngrediept or therapeutic moiety in the same
oduct that is the subject of an approved, full, New

GENERIC BIOLOGICS

Biologics, in contrast to drugs that are chemically synthesized, are derived from liv-
ing sources such as human, animal, or microorganisms. Many biologics are complex
mixtures that are not easily identified or characterized and are manufactured by
biotechnology. Other biological drugs, such as insulin and growth hormone, are
proteins derived by biotechnology and have been well characterized.

Presently, there is no FDA regulatory pathway to establish the bioequivalence
of a biotechnology-derived drug product. Scientifically, there are advocates for
and against the feasibility for the manufacture of generic biotechnology-derived
drug products (generic biologics) that are bioequivalent to the innovator or
brand-drug product.

Those opposed to the development of generic biologics have claimec.l t}}at
generic manufacturers do not have the ability to fully characterize the active in-
gredient(s), that immunogenicity-related impurities may be present in the prod-
uct, and that the manufacture of a biologic drug product is process dependent.

Many biologic drug products are given parenterally. The eﬂjlcac.y of th.e biologic
may be affected by the development of antibodies to .the active ingredient or to
product-related impurities. The degree of immunogenicity and subsequent antibody
formation to a foreign peptide or protein will alter the eﬁ.ic'acy of 'the drug.
Antibodies can increase bioavailability if they are not neutr-allzl.ng, which would
result in higher drug levels in the body. In contrasst, antlbodlt?s can dlecriﬁzf;
bioavailability of the biologic drug by formding ;n ann.bogly;{)r;(;tce;n complex
results in e in drug distribution and a change 1n - ‘

AdV(;caEtle(s:h;:)r:'gthe manifacture of generic biologics argue that b'lo%qulvaltzlnt
biotechn010gy.derived drug products can be made on a case-by-case basis. hurren i)r';
manufacturers of marketed biotechnology drugs.may seek to make c an.ges !
the manufacturing process used to make a partlc.ular_produc:i for a vfziltitzi :
reasons, including improvement of product quah.ty, yield, an rpanu ductiog
efﬁCiency. These manufacturers have developed improvements mfpro o
methods, process and control test methods, and test methods for pro

characterization.
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For example, a biologics manufa.cturer instiugtes aftcharclge in1 it§ manufacturi
process, before FDA approval of its Product ut? ::r Ortnp €tion of 5 Pivoty
clinical study. The FDA may not require the.manu acturer to perform add
clinical studies to demonstrate that the resul.tmg product is still safe, pure, anq
tent. Such manufacturing process changes, implemented befo're or after produ:;
approval, have included changes lmplemente.d durlfl.g.expanSlon from pilotﬁcale
to full-scale production, the move of production facilities from one legal entiy .
another legal entity, and the implementatfon of c}.lz}ng<?s n dlffer.ent stages of the
manufacturing process such as fermentation, purification, anq'formulation_ The
manufacturer may be able to demonstrate product comparability betweep a big,.
logical product made after a manufacturing change (“new” product) and 4 Prod-
uct made before implementation of the change (“old” product) through differen
types of analytical and functional testing, with or without preclinical animal (e,
ing. The FDA may determine that two products are comparable if the resylts of
the comparability testing demonstrate that the manufacturing change does not 4f.
fect safety, identity, purity, or potency (FDA Guidance Concerning Demonstration, of
Comparability of Human Biological Products, Including Therapeutic Biotechnology-Derived
Products, 1996). The FDA currently requires that manufacturers should carefully as
sess manufacturing changes and evaluate the product resulting from these changes
for comparability to the preexisting product. Determinations of product compa-
rability may be based on chemical, physical, and biological assays and, in some
cases, other nonclinical data.

It is important to note that the FDA uses such terms as comparable and similar
for approval of manufacturing changes of biologic drug products (FDA Guidanc,
1996). In contrast, the FDA uses the term bioequivalence for approval of manufac-
turing changes of drug products that contain chemically derived active ingredients.
Advocates for the manufacturer of generic biologics feel that the science and tech-
nology for the manufacture of certain bioequivalent biologic drug products are
already available. Moreover, if the innovator manufacturer of a marketed biologic
dru.g. product can perform a manufacturing change and demonstrate the comp®
rability of the “new” to the “old” marketed biologic drug product, then a genent

manufacturer should be able to use similar techniques to demonstrate bioequiv
lence of the generic drug product.

tiong

CLINICAL SIGNIFICANCE OF
BIOEQUIVALENCE STUDIES

Bloequivglence of different formulations of the same drug substance involves equ™
alence' W“_h Tespect to rate and extent of systemic drug absorption. Clinical interi
pretation is important in evaluating the results of a bioe uivalence study: A smal,
cﬁfferepce between drug products, even if statistically si n(i]ﬁcant may produce very
little difference in therapeutic response. Generally?, twgo formu’lations whos€ ratt

and extent of absorption differ b . ' S
. . y 20% or less are considered bioequivale™ |
Report by t.he Bioequivalence Task Force (1988) considered that difference’ o léiiy
than 20% in AUC and G,,,, between ini?

- e . ) drug products are “unlikely to be € f
?gn.lhcant In patients.” The Task Force further stated that “clini};al studics (E)fVS
ectiveness have difficulty detecting differences in doses of even 50-

4
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Therefore, normal variation is obseryeq

may vary among individuals greater tharl1n2r(l)]‘§6dical preance anc pLsthirtiivg lewls

cording to Westlake g
bio::railabili%y from two or( ln?ng ,josszlg?gl;g;?;lﬂmally e L (-iifference s
controlled and the number of subjects is sy e i g ey

m : sufficiently large. When the th i

biectives of the drug are considered (Cntly large en the therapeutic
o)< ) red, an equivalent clinical
obtained from the comparison dosage forms if response should be

; thd i i 1 t'he plasma drug concentrations re-
main above the minimum effective concentration (MEC) for an appropriate i
terval and do not reac.h the minimum toxic concentration (MTC) 'IF‘)}}:ereE)fgree tll?e-
;Illgrstcllgiitizzlﬂélflfsltc:eo:;;.der whether any statistical difference in bioavailability would

Special populations, such as the elderly or patients on drug therapy, are gen-
erally not used for bioequivalence studies. Normal, healthy volunteer; are pre-
ferred for bioequivalence studies, because these subjects are less at risk and may
more easily endure the discomforts of the study, such as blood sampling.
Furthermore, the objective of these studies is to evaluate the bioavailability of the
drug from the dosage form, and use of healthy subjects should minimize both in-
ter- and intrasubject variability. It is theoretically possible that the excipients in
one of the dosage forms tested may pose a problem in a patient who uses the
generic dosage form.

For the manufacture of a dosage form, specifications are set to provide unifor-
mity of dosage forms. With proper specifications, quality control procedures should
minimize product-to-product variability by different manufacturers and lot-to-lot
variability with a single manufacturer (see Chapter 16).

SPECIAL CONCERNS IN BIOAVAILABILITY
AND BIOEQUIVALENCE STUDIES

The general bioequivalence study designs and evaluation, such as the comparison
of AUC, Cpax, and fmax, may be used for systemically absorbed drugs and con-
ventional oral dosage forms. However, for certain drugs and d.osage forms, sys-
temic bioavailability and bioequivalence are difficult to ascertain (Table 15.12).

TABLE 15.12 problems in Bioavailability and Bioequivalence

D i i i . .
ngs With high intrasubject variability lnhalatlcl)n_
iotgasn“?th long elimination half-life IththaS ;rlnc
Plormation of drugs ntrana
' i [ hould not produce peak drug
tfreoselnge drug metabolism Bioavailable drugs that s p
193 with active metabolites levels

Potassium supplements

TUgs with - [
o polymorphic metabolism Endogeneous drug levels

al 0
bioavailabye drugs (drugs intended for local effect)

acids Hormone replacement therapy
Loca, dnesthetics Biotechnolog)fdgrived drugs
tl"”fectives Erythropoietin interferon

Protease inhibitors
Complex drug substances
Conjugated estrogens

t"'nﬂamrnatOry steroids

e .
rag forms for nonoral administration
Nsderma)

053
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orine, chlorpromazine, verapamil, js

o > . Orbid

4 be highly variable if the intrasubje e

.. indac) are considered to . ject vyt

dll}l_tra_te, bsl'l:)l;:ai:il:l))ility parameters is greater than 30% by z;naly§ls of Variance Cn
Z?fl'llézg? of variation (Shah et al, 1996). The number of subjects re

quireq
to
demonstrate bioequivalence

Drugs and drug products (€g; cyclosp

for these drug products may be excessive, Tequir,

han 60 subjects to meet current Fl,)A bioequivalence cr}terla, The ingry.
more than h ) + be due to the drug itself or to the drug formulatigy, or
eZUi\./alence guidelines need to be changed for these highly variable drugs (Shah
a complete plasma drug concentration—time curve (feaqfliree ffhmmatlon half{jye,
or an AUC representing 90% of the total. AUC) may be dificult to cbtain for 3
bioequivalence study using a crossover design. For these drugs, a truncated (shyy,
ened) plasma drug concentration-time curve (0-72 hr) may be more practic
The use of a truncated plasma drug concentration-time curve allows for the Mea-
surement of peak absorption and decreases the time and cost for performing the
bioequivalence study.

Many drugs are stereoisomers, and each isomer may give a different pharma-
codynamic response and may have a different rate of biotransformatjon. The
bioavailability of the individual isomers may be difficult to measure because of prob-
lems in analysis. Some drugs have active metabolites, which should be quantitated
as well as the parent drug. Drugs such as thioridazine and selegilene have two ac-
tive metabolites. The question for such drugs is whether bioequivalence should be
proven by matching the bioavailability of both metabolites and the parent drug.
Assuming both biotransformation pathways follow first-order reaction kinetics, then
the metabolites should be in constant ratio to the parent drug. Genetic variation
in metabolism may present a bioequivalence problem. For example, the acetylation
of. procainamide to N-acetylprocainamide demonstrates genetic polymorphism,
with two groups of subjects consisting of rapid acetylators and slow acetylators. To
decrease intersubject variability, a bioequivalence study may be performed on
only one phenotype, such as the rapid acetylators.

Some drugs (eg, benzocaine, hydrocortisone, anti-infectives, antacids) are i
tended for local effect and formulated as topical oj

) , absorbable drugs, a “surrogate” marker is
EZE(tlreacllif?nr bloequ.lvalence determination (Table 15,1g3)_ For exa%nple, the acio”

‘ g capacity of an oral antacid and the binding of bile acids to cholest™
¢ markers in lieu of in-vivo bioequi"alencc

: Y produce only partial systemic bioavailabil
asthma, inhalation of the drug (eg’ albu}tlerol, beclomethaSO“e

een used imi .
10 maximize drug in the respiratory passages 2"
y 1ty maY

dipropionate) has b
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P

ABLE 5.13 Possible Surrogate Markers for Bioequivalence Studies
T /
/V

POSSIBLE SURROGATE MARKER

pRUG PRODUCT DRUG FOR BIOEQUIVALENCE
otered-dose inhaler Albuterol ‘ Forced expiratory volume (FEV)
ical steroid _ Hydrocortisone Skin blanching
Toz)nexchange resin Cholestyramine Binding to bile acids
N]tacid Magnesium and aluminum Neutralization of acid
fi hydroxide gel
ropical antifungal Ketoconazole Drug uptake into stratum corneum

and in the surface area of the skin to which the transdermal delivery system is ap-
plied. Thus, the determination of bioequivalence among different manufacturers
of transdermal delivery systems for the same active drug is difficult. Dermatokinetics
are pharmacokinetic studies that investigate drug uptake into skin layers after top-
ical drug administration. The drug is applied topically, the skin is peeled at vari-
ous time periods after the dose, using transparent tape, and the drug concentra-
tions are measured in the skin.

Drugs such as potassium supplements are given orally and may not produce the
usual bioavailability parameters of AUC, Gpayx, and #max. For these drugs, more in-
direct methods must be used to ascertain bioequivalence. For example, urinary
potassium excretion parameters are more appropriate for the measurement of
bioavailability of potassium supplements. However, for certain hormonal replace-
ment drugs (eg, levothyroxine), the steady-state hormone concentration in hypothy-
roid individuals, the thyroidal-stimulating hormone level, and pharmacodynamic
endpoints may also be appropriate to measure.

GENERIC SUBSTITUTION

To contain drug costs, most states have adopted generic substitution laws to
allow pharmacists to dispense a generic drug product for a brand-name drug
product that has been prescribed. Some states have adopted a positive formulary,
which lists therapeutically equivalent or interchangeable drug p.I'Odl.lCtS that
pharmacists may dispense. Other states use a negative formulary, wyhlch lists drug
products that are not therapeutically equivalent, and/or the mterchange of
which is prohibited. If the drug is not in the negati\fe fbrmulz}ry, the unlisted
generic drug products are assumed to be therapeutically equivalent and may
be interchanged.

iPproved Drug Products with Therapeutic Equivalence
Valuations (Orange Book)
Due to public demand, the FDA Center for Drug Evaluation and Resea‘rch pubhshe.s
annually a listing of approved drug products, Approved Drug Products with Therapeutic
Equivalence Evaluations (commonly known as the Orange Book). The Orange Book
is available on the Internet at www.fda.gov/ cder/ob/default.htm.
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A Codes

Drug products considered to be therapeutically equivalent to other pharmaceutically

f&uws:gg;ftgoiiuccgnventional dosage forms not presenting bioequivalence problems
AB Products meeting bioequivalence requirements

AN Solutions and powders for aerosolization

AO Injectable oil solutions

AP Injectable aqueous solutions

AT Topical products

TABLE 15.14 Therapeutic Equivalence Evaluation Codes

B Codes
Drug products that the FDA does not consider to be therapeutically equivalent to other
pharmaceutically equivalent products
B* Drug products requiring further FDA investigation and review to determine
therapeutic equivalence
BC Extended-release tablets, extended-release capsules, and extended-release injectables
BD Active ingredients and dosage forms with documented bioequivalence problems
BE Delayed-release oral dosage forms
BN Products in aerosol-nebulizer drug delivery systems
BP Active ingredients and dosage forms with potential bioequivalence problems
BR  Suppositories or enemas for systemic use
BS Products having drug standard deficiencies
BT Topical products with bioequivalence issues
BX Insufficient data

Adopted from: Approved Drugq Products with Therapeutic Equivalence Evaluations {Orange Book|
(www .fda.cder/ob/default.ham) 2003.

The Orange Book contains therapeutic equivalence evaluations for approved
drug products made by various manufacturers, These marketed drug products are
evall%ated -according to specific criteria. The evaluation codes used for these drugs
are listed in Table 15.14. The drug products are divided into two major categories

Ah codes apply to drug products considered to be therapeutically equivalent 0
?}: lfﬁ:rhphl:flrmaceutlcally eql.liv:fllent products, and “B” codes apply to drug pr oducts
ha the DP? does not :clt this time consider to be therapeutically equivalent to othef
Pharmaceutically equivalent products. A list of therapeutic-ti‘qllivallence~r6late

in the monograph. According to the FDA
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(eg, BN). Also, distributors or re
uct are considered to have the s

aPeutically equlvalfznt can be substituted wiyt/h the full expectation that the sub-
stituted product will produce the same clinical effect and safety profil h
prescribed product (www.fda.gov/cder/ob/default.htm). SO BRI

Prof?sslonal care andqudgm'ent should be exercised in using the Orange Book.
F:valuauons odf. therapeutl.c equivalence for prescription drugs are based on scien-
tlﬁC. and medical evaluatlon§ by th.e FDA. Products evaluated as therapeutically
equlV.alerlt can be ?’fPeCted, n the. Judgment of the FDA, to have equivalent clini-
cal effect.a.nd no dlff.erence in their potential for adverse effects when used under
the Cfm.dmons of their labelmg. However, these products may differ in other char-
acte:rl.sthS Sl.lCh as .shape, scoring configuration, release mechanisms, packaging,
excipients (including colors, flavors, preservatives), expiration date/time, and, in
some instances, labeling. If products with such differences are substituted for
each other, there is a potential for patient confusion due to differences in color
or shape of tablets, inability to provide a given dose using a partial tablet if the
proper scoring configuration is not available, or decreased patient acceptance of
certain products because of flavor. There may also be better stability of one prod-
uct over another under adverse storage conditions, or allergic reactions in rare
cases due to a coloring or a preservative ingredient, as well as differences in cost
to the patient.

FDA evaluation of therapeutic equivalence in no way relieves practitioners of
their professional responsibilities in prescribing and dispensing such products
with due care and with appropriate information to individual patients. In those
circumstances where the characteristics of a specific product, other than its active
ingredient, are important in the therapy of a particular patient, the physician’s
specification of that product is appropriate. Pharmacists must also be familiar
with the expiration dates/times and labeling directions for storage of the differ-
ent products, particularly for reconstituted products, to assure that patients are
properly advised when one product is substituted for another.

FREQUENTLY ASKED QUESTIONS

toxicology studies and clinical efficacy drug studies

red by the FDA to approve 2 generic drug product
product?

1. Why are preclinical animal

in human subjects not requi
as a therapeutic equivalent to the brand-name drug

2. What do sequence, washout period, and period mean in a crossover bioavail-

ability study?

3. Why does the FDA require a food interv )
generic drug products before granting approval:
food effect studies required?

ention (food effect) study for some
For which drug products are
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are required for drugs that are not Systen

. . tudies
of bioequivalence St which the Gnax and AUC cannot pe ey,

4. What type :
ically absorbed or for those drugs 1n
in the plasma? -
ured in the p ect variability affect the statistical demong tratioy

: : bi
5. How does inter- and intrasubj
of bioequivalence for 2 drug product? | |
6. Can chemically equivalent drug products that are not bioequivalepg e

bioinequivalent) to each other have similar clinical efficacy?

—_—

5| LEARNING QUESTIONS

1. An antibiotic was formulated into two different oral dosage forms, A and B,
Biopharmaceutic studies revealed different antibiotic blood level curves for each
drug product (Fig. 15-11). Each drug product was given in the same dose as
the other. Explain how the various possible formulation factors could have
caused the differences in blood levels. Give examples where possible. How
would the corresponding urinary drug excretion curves relate to the plasma

level-time curves?

2. Assume that you have just made a new formulation of acetaminophen. Design
a protocol to compare your drug product against the acetaminophen drug
products on the market. What criteria would you use for proof of bioequiva-
lence for your new formulation? How would you determine if the acetamino-
phen was completely (100%) systemically absorbed?

3. The data in Table 15.15 represent the average findings in antibiotic plasma

samples taken from 10 humans (average weight 70 kg), tabulated in a four-way
crossover design.

a. Which of the four drug products in Table 15.15 would be preferred as a ref
erence standard for the determination of relative bioavailability? Why?

Blood levei
i
1
1
]
1
I
|
=
A

d e

4
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TABLE 15.15  Comparison of Plasma Conce
Form and Time
Form a0C
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ntrations of Antibiotic, as Related to Dosage

TIME . PLASMA CONCENTRATION (pg/mi)
AFTER DOSE "‘; Sr:'u/:(m;‘ Oral Solution Oral Tablet Oral Capsule
/(—h’rL 9/kg (10 mgrkg) (10 mg/kg) (10 mg/kg)
05 294 23.4 132 18.7
1.0 5.30 26.6 18.0 213
1.5 4.72 25.2 19.0 20.1
2.0 4.21 22.8 18.3 I8‘2
3.0 3.34 18.2 15.4 14.6
4.0 2.66 14.5 12.5 1.6
6.0 1.68 9.14 7.92 7.31
8.0 1.06 5:27 5.00 4.61
10.0 0.67 3.64 3.16 2.91
12.0 0.42 2.30 1.99 1.83
NJC(%‘?— X hr) 29.0 145.0 116.0 116.0

b. From which oral drug product is the drug absorbed more rapidly?
c. What is the absolute bioavailability of the drug from the oral solution?
d. What is the relative bioavailability of the drug from the oral tablet compared
to the reference standard?
e. From the data in Table 15.15, determine:
(1) Apparent Vp
(2) Elimination #/9
(3) First-order elimination rate constant &
(4) Total body clearance

f. From the data above, graph the cumulative urinary excretion curves that
would correspond to the plasma concentration time curves.

4. Aphrodisia is a new drug manufactured by the Venus Drug Company. When
tested in humans, the pharmacokinetics of the drug assume a one-compart-
ment open model with first-order absorption and first-order elimination:

The drug was given in a single oral dose of 250 mg to a group of ;;)llege stu-
e 1 e e oy wiht v 8 i, Samples ofbood wer
obtained at various time intervals after the administration of the drug,

Plasma fractions were analyzed for active drug. The data are sumimarizedsin
Table 15.16.

a. The minimum effective concent

What is the onset time of this drug? s $9.3
b. The minimum effective concentration of Aphrodisia n p lasma is 2.3 pg/mL.

o o . ?
What is the duration of activity of this drug

ration of Aphrodisia in plasma is 2.3 ug/mL.
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TABLE 15.16 Data Summary of Active Drug Concentration in Plasma Fractiong
(hr) (pg/mL) (br) (r9/mL)
; i 12 302 0 T~
| 1.88 8 186
2 3.05 24 .12
5 4.21 48 0.14
7 4.08 60 0.05
9 3.70 72 0.02
e e

c. What is the elimination halflife of Aphrodisia in college students?
d. What is the time for peak drug concentration (fmax) of Aphrodisia?
e. What is the peak drug concentration (Ggax)?

f. Assuming that the drug is 100% systemically available (ie, fraction of drug
absorbed equals unity), what is the AUC for Aphrodisia?

5. You wish to do a bioequivalence study on three different formulations of the
same active drug. Lay out a Latin-square design for the proper sequencing of
these drug products in six normal, healthy volunteers. What is the main rea-

son for using a crossover design in a bioequivalence study? What is meant bya
“random” population?

6. Four different drug products containing the same antibiotic were given to 12
volunteer adult males (age 19-28 years, average weight 73 kg) in a four-way
crossover design. The volunteers were fasted for 12 hours prior to taking the
drug product. Urine samples were collected up to 72 hours after the adminis-

tration of the drug to obtain the maximum urinary drug excretion, D7 The
data are presented in Table 15.17.

a. What is the absolute bioavailability of the drug from the tablet?
b. What is the relative bioavailability of the capsule compared to the oral solution”

- According to the prescribing information for cimetidine (Tagamet), following
IV or IM administration, 75% of the drug is recovered from the urine after o
hours as the parent compound. Following a single oral dose, 48% of the drug
1s recovered from the urine after 24 hours as the parent compound. From this

information, determine what fraction of the drug is absorbed systemically frofl
an oral dose after 24 hours,

TABLE 15.17  Urinary Drug Excretion Data Summary

__——'-/
P CUMULATIVE URINARY Dl;UG
E <) 0-72 hr
DRUG PRODUCT (mg/kg) Excnenown(‘g;.),/
IV solution 0.2
Oral solution 4 29
Oral tablet 4 328
Oral capsule 4
30
4
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TABLE 15.18 Blood Level Data Summary for Two Drug Products

p———

DRUG PRODUCT
A

B
4 X 250-mg 1000-m
____lﬂNETlC VARIABLE UNIT Tablet Tabletg STATISTIC
Time for peak drug concentration hr 1.3
. 1.8 0.05
(range) _ (0.7-1.5) (1.5-2.2) a
peak concentration ©g/mL 53 47 p <0.05
(range] (46-58) (42-51) '
AUC (range) ug hr/mL 118 103 NS
(98-125) {90-120)
t2 hr 32 38 NS
(2.5-3.8) (2.9-4.3)
8.

9.

10.

11. After performing a bioequivalence
brand-name drug product, it was o

Define bioequivalence requirement. Why does the FDA require a bioequivalence
requirement for the manufacture of a generic drug product?

Why can we use the time for peak drug concentration (#yax) in a bioequiva-
lence study for an estimate of the rate of drug absorption, rather than calculating
the k;?

Ten male volunteers (18-26 years of age) weighing an average of 73 kg were
given either 4 tablets each containing 250 mg of drug (drug product A) or 1
tablet containing 1000 mg of drug (drug product B). Blood levels of the drug
were obtained and the data are summarized in Table 15.18.

a, State a possible reason for the difference in the time for peak drug con-
centration (/pax,a) after drug product A compared to the #yay,p after drug
product B. (Assume that all the tablets were made from the same formula-
tion—that is, the drug is in the same particle size, same salt form, same ex-
cipients, and same ratio of excipients to active drug.)

. Draw a graph relating the cumulative amount of drug excreted in urine of
patients given drug product A compared to the cumulative drug excreted in
urine after drug product B. Label axes!

. In a second study using the same 10 male volunteers, a 125-mg dose of the

IV bolus and the AUC was computed as 20 p.g hr/mL.

drug was given by from drug product B

Calculate the fraction of drug systemically absorbed
(1 X 1000 mg) tablet using the data in Table 15.19.

test comparing a generic drug product to a
bserved that the generic drug product had

greater bioavailability than the brand-name drug product.

b. Would you expect identical ph

c. What therapeutic problem might

a. Would you approve marketing the generic drug product, claiming it was

?
superior to the brand-name drug product:
armacodynamic responses to both drug

products? . :
arise in using the generic drug product

i t?
that might not occur when using the brand-name drug produc
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tion Times and Dissolution Rates of Tolazamide Tabjetsa

TABLE 15.19 Disintegra

.
MEAN DISINTEGRATION TIME® PERCENT DISSOLVEy ~
TABLET MIN (RANGE) IN 30 MIN¢ RANG)
103.9 (100.5-|
3.8 (3.0-4.0) 063
. 2.2 (1.8-2.5) 10.9 (9.3-135)
- 2.3 (2.0-2.5) 31.6 (26.4-37 3
S 26.5 (22.5-30.5) 29.7 (20.8-38.4)
—

AIN=6.
b By the method of USP-23.
¢ Dissolution rates in pH 7.6 buffer.

From Welling et al {1982}, with permission.

12. The following study is from Welling and associates (1982):

Tolazamide Formulations. Four tolazamide tablet formulations were selected for
this study. The tablet formulations were labeled A, B, G, and D. Disintegration
and dissolution tests were performed by standard USP-23 procedures.

Subjects. Twenty healthy adult male volunteers between the ages of 18 and 38
(mean, 26 years) and weighing between 61.4 and 95.5 kg (mean, 74.5 kg) were
selected for the study. The subjects were randomly assigned to 4 groups of 5
each. The four treatments were administered according to 4 X 4 Latin-square
design. Each treatment was separated by 1-week intervals. All subjects fasted
overnight before receiving the tolazamide tablet the following moming. The
tablet was given with 180 mL of water. Food intake was allowed at 5 hour
postdose. Blood samples (10 mL) were taken just before the dose and period-
ically after dosing. The serum fraction was separated from the blood and ana
lyzed for tolazamide by high-pressure liquid chromatography.

Data Analysis. Serum data were analyzed by a digital computer program &
ing a regression analysis and by the percent of drug unabsorbed by the method
of Wagner and Nelson, 1963 (see Chapter 7). AUC was determined by the t/2p®
zoidal rule and an analysis of variance was determined by Tukey’s method

a. Why was a Latin-square crossover design used in this study?
b. Why were the subjects fasted before being given the tolazamide tablets?

c. Why did the authors use the Wagner-Nelson method rather than the
Loo-Riegelman method for measuring the amount of drug absorbed?

d.From the data in Table 15.20 only, from which tablet formulation would 1"
expect the highest bioavailability? Why?

e. From the data in Table 15.20, did the
dissolution times? Why?

thé

L g N ith
disintegration times correlate ¥

. 9?
f. ‘I,)V% t};e data in Table 15.20 appear to correlate with the data in Table 15
y:

. ‘Ons
g- Draw the expected cumulative urinary excretion—time curve for formul*”
A and B. Label axes and identify each curve.
h. Assuming formulation A is the
bioavailability of formulation D?

e
: elat
reference formulation, what is the J
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15.20 Mean Tola i i ;
I’_\E’E-—-f zamide Concentrations? in Serum

TREATMENT (g/mL)

e TIME (hr) A B C D STATISTIC?
0 108274 13%14 18219 35226
! 205%73 28428 54+48 [35+66  ADCH
3 239%53 44%43 98+56 200+64  ADCH
4 254%52 57+4] 136+53 220+54
5 241263 66240 151+47 226+50  ADCB
6 199%59 68+34 143+39 197+47  ADCB

ADCB

8 152%55 66%32 128+4.1 14.6+42 ADCB
12 88+48 55%32 91+40 85=+4.] CADB
16 56+38 46*33 64+39 54=+3] CADB
24 27%24 31*26 31+33 24*18 CBAD
Coraxs 1G/MLE 278%53 77*41 164*44 240*45 ADCB
tmaxe T 33£09 70%22 54*20 40%09  BCDA
AUCo.24. g hr/mLe 26081 112+63 19370 23167 ADCB

3Concentrations = 1 SD, n = 20.
bFor explanation see text.

cMaximum concentration of tolazamide in serum.
9Time of maximum concentration.

€Area under the 0-24-hr serum tolazamide concentration curve calculated by trapezoidal rule.

From Welling et al (1982}, with permission.

i. Using the data in Table 15.20 for formulation A, calculate the elimination
half-ife (¢,9) for tolazamide.

13. If in-vitro drug dissolution and/or release studies for an oral solid dosage form
(eg, tablet) does not correlate with the bioavailability of the drug in-vivo, why
should the pharmaceutical manufacturer continue to perform in-vitro release
studies for each production batch of the solid dosage form?

14. Is it possible for two pharmaceutically equivalent solid dosage forms contain-
ing different inactive ingredients (ie, excipients) to demonstrate bioequivalence
in-vivo even though these drug products demonstrate differences in drug dis-

solution tests in-vitro?

15. For bioequivalence studies, fnax, Cmax,» and AUG, along with an appropriate s.ta-
are the parameters generally used to demonstrate the bio-

tistical analyses, the same active drug.

equivalence of two similar drug products containing

a. Why are the parameters max, Conax, and AUG acceptable for proving that two

drug products are bioequivalent? . ats ,
b. Are pharmacokinetic models needed in the evaluation of bioequivalence:
cokinetic model to completely describe the

c. Is it necessary to use a pharma 4L
ecessary p urve for the determination of fmax, Crnax

plasma drug concentration-time €
and AUC?

d. Why are log-transformed data used for t
equivalence?

e. What is an add-on study?

he statistical evaluation of bio-
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RELATIONSHIP
BETWEEN
PHARMACOKINETICS

AND
FHARMALODYNAMUES

PHARMACODYNAMICS AND PHARMACOKINETICS

Previous chapters in this book have discussed the importance of using pharmaco-
kinetics to develop dosing regimens that will result in plasma concentrations in the
therapeutic window and yield the desired therapeutic or pharmacologic response.
The interaction of a drug molecule with a receptor causes the initiation of a se-
quence of molecular events resulting in a pharmacodynamic or pharmacologic
response. The term pharmacodynamics refers to the relationship between drug con-
centrations at the site of action (receptor) and pharmacologic response, including
the biochemical and physiologic effects that influence the interaction of drug with
the receptor. Early pharmacologic research demonstrated that the pharmacody-
namic response produced by the drug depends on the chemical structure of the
drug molecule. Drug receptors interact only with drugs of specific chemical struc-
ture, and the receptors were classified according to the type of pharmacodynamic
response induced.

Since most pharmacologic responses are due to noncovalentinteraction between
the drug and the receptor, the nature of the interaction is generally assumed to
be reversible and conforms to the Law of Mass Action. One or several drug mole-
cules may interact simultaneously with the receptor to produce a pharmacologic
response. Typically, a single drug molecule interacts with a receptor with a single
binding site to produce a pharmacologic response, as illustrated below.

b1
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CHAPTER 19. RELATIONSHIP BETWEEN PHARMACOKINETICS AND PHARMACODYNAMICS

[Drug] + [receptor] <> [drug-receptor complex] — response

where the brackets [ ] denote molar concentrations. This scheme illustrates the
occupation theory and the interaction of a drug molecule with a receptor molecule,
The following assumptions are made in this model.

1. The drug molecule combines with the receptor molecule as a bimolecular as-

sociation, and the resulting drug-receptor complex disassociates as a unimolec-

ular entity.

The binding of drug with the receptor is fully reversible.

3. The basic model assumes a single type of receptor binding site, with one bind-
ing site per receptor molecule. It is also assumed that a receptor with multiple
sites may be modeled after this (Taylor and Insel, 1990).

o

[t is assumed that the occupancy of the drug molecule at one receptor site does
not change the affinity of more drug molecules to complex at additional receptor
sites. However, the model is not suitable for drugs with allosteric binding to recep-
tors, in which the binding of one drug molecule to the receptor affects the bind-
ing of subsequent drug molecules, as in the case of oxygen molecules binding to
iron in hemoglobin. As more receptors are occupied by drug molecules, a greater
pharmacodynamic response is obtained until a maximum response is reached.

The receptor occupancy concept was extended to show how drugs elicit a phar-
macologic response as an agonist, or produce an opposing pharmacologic response
as an antagonist through drug-receptor interactions. Basically, three types of related
responses may occur at the receptor: (1) a drug molecule that interacts with the
receptor and elicits a maximal pharmacologic response is referred to as an agonist;
(2) a drug that elicits a partial (below maximal) response is termed a partial ago-
nist; and (3) an agent that elicits no response from the receptor, but inhibits the
receptor interaction of a second agent, is termed an antagonist. An antagonist may
prevent the action of an agonist by competitive (reversible) or noncompetitive
(irreversible) inhibition.

Spare, unoccupied receptors are assumerl to be present at the site of action, be-
cause a maximal pharmacologic response may be obtained when only a small frac-
tion of the receptors are oceupied by drug molecules. Equimolar concentrations
of different drug moleculcs that normally bind to the same receptor may give dif-
ferent degrees of pharmacologic response. The term intrinsic activity is used to dis-
tinguish the relative extent of pharmacologic response between different drug mol-
ecules that bind to the same receptor. The potency of a drug is the concentration
of drug needed to obtain a specific pharmacologic effect, such as the ECsq (see
Eoax model, below).

The receptor occupation theory, however, was not consistent with all kinetic ob-

=servations. An alternative theory, known as the rate theory, essentially states that the
pharmacologic response is not dependent on drug-receptor complex concentra-
tion but rather depends on the rate of association of the drug and the receptor.
Each time a drug molecule “hits” a receptor, a response is produced, similar to a
ball bouncing back and forth from the receptor site. The rate theory predicts that
an agonist will associate rapidly to form a receptor complex, which dissociates rap-
idly to produce a response. An antagonist associates rapidly to form a receptor-drug
complex and dissociates slowly to maintain the antagonist response.
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RELATIONSHIP BETWEEN PHARMACOKINETICS AND PHARMACODYNAMICS CHAPTER 19. 577

Both theories are consistent with the observed saturation (sigmoidal) drug—dose
response relationships, but neither theory is sufficiently advanced to give a detailed
description of the “lock-and-key” or the more recent “induced-fit” type of drug in-
teractions with enzymatic receptors. Newer theories of drug action are based on
in-vitro studies on isolated tissue receptors and on ebservation of the conforma-
tional and binding changes with different drug substrates. These in-vitro studies
show that other types of interactions between the drug molecule and the receptor
are possible. However, the results from the in-vitro studies are difficult to extrapo-
late to in-vivo conditions. The pharmacologic response in drug therapy is often a
product of physiologic adaptation to a drug response. Many drugs trigger the phar-
macologic response through a cascade of enzymatic events highly regulated by the
body.

Unlike pharmacokinetic modeling, pharmacodynamic modeling can be more
complex because the clinical measure (change in blood pressure or clotting time)
is often a surrogate for the drug’s actual pharmacologic action. For example, after
the drug is systemically absorbed, it is then transported to site of action where the
pharmacologic receptor resides. Drug—receptor binding may then cause a second-
ary response, such as signal transduction, which then produces the desired effect.
Clinical measurement of drug response may only occur after many such biologic
events, such as transport or signal transduction (an indirect effect), so pharmacody-
namic modeling must account for biologic processes involved in eliciting drug-
induced responses.

The complexity of the molecular events triggering a pharmacologic response is
less difficult to describe using a pharmacokinetic approach. Pharmacokinetic mod-
els allow very complex processes to be simplified. The process of pharmacokinetic
modeling continues until a model is found that describes the real process quanti-
tatively. The understanding of drug response is greatly enhanced when pharma-
cokinetic modeling techniques are combined with clinical pharmacology, resulting
in the development of pharmacokinetic—pharmacodynamic models. Pharmacokinetic—
pharmacodynamic models use data derived from the plasma drug concentration-
versus-time profile and from the time course of the pharmacologic effect to predict
the pharmacodynamics of the drug. Pharmacokinetic-pharmacodynamic models
have been reported for antipsychotic medications, anticoagulants, neuromuscular
blockers, antihypertensives, anesthetics, and many antiarrhythmic drugs (the phar-
macologic responses of these drugs are well studied because of easy monitoring).

RELATION OF DOSE TO
PHARMACOLOGIC EFFECT

The onset, intensity, and duration of the pharmacologic effect depend on the dose
and the pharmacokinetics of the drug. As the dose increases, the drug concentra-
tion at the receptor site increases, and the pharmacologic response (effect) increases
up to a maximum effect. A plot of the pharmacologic effect to dose on a linear
scale generally results in a hyperbolic curve with maximum effect at the plateau
(Fig. 19-1). The same data may be compressed and plotted on a log-linear scale
and results in a sigmoid curve (Fig. 19-2).
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]

Mox
response

G " A small increase in
e e = K response occurs by
kS a given dose change

A large increase in
response accurs by

@ given dose change

in this region
Figure 19-1. Plot of pharmacologic re- v J
sponse versus dase on a linear scale. Drug dose

For many drugs, the graph of leg dose-response curve shows a linear relatien-
ship at a dose range between 20% and 80% of the maximum response, which typ-
ically includes the therapeutic dose range for many drugs. Fer a drug that follows
one-compartment pharmacokinetics, the volume of distribution is constant; there-
fore, the pharmacologic response is also proportienal to the log plasma drug cen-
centration within a therapeutic range, as shown in Figure 19-3.

Mathematically, the relationship in Figure 19-3 may be expressed by the follow-
ing equation, where mis the slope, eis an extrapolated intercept, and Eis the drug
effect at drug concentration C:

E=mlogC+ e (19.1)

Solving for log C yields

E—e
logC = 19.2
g - (19.2)
Slope =m
%
g
é o4
2 1
o log drug concentration
Log dose Figure 19-3. Graph of log drug con-
centration versus pharmacologic effect.
Figure 19-2. Typical log dose versus Only the linear portion of the curve is
pharmacologic response curve. shown.
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However, after an intravenous dose, the concentration of a drug in the body in a
Mo one-compartment open model is described as follows:
fesporse ki
- log C = log Cy — 35 (19.3)
-curs by :
e change i
o By substituting Equation 19.2 into Equation 19.3, we get Equation 19.4, where
Ey = effect at concentration Gy:
| H Ei—ver E,— e ki
m  om 2.3
fep Emt (19.4)
T
The theoretical pharmacologic response at any time after an intravenous dose
of a drug may be calculated using Equation 19.4. Equation 19.4 predicts that the
. pharmacologic effect will decline linearly with time for a drug that follows a one-
rf.:latlon- compartment model, with a linear log dose-pharmacologic response. From this
g M equation, the pharmacologic effect declines with a slope of km/2.3. The decrease
th s in pharmacologic effect is affected by both the elimination constant & and the
15 there- slope m. For a drug with a large m, the pharmacologic response declines rapidly
Vig eon: and multiple doses must be given at short intervals to maintain the pharmacologic
effect.
e fallow- The relationship between pharmacokinetics and pharmacologic response can
e be demonstrated by observing the percent depression of muscular activity after an
IV dose of (+)-tubocurarine. The decline of pharmacologic effect is linear as a
(19.1) function of time (Fig. 19-4). For each dose and resulting pharmacologic response,

the slope of each curve is the same. Because the values for each slope, which in-
clude km (Eq. 19.4), are the same, the sensitivity of the receptors for (+)-tubocu-
rarine is assumed to be the same at each site of action. Note that a plot of the log
concentration of drug versus time yields a straight line.

(19.2) A second example of the pharmacologic effect declining linearly with time was
observed with lysergic acid diethylamide, or LSD (Fig. 19-5). After an IV dose of
the drug, log concentrations of drug decreased linearly with time except for a brief
distribution period. Furthermore, the pharmacologic effect, as measured by the

——1 performance score of each subject, also declined linearly with time. Because the

g

-

o«

&
o

Figure 19-4. Depression of normal muscle activity
as a function of time after IV administration of 0.1-0.2
mg (+)-tubocurarine per kilogram to unanesthetized
volunteers, presenting mean values of & experiments
F—Sgllosl‘s 2.0 'c::nz sgbtiects, CFrcles represent head lift; squares,
| grip; and triangles, inspiratory flow.
Time (minutes) {Adapted from Johansen et al, 1 964, with permission.)
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Figure 19-5. Mean plasma concentrations of LSD and performance test scores as a function of time
after IV administration of 2 ug LSD per kilogram to 5 normal human subjects.
{Adapted from Aghajanian and Bing, 1964, with permission.)

slope is governed in part by the elimination rate constant, the pharmacologic effect
declines much more rapidly when the elimination rate constant is increased as a
result of increased metabolism or renal excretion. Conversely, a longer pharma-
cologic response is experienced in patients when the drug has a longer half-life.

RELATIONSHIP BETWEEN DOSE AND DURATION
OF ACTIVITY (), SINGLE IV BOLUS INJECTION

The relationship between the duration of the pharmacologic effect and the dose
can be inferred from Equation 19.3. After an intravenous dose, assuming a
one-compartment model, the time needed for any drug to decline to a con-
centration C is given by the following equation, assuming the drug takes effect
immediately:

2.3 (log Gy — log C)
t =
k

(19.5)

Using Ceg to represent the minimum effective drug concentration, the duration of
drug action can be obtained as follows:

(19.6)

Some practical applications are suggested by this equation. For example, a dou-
bling of the dose will not result in a doubling of the effective duration of pharma-
cologic action. On the other hand, a doubling of ¢,/ or a corresponding decrease
in & will result in a proportional increase in duration of action. A clinical situation
is often encountered in the treatment of infections in which Ceg is the bacteriocidal
concentration of the drug, and, in order to double the duration of the antibiotic,
a considerably greater increase than simply doubling the dose is necessary.
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= el PRACTICE PROBLEM

The minimum effective concentration (MEC) in plasma for a certain antibiotic is
8.1 ug/mL. The drug follows a one-compartment open model and has an apparent
volume of distribution, Vp, of 10 L and a first-order elimination rate constant of

1.0 hr™ L.
8 a. What is the (g for a single 100-mg IV dose of this antibiotic?
b. What is the new teg or tegr for this drug if the dose were increased 10-fold, to
N of time 1000 mg?
Solution
a. The (g for a 100-mg dose is calculated as follows. Because Vp = 10,000 mL,
ic effect
sed as a G = S = 10 ug/mL
pharma- 10,000 mL
alf-life. = —k
For a ene-compartment-model IV dose, C= Cye *. Then
0.1 = 10¢” 10
fx = 4.61 hr
b. The teg for a 1000-mg dose is calculated as follows (prime refers to a new dose).
the.close Because Vp = 10,000 mL,
uming a
0 a con- ,_ 1000mg
es effect °~ 10000 mL 108 ug/mL
and
(19.5)
sion of 0.1 = 100¢™ O %n
a(ion
" tix = 6.91 hr
The percent increase in l is therefore found as
19.6 log — 4,
{196} Percent increase in fy = ———" X 100
eIt
- 6.91 — 4.61
;e};l?ai::l‘ Precent increase in {g = a6l X 100
 decreas¢ Percent increase in {g = 50%
_situation
'—ler_'lo_dd_al This example shows that a 18-fold increase in the dose increases the duration of
antibiotic, action of a drug (f) by only 50%.
ry.
" T
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EFFECT OF BOTH DOSE AND ELIMINATION
HALF-LIFE ON THE DURATION OF ACTTVITY

A single equation can be derived to describe the relationship of dose (Dp) and the
elimination half-life (¢/9) on the effective time for therapeutic activity (fe¢). This
expression is derived below.

In Ceﬂ' = ]nCO - kle“

Because Cy = Do/ Vp,

D
P = ln< 7") — kg

D
Dy
ki = m(;) ~In Cot (19.7y
D
1 M)

Substituting 0.693/¢; /9 for &,

(19.8)

L)
= 1.44¢ 9 In| ——
bege 172 n( VoCor

From Equation 19.8, an increase in {9 will increase the fg in direct propor-
tion. However, an increase in the dose, [), does not increase the tr in direct pro-
portion. The effect of an increase in ¥y or Ceg can be seen by using generated
data. Only the positive solutions for Equation 19.8 are valid, although mathemati-
cally a negative lg can be obtained by increasing Cegr or Vp. The effect of chang-
ing dose on t is shown in Figure 19-6 using data generated with Equation 19.8.
A nonlinear increase in (g is observed as dose increases.

EFFECT OF ELIMINATION HALF-LIFE
ON DURATION OF ACTIVITY

Because elimination of drugs is due to the processes of excretion and metabolism,
an alteration of any of these elimination processes will effect the ¢ /9 of the drug.
In certain disease states, pathophysiologic changes in hepatic or renal function will

[ —

O~ —"g 12 16

Figure 19-6. Plot Of fur versus dose. Dose (mg/kg)
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decrease the elimination of a drug, as observed by a prolonged ¢, 9. This prolonged
472 will lead to retention of the drug in the body, thereby increasing the duration
of activity of the drug (%) as well as increasing the possibility of drug toxicity.
To improve antibiotic therapy with the penicillin and cephalosporin antibi-
Do) and the otics, clinicians have intentionally prolonged the elimination of these drugs by
¥y (te)- This giving a second drug, probenecid, which competitively inhibits renal excretion
of the antibiotic. This approach to prolonging the duration of activity of antibi-
otics that are rapidly excreted through the kidney has been used successfully for
a number of years. Similarly, Augmentin is a combination of amoxicillin and
clavulanic acid; the latter is an inhibitor of B-lactamase. This 3-lactamase is a bac-
terial enzyme that degrades penicillin-like drugs. The data in Table 19.1 illustrate
how a change in the elimination ¢/ will affect the t for a drug. For all doses,
a 100% increase in the ¢ ,9 will result in a 100% increase in the t. For example,
for a drug whose t /2 is 0.75 hour and that is given at a dose of 2 mg/kg, the fegr
is 3.24 hours. If the £ /9 is increased to 1.5 hours, the & is increased to 6.48 hours,
an increase of 100%. However, the effect of doubling the dose from 2 to 4 mg/kg
(no change in elimination processes) will only increase the fg to 3.98 hours, an
increase of 22.8%. The effect of prolonging the elimination halflife has an
extremely important effect on the treatment of infections, particularly in patients
with high metabolism, or clearance, of the antibiotic. Therefore, antibiotics must
be dosed with full consideration of the effect of alteration of the ¢,,9 on the (.
Consequently, a simple proportional increase in dose will leave the patient’s blood
(19.8) concentration below the effective antibiotic level most of the time during drug
therapy. The effect of a prolonged (¢ is shown in lines a and ¢ in Figure 19-7,
lirect propor- and the disproportionate increase in 4 as the dose is increased 10-fold is shown
in direct pro- in lines @ and &.

(19.7)

ing generated
th mathemati-

fect of chang- TABLE 19.1 Relationship between Elimination Haif-Life and Duration of Activity

iquation 19.8. DOSE ti2 = 0.75 hr tiz=15hr
{mg/kg) Lege {hr) Lerr (br)
2.0 3.24 6.48
3.0 3.67 7.35
4.0 3.98 7.97
: 50 4.22 8.45
3 6.0 4.42 8.84
: 7.0 459 9.18
1d metabolis 8.0 4.73 9.47
/9 of the druf 9.0 4.86 9.72
a] function ¥ 10 4.97 9.95
n 508 10.2
12 5.7 10.3
3 526 10.5
14 5.34 107
s 5.41 10.8
16 5.48 1.0
17 5.55 N
8 5.6 1.2
19 5.67 1.3
20 572 1.4

MPI EXHIBIT 1045 PAGE 87



584 CHAPTER 19. RELATIONSHIP BETWEEN PHARMACOKINETICS AND PHARMACODYNAMICS_

Figure 19-7. Plasma level-time curves describing
the relationship of both dose and elimination half-life
on duration of drug action. Cer = effective concentra-
tion. Curve a = single 100-mg IV injection of drug;
k= 1.0 hr~'. Curve b = single 1000-mg IV injection; r

k= 1.0 hr~'. Curve ¢ =single 100-mg IV injection; 2 4 6
k=05hr"". \pis 10 L. Time (hours)

Log plasma concentration (ug/ml)

N@# CLINICAL EXAMPLES

=

Pharmacokinetic/Pharmacodynamic Relationships
and Efficacy of Antibiotics

In the previous section, the time above the effective concentration, f.g, was shown
to be important in optimizing the therapeutic response of many drugs. This con-
cept has been applied to antibiotic drugs (Drusano, 1988; Craig, 1995; Craig and
Andes, 1996; Scaglione, 1997). For example, Craig and Andes (1996) discussed the
antibacterial treatment of otitis media. Using the minimum inhibitory antibiotic con-
centration (MIC) for the microorganism in serum, the percent time for the antibi-
otic drug concentration to be above the MIC was calculated for several antibacterial
classes, including cephalosporins, macrolides, and trimethoprim-sulfamethoxazole
(TMP/SMX) combination (Table 19.2). Although the drug concentration in the

TABLE 19.2 Middle Ear Fluid-to-Serum Ratios for Common Antibiotics

ANTIBIOTIC MIDDLE EAR FLUID {MEF)/SERUM RATIO

Cephalosporins

Cefaclor 0.18-0.28

Cefuroxime 0.22
Macrolide antibiotic

Erythromycin 0.49
Sulfa drug

Sulfisoxazole 0.20

From Craig and Andes {1996}
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Figure 19-8. Relationship between the
percent time above MICyy of the dosing
. o interval during therapy and percent of
bacteriologic cure in otitis media caused by
LEGEND: S. pneumoniae (open symbols] and §-
o e B-lactams lactamase-positive  and  -negative  H.
O m Macrolides influenzae [closed symbols). {Circles, closed
v ¥ TMP/SMX and open = B-lactams; squares, closed and
il A ) \ | open=;_nn:;;§:\i:;7; triangles, closed and
: open = 3
° 20 il ¥ o Toe (F?om Craig and Andres, 1996, with per-
Time above MIC {percent) mission.)

middle ear fluid (MEF) is important, once the ratio (MEF/serum) is known, the
serum drug level may be used to project MEF drug levels. The percent time above
MIC of the dosing interval during therapy correlated well to the percent of bacte-
riologic cure (Figure 19-8). An almost 100% cure was attained by maintaining the
= drug concentration above the MIC for 60-70% of the dosing interval; an 80-85%
cure was achieved with 40-50% of the dosing interval above MIC. When the per-
cent of time above MIC falls below a critical value, bacteria will regrow, thereby
prolonging the time for eradication of the infection. The pharmacokinetic model
was further supported by experiments from a mouse infection model in which an
10wn infection in the thigh due to Pseudomonas aeruginosawas treated with ticarcillin and
con- tobramycin.
: and In another study, Craig (1995) compared the AUC/MIC, the time above MIC, and
1 the drug peak concentration over MIC and found that the best fit was obtained when
con- colony-forming units (CFUs) were plotted versus time above MIC for cefotaxime in
ntibi- a mouse infection model (Fig. 199).
terial Both Drusano (1988) and Craig (1995) reviewed the relationship of pharmaco-
azole kinetics and pharmacodynamics in the therapeutic efficacy of antibiotics. For some
1 the antibiotics, such as the aminoglycosides and fluoroquinolones, both the drug con-
centration and the dosing interval have an influence on the antibacterial effect.
For some antibiotics, such as the B-lactams, vancomycin, and the macrolides, the
S— duration of exposure (time-dependent killing) or the time the drug levels are main-
o tained above the MIC (fg) is most important for efficacy. For many antibiotics (eg,
fluoroquinolones), there is a defined period of bacterial growth suppression after
short exposures to the antibiotic. This phenomenon is known as the postantibiotic
effect (PAE). Other influences on antibiotic activity include the presence of active
metabolite(s), plasma drug protein binding, and the penetration of the antibiotic
into the tissues. In addition, the MIC for the antibiotic depends on the infectious
microorganism and the resistance of the microorganism to the antibiotic. In the
case of ciprofloxacin, a quinolone, the percent of cure of infection at various doses
was better related to AUIC, which is the product of area under the curve and the
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Figure 19-9. Relationship among three pharmacodynamic parameters and the number of Kiebsielz
pneumoniae in the lungs of neurotroponic mice after 24-hour therapy with cefotaxime. Each point represents
one mouse.

{From Craig WA, 1995, with permission. ]

reciprocal of minimum inhibition concentration, MIC (Forrest et al, 1993).
Interestingly, quinolones inhibit bacterial DNA gyrase, quite different from the
B-lactam antibiotics, which involve damage to bacterial cell walls.

Relationship between Systemic Exposure and
Response—Anticancer Drugs

Plasma drug concentrations for drugs that have highly variable drug clearance
in patients fluctuate widely even after intravenous infusion (Rodman and Evans,
1991). For highly variable drugs, there is no apparent relationship between the
therapeutic response and the drug dose. For example, the anticancer drug
teniposide at three different doses give highly variable steady-state drug con-
centrations and therapeutic response (Fig. 19-10). In some patients, single-point
drug concentrations were variable and even higher with lower doses. Careful
pharmacokinetic-pharmacodynamic analysis showed that a graded response
curve may be obtained when responses are plotted versus systemic exposure as

5 30} . °

5 25|

[ =4

g 20f- .

S

g L . o.

510}~ 2 .

g* E e LEGEND:
Figure 19-10. Steady-state concentration and 8§ 5} & . g o Response
response after three levels of teniposide administered ol— i g -0 Noesponie
by intravenous infusion. 450 600 750 p
(From Rodman and Evans, 1991, with permission.) Dose level (mg/m*)
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Figure 19-11. Relationship between systemic expo-

a <600 600- 1200->1800 sure for teniposide and toxicity and efficacy, shown as
1200 1800 proportions of patients.
1 I #M - hour {From Rodman and Evans, 1991, with permission.]

) 100

e measured by “concentration X time” (Fig. 19-11). This is one example showing

that anticancer response may be better correlated to total area under the drug
concentration curve (AUC), even when no apparent dose-response relation-
ship is observed. Undoubtedly, the cytotoxic effect of the drug involves killing
cancer cells with multiple-resistance thresholds that require different time ex-
posures to the drug. The objective of applying pharmacokinetic-pharmacody-
namic principles is to achieve therapeutic efficacy without triggering drug toxic-
ity. This relationship is illustrated by the sigmoid curves for response and toxicity
(Fig. 19-11), both of which lie close to each other and intensify as concentration

of Klebsiella
nt represents

1993).

increases.
‘om the
RATE OF DRUG ABSORPTION AND
|eatamice PHARMACODYNAMIC RESPONSE
Evans,
;\ien the The rate of drug absorption influences the rate in which the drug gets to the re-
cer drug ceptor and the subsequent pharmacologic effect. For drugs that exert an acute
irug con- pharmacologic effect, usually a direct-acting drug agonist, extremely rapid drug ab-
gle-point sorption may have an intense and possibly detrimental effect. For example, niacin
;. Careful (nicotinic acid) is a vitamin given in large doses to decrease elevated plasma cho-
response lesterol and triglycerides. Rapid systemic absorption of niacin when given in an im-
posure as mediate-release tablet will cause vasodilation, leading to flushing and postural hy-
pertension. Extended-release niacin products are preferred because the more
slowly absorbed niacin allows the baroreceptors to adjust to the vasodilation and
hypotensive eftects of the drug. Phenylpropanolamine was commonly used as a
—d nasal decongestant in cough and cold products or as an anorectant in weight-loss
products. Phenylpropanolamine acts as a pressor, increasing the blood pressure
much more intensely when given as an immediate-release product compared to an
& extended-release product.
L
* oD Equilibration Pharmacodynamic Half-Life
Res]
. ‘:NO;::W” For some drugs, the half-time for drug equilibration has been estimated by ob-
750 serving the onset of response. A list of drug half-times reported by Lalonde (1992)
wel (mg/m’) is shown in Table 19.3. The factors that affect this parameter include perfusion of

MPI EXHIBIT 1045 PAGE 91



588  CHAPTER19. RELATIONSHIP BETWEEN PHARMACOKINETICS AND PHARMACODYNAM(Cs

TABLE 19.3 Equilibration Half-Times Determined Using the Effect Compartment Methgq

EQUILIBRATION PHARMACOLOGIC

DRUG tis2 {min| RESPONSE
dTubocurarine 4 Muscie paralysis
Disopyramide 2 QT prolongation
Quinidine 8 QT prolongation
Digoxin 214 LVET shortening
Terbutaline 785 FEV)
Terbutaline 1.5 Hypokalemia
Theophyiline 1 FEV,
Verapamil 2 PR prolongation
Nizatidine 83 Gastric pH
Thiopental 122 Spectral edge
Fentanyl 6.4 Spectral edge
Alfentanil 1.1 Spectrai edge
Ergotamine 595 Vasoconstriction
Vercuronium 4 Muscle paralysis
NAcetylprocainamide 6.4 QT prolongation

From Lalonde [1992), with permission.

the effect compartment, blood—tissue partitioning, drug diffusion from capillaries
to the effect compartment, protein binding, and elimination of the drug from the
effect compartment.

Substance Abuse Potential

The rate of drug absorption has been associated with the potential for substance
abuse. Drugs taken by the oral route have the lowest abuse potential. For example,
cocoa leaves containing cocaine alkaloid have been chewed by South American
Indians for centuries (Johanson and Fischman, 1989). Cocaine abuse has become
a problem as a result of the availability of cocaine alkaloid (“crack” cocaine) and
because of the use of other routes of drug administration (intravenous, intranasal,
or smoking) that allow a very rapid rate of drug absorption and onset of action
(Cone, 1995). Studies on diazepam (deWit et al, 1993) and nicotine (Henningfield
and Keenan, 1993) have shown that the rate of drug delivery correlates with the
abuse liability of such drugs. Thus, the rate of drug absorption influences the abuse
potential of these drugs, and the route of drug administration that provides faster
absorption and more rapid onset leads to greater abuse.

DRUG TOLERANCE AND PHYSICAL DEPENDENCY

The study of drug tolerance and physical dependency is of particular interest in
understanding the actions of abused drug substances, such as opiates and cocaine.
Drug telerance is a quantitative change in the sensitivity of the drug and is demon-
strated by a decrease in pharmacodynamic effect after repeated exposure to the
same drug. The degree of tolerance may vary greatly (Cox, 1990). Drug tolerance
has been well described for organic nitrates, opioids, and other drugs. For example,
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Mics

Jethog the nitrates relax vascular smooth muscle and have been used for both acute angina
—_ (eg, nitroglycerin sublingual spray or transmucosal tablet) or angina prophylaxis
(eg, nitroglycerin transdermal, oral controlied-release isosorbide dinilrate). Well-
controlled clinical studies have shown that tolerance to the vascular and antiangi-

g nal effects of nitrates may develop. For nitrate therapy, the use of a low nitrate or
nitrate-free periods has been advocated as part of the therapeutic approach. The
magnitude of drug tolerance is a function of both the dosage and the frequency
of drug administration. Cross tolerance can occur for similar drugs that act on the
same receptors. Tolerance does not develop uniformly to all the pharmacologic or
toxic actions of the drug. For example, patients who show tolerance to the de-
pressant activity of high doses of opiates will still exhibit “pinpoint” pupils and con-
stipation.

The mechanism of drug tolerance may be due to (1) disposition or pharmaco-
kinetic tolerance or (2) pharmacodynamic tolerance. Pharmacokinetic tolerance is of-
ten due to enzyme induction (discussed in earlier chapters), in which the hepatic
drug clearance increases with repeated drug exposure. Pharmacodynamic tolerance is

R due to a cellular or receptor alteration in which the drug response is less than what
is predicted in the patient given subsequent drug doses. Measurement of serum
drug concentrations may diffcrentiate between pharmacokinetic tolerance and
pharmacodynamic tolerance. Acute tolerance, or tachyphylaxis, which is the rapid

o development of tolerance, may occur due to a change in the sensitivity of the re-
:Plllarles ceptor or depletion of a cofactor after only a single or a few doses of the drug.
rom the Drugs that work indirectly by releasing norepinephrine may show tachyphylaxis.

Drug tolerance should be differentiated from genetic factors which account for
normal variability in the drug response.

Physical dependency is demonstrated by the appearance of withdrawal symptoms af-
1bstance ter cessation of the drug. Workers exposed to volatile organic nitrates in the work-
‘xample, place may initially develop headaches and dizziness followed by tolerance with con-
Thericar] tinuous exposure. However, after leaving the workplace for a few days, the workers
become may demonstrate nitrate withdrawal symptoms. Factors that may affect drug de-
ine) and pendency may include the dose or amount of drug used (intensity of drug effect),
tranasal, the duration of drug use (months, years, and peak use) and the total dose (amount
»f action of drug X duration). The appearance of withdrawal symptoms may be abruptly pre-
ringfield cipitated in opiate-dependent subjects by the administration of naloxone (Narcan),
with the an opioid antagonist that has no agonist properties.
he abuse
les faster

HYPERSENSITIVITY AND ADVERSE RESPONSE
Many drug responses, such as hypersensitivity and allergic responses, are not fully
explained by pharmacodynamics and pharmacokinetics. Allergic responses gener-
ally are not dose related, although some penicillin-sensitive patients may respond
iterest in to threshold skin concentrations, but, otherwise, no dose-response relationship has
cocaine. been established. Skin eruption is a common symptom of drug allergy. Allergic re-
; demon- actions can occur at extremely low drug concentrations. Some urticaria episodes in
re to the patients have been traced to penicillin contamination in food or to penicillin con-
tolerance tamination during dispensing or manufacturing of other drugs. Allergic reactions
example, are important data that must be recorded in the patient’s profile along with other
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adverse reactions. Penicillin allergic reaction in the population is often detecteq
skin test with benzylpenicilloyl polylysine (PPL). The incidence of penicillin ajje,.
gic reaction occurs in about 1-10% of patients. The majority of these reactions are
minor cutaneous reactions such as urticaria, angioedema, and pruritus. Serjoyg al-
lergic reactions, such as anaphylaxis, are rare, with an incidence of 0.021-0.106¢,
for penicillins (Lin, 1992). For cephalosporins, the incidence of anaphylactic regc.
tion is less than 9.02%. Anaphylactic reaction for cefaclor was reported to be 0.0019
in a postmarketing survey. There are emerging trends showing that there may be ,
difference between the original and the new generations of cephalosporipg
(Reisman and Reisman, 1995). Cross sensitivity to similar chemical classes of dmgs
can occur.

Allergic reactions may be immediate or delayed and have been related to [gE
mechanisms. In f-lactam (penicillin) drug allergy, immediate reactions occur ip
about 30 to 60 minutes, but delayed reaction, or accelerated reaction, may occuy
from 1 to 72 hours after administration. Anaphylactic reaction may occur in both
groups. Although some early evidence of cross hypersensitivity between penicillin
and cephalosporin was observed, the incidence in patients sensitive to penicillin
shew only a twofold increase in sensitivity to cephalosporin compared with that of
the general population. The report rationalized that it is safe to administer
cephalosporin to penicillin-sensitive patients and that the penicillin skin test is net
useful in identifying patients who are allergic to cephalosporin, because of the
low incidence of cross reactivity (Reisman and Reisman, 1995). In practice, the
clinician should evaluate the risk of drug allergy against the choice of alternative
medication. Some earlier reports showed that cross sensitivity between penicillin
and cephalosporin was due to the presence of trace penicillin present in cephalosporin
products.

DRUG DISTRIBUTION AND
PHARMACOLOGIC RESPONSE

After systemic absorption, the drug is carried throughout the body by the gen-
eral circulation. Most of the drug dose will reach unintended target tissues, in
which the drug may be passively stored, produce an adverse effect, or be elimi-
nated. A fraction of the dose will reach the target site and establish an equilib-
rium. The receptorsite is unknown most of the time, but, kinetically, it is known
as the effect compariment. The time course of drug delivery to the effect compart-
ment will determine whether the onset of pharmacologic response is immediate
or delayed. The delivery of drug to the effect compartment is affected by the rate
of blood flow, diffusion, and partition properties of the drug and the receptor
molecules.

At the receptor site, the onset, duration, and intensity of the pharmacologic re-
sponse are controlled by receptor concentration and the concentration of the drug
and/or its active metabolites. The ultimate pharmacologic response (effect) may
depend largely on the stereospecific nature of the interaction of the drug with l
the receptor and the rates of association and dissociation of the drug-receptor
complex. Depending on their location and topography, not all receptor mole-
cules are occupied by drug molecules when a maximum pharmacologic response
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is produced. Other variables, such as age, sex, genetics, nutrition, and tolerance,
may also modify the pharmacologic response, making it difficult to relate the phar-
macologic response to plasma drug concentration. To control data fluctuation and
simplify pharmacodynamic fitting, the pharmacologic response is often expressed
as a percent of response above a baseline or percent of maximum response. By
combining pharmacokinetics and pharmacodynamics, some drugs with relatively
complex pharmacologic responses have been described by pharmacodynamic mod-
els that account for their onset, intensity, and duration of action.

After the pharmacodynamics of a drug are characterized, the time course of
pharmacologic response may be predicted after drug administration. Also, from
these data, it is possible to determine from the pharmacokinetic parameters whether
an observed change in pharmacologic response is due to pharmacodynamic factors,
such as tachyphylaxis or tolerance, or to pharmacokinetic factors, such as a change
in drug absorption, elimination, or distribution.

prug—-Receptor Theory Relating Pharmacologic
Effect and Dose

The relationship between pharmacologic effect and dose was advanced by
Wagner (1968), who derived a kinetic expression that relates drug concentra-
tion to pharmacologic effect. This theoretical development transformed the
semiempirical dose—effect relationship (the hyperbolic or log sigmoid profile)
into a theoretical equation that relates pharmacologic effect to pharmacoki-
netics (ie, a pharmacokinetics/pharmacodynamic, PK/PD model). Because the
equation was developed for a drug receptor with either single or multiple drug
binding, many drugs with a sigmoid concentration effect profile may be de-
scribed by this model. The slope of the profile also provides some insight into
the drug-receptor interaction.

The basic equation mimics somewhat the kinetic equation for protein drug
binding (Chapter 10). One or more drug molecules may interact with a receptor
to form a complex that in turn elicits a pharmacodynamic response, as illustrated
in Figure 19-12. The rate of change in the number of drug-receptor complexes
is expressed as db/dt. From Figure 19-12, a differential equation is obtained as
shown:

(19.9)

where £,¢°(a — b) = rate of receptor complex formation and bk = rate of dissoci-
ation of the receptor complex.

k
Drug + receptor = Drug-receptor e
(S (a-b) complex b ) (Respare

ko

Figure 19-12. Model of the drug-receptor theory: a = total number of drug receptors, ¢=
concentration of drug, S = number of moles of drug that combine with one receptor {constant for
each drug), and b = number of drug-receptor complexes.
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Ad steady state, do/dt = 0 and Equation 19.9 reduces to

b kl c* {

@ e+ ky 1+ (hy/Ic) (19.19)

For many drugs, the pharmacologic response (R) is proportional to the numpe,
of receptors occupied:

b
Roc— (19.11)

The pharmacologic response (R) is related to the maximum pharmacologic re.-
sponse (Rya«), concentration of drug, and rate of change in the number of drug
receptor complexes occupied:

(19.12)

A graph of Equation 19.12 constructed from the percent pharmacologic response,
(R/Rmax) X 100, versus the concentration of drug gives the response—concentra-
tion curve (Fig. 19-13). This type of theoretical development explains that the phar-
macologic response-dose curve is not completely linear over the entire dosage
range, as is frequently observed.

The total pharmacologic response elicited by a drug is difficult to quantitate in
terms of the intensity and the duration of the drug response. The integrated phar-
macologic responseis a measure of the total pharmacologic response and is expressed
mathematically as the product of these two factors (ie, duration and intensity of
drug action) summed up over a period of time. Using Equation 19.12, an inte-
grated pharmacologic response is generated if the drug plasma concentration-time
curve can be adequately described by a pharmacokinetic model.

Table 19.4 is based on a hypothetical drug that follows a one-compartment open
model. The drug is given intravenously in divided doses. With this drug, the total
integrated response increases considerably when the total dose is given in a greater
number of divided doses. By giving the drug in a single dose, two doses, four doses,
and eight doses, an integrated response was obtained that ranged from 100% to
138.9%, using the single-dose response as a 100% reference. It should be noted
that when the bolus dose is broken into a smaller number of doses, the largest
percent increase in the integrated response occurs when the bolus dose is divided
into two doses. Further division will cause less of an increase, proportionally. The

Figure 19-13. Graph of drug concentration versus 4

pharmacologic response. Drug concentration
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TABLE 19.4 Hypothetical Drug Given intravenously in Single and Divided Doses?

DOSE GIVEN DOSE GIVEN DOSE GIVEN
SINGLE INITIALLY AND ATO, 6, 12, AT O, 3,6, 92,
DOSE NUMBER DOSE AT 12th hr 18 hr 12, 15, 18, 21 hr
1 422 272 139.4 62.53
2 276 148.2 71.46
3 148.5 74.41
4 149.0 75.61
5 76.27
6 76.44
7 76.71
8 76.81
Total response 422 548 585.1 590.2
Percent response 100 130 138.7 138.9

4The drug follows a one-compartment open model. Each value represents a unit of integrated pharmacologic response

Adapted with permission from Wagner {1968).

actual percent increase in integrated response depends on the ¢ ,2 of the drug as
well as the dosing interval.

The values in Table 19.4 were generated from theory. However, these data
illustrate that the pharmacologic response depends on the dosing schedule. A large
total dose given in divided doses may produce a pharmacologic response quite
different from that obtained by administering the drug in a single dose.

Correlation of pharmacologic response to pharmacokinetics is not always pos-
sible with all drugs. Sometimes intermediate steps are involved in the mechanism
of drug action that are more complex than is assumed in the model. For exam-
ple, warfarin (an anticoagulant) produces a delayed response, and there is no di-
rect correlation of the anticoagulant activity to the plasma drug concentration.
The plasma warfarin level is correlated with the inhibition of the prothrombin
complex production rate. However, many correlations between pharmacologic ef-
fect and plasma drug concentration are performed by proposing models that may
be discarded after more data are collected. The process of pharmacokinetic mod-
eling can greatly enhance our understanding of the way drugs act in a quantita-
tive manner.

PHARMACODYNAMIC MODELS

No unified general pharmacodynamic model based on detailed drug-receptor the-
ory that relates pharmacologic response to pharmacokinetics is available. Most of
the drug-receptor-based models are descriptive and lack quantitative details.
Successful modeling of pharmacologic response has been achieved with semiem-
pirically based assumptions and usually with some oversimplification of the real
process. Many of the classic pharmacodynamic models were developed without de-
tailed knowledge of the drug-receptor interaction. The successful modeling of
the degree of muscle paralysis of d-tubocurarine to plasma concentrations is an
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geroid hormone-respongjy, celf

m

RNA

mRNA

Figure 19-14. Receptor-mediated (R)
mechanism of action of corticosteroid (S)
hormones.

(From Baxter and Funder, 1979. with
permission. Cited by Boudinot et al, 1986.)

interesting example in which the exact mechanism of the drug-receptor interac-
tion was not considered. One of the few pharmacodynamic models that takes inte
account the interaction between the receptor and the drug molecule leading to
a pharmacologic effect was described by Boudinot et al (1986) using the drug
prednisolone as an example. Prednisolone is a corticosteroid that binds to cy-
tosolic receptors within the cell (Fig. 19-14). The bound steroid receptor complex
is activated and translocated into the nucleus of the cell. Within the cell, the
drug-receptor complex associates with specific DNA sequences and modulates the
transcription of RNA, which ultimately initiates protein synthesis (Boudinot et al,
1986). Tyrosine aminotransferase (TAT) is an enzyme protein that is increased
(induced) by the action of prednisolone. In the liver cell, the prednisolone con-
centration, drug-receptor concentration, and TAT enzyme were measured with
respect to time.

The pharmacodynamic model accounted for the delayed response of pred-
nisolone, a characteristic of corticosteroid response. In this model, prednisolone
is first bound to plasma protein, and free drug must leave the plasma compartment
and enter the cell to form a drug-receptor complex; creation of this complex then
triggers the pharmacologic events leading to an increase in intracellular TAT con-
centration. A decrease in free receptor or an increase in bound receptor com plexes
after drug administration was observed. Plasma prednisolone concentrations Wer¢
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Figure 19-15. A. Prednisolone levels in plasma () and liver (A) fall exponentially after S0 mg/kg
of drug IV during the first 10 hours, as described by a pharmacokinetic model. B. Free cytosolic
glucocorticoid receptor {CGR) concentration fell from control level (@) after 5- {O} and 50-mg/kg (O}
IV doses of prednisolone. Free CGR fell as prednisolone interacted with receptor to form receptor
complex. The free CGR returned to baseline level after about 10 hours.

{From Boudinot et al, 1 986. with permission.)

described by a triexponential equation, and a time lag was built into the model to
account for the delay between TAT increase and the drug-receptor-DNA complex
formation (Figs. 19-15 and 19-16). A review on PK/PD modelling has been published
by Meibohm and Derendorf, 1997.

) Maximum Effect (E,..,) Model

The maximum effect model (Em,x) is an empirical model that relates pharmacologic
response to drug concentrations. This model incorporates the observation known
as the law of diminishing return, which shows that an increase in drug concentration
near the maximum pharmacologic response produces a disproportionately smaller

:ptor interac- increase in the pharmacologic ressponse (Fig. 19-17). The Enax model describes
1at takes into drug action in terms of maximum effect (Epnax) and ECsp, the drug concentration
le leading to that produces 50% maximum pharmacologic effect.
ing the drug C

binds to cy. E= —tmuC_ (19.13)
ptor complex ECs + C

the cell, the where C s the plasma drug concentration and E is the pharmacologic effect.
nod.ulates e Equation 19.13 is a saturable process resembling Michaelis-Menton enzyme
oudinot etal, kinetics. As the plasma drug concentration C increases, the pharmacologic effect

t is increased
nisolone con-

1easured with 5
g 1.01: 8

snse of pred- \E’ 0.8

prednisolone £ 06

compartment ‘é 0.4 Figure 19-16. Tyrosine aminotransferase [TAT) activity
complex then = fio in liver was described by a pharmacodynamic model
ular TAT con- DIREES {solid line) after 5 (O} and 50 mg/kg ((J) IV prednisolone.

es 3 a The pharmacodynamic model accounts for the delay of

tor complex K 2 4 6 8 10 12 14 TAT activity

ntrations were s Time (hours) E...,, g

{From Boudinot et al, 1986, with permission.)
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Figure 19-17. Plot of pharmacologic response versus P -
plasma drug concentration in a hyperbolic model. Drug concentration

E approaches Fy,,« asymptotically. A double-reciprocal plot of Equation 19.13 may
be used to linearize the relationship, similar to a Lineweaver—Burke equation.

Enax is the maximum pharmacologic effect that may be obtained by the drug,
ECsp is the drug concentration that produces one-half (50%) of the maximum
pharmacologic response. In this model, both £, and ECsp can be measured. For
example, the bronchodilator activity of theophylline may be monitored by mea-
suring FEV, (forced expiratory volume) at various plasma drug concentrations
(Fig. 19-18). For theophylline, a small gradual increase in FEV is obtained as the
plasma drug concentrations are increased higher than 10 mg/L. Only a 17% in-
crease in FEV is observed when the plasma theophylline concentration is doubled
from 10 to 20 mg/L. The ECsg for theophylline is 18 mg/L. The E,.x is equiva-
lent to 63% of normal FEV, A further increase in the plasma theophylline con-
centration will not yield an improvement in the FEV| beyond Ej.y. Either drug
saturation of the receptors or other limiting factors prevent further improvement
in the pharmacologic response.

The E,.x model describes two key features of the pharmacologic response: (1)
the model mimics the hyperbolic shape of the pharmacologic response-drug
concentration curve, and (2) a maximum pharmacologic response (Emay) may
be induced by a certain drug concentration, beyond which no further increase

&

30
Theophylline plasma concentration (mg/L)

Figure 19-18. Use of Emax Mode! to describe the effects of theophyiline on change in normalized
forced expiratory volume (FEV); Emax = 63%, ECso = 10 mg/L. 1
[From Mitenko and Ogilvie, 1973, and Holford and Sheiner, 1981, with permission.)
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in pharmacologic response is obtained (Fig. 19-17). The drug concentration that
produces a 50% maximum pharmacologic response (ECsp) is useful as a guide for
achieving drug concentration that lies within the therapeutic range.

[n many cases, the measured pharmacologic effect has some value when drug is
absent (eg, blood pressure, heart rate, respiration rate). Ey is the measured phar-
macologic effect (baseline activity) at zero drug concentration in the body. The
measurement for £y may be variable due to intra- and intersubject differences.
Using Ej as a baseline constant-effect term, Equation 19.13 may be modified as
follows:

LG

19.14
ECs + C (19.14)

E=Ey+

Sigmoid Enax Model

The sigmoid Fmax model describes the pharmacologic response-drug concentration
curve for many drugs that appear to be S-shaped (ie, sigmoidal) rather than hy-
perbolic as described by the simpler £y, model. The model was first used by Hill
(1910) to describe the association of oxygen with hemoglobin, in which the asso-
ciation with one oxygen molecule influences the association of the hemoglobin
with the next oxygen molecule. The equation for the sigmoid En,x model is an
extension of the E ,,, model:

D — Emnx Cn_

= 19.15

where n is an exponent describing the number of drug molecules that combine
with each receptor molecule. When = is equal to unity (z = 1), the sigmoidal Ey,«
model reduces to the Ep, model. A value of n > I influences the slope of the curve
and the model fit.

The sigmoidal Em,x model has been used to describe the effect of tocainamide
on the suppression of ventricular extrasystoles (Winkle et al, 1976). As shown in
Figure 19-19, the very steep slope of the tocainamide concentration-response curve

100 |-
5=
2
IF wf
2
=N
E § 60
33
£5 L.
<2 40
g £
=l
E 8 20}
. " : O =
Figure 19-19. Steep concentration response curve 0.4 10 4 10 40

for tocainide requiring use of the sigmoid Emax model,

{From Winkle et al, 1974, with permission.) Tocainide plosma concentration {ug/m)
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required that » = 20 in order to fit the model. Although this mode! was developed
empirically, the mathematical equation describing the model is similar to the one
elaborated by Wagner (1968) and discussed earlier in this chapter.

In the sigmoid £,,,« model, the slope is influenced by the number of drug mole-
cules bound to the receptor. Moreover, a very large = value may indicate allosteri;
or cooperative effects in the interaction of the drug molecules with the receptor.

Pharmacokinetic Pharmacodynamic Models
with an Effect Compartment

Many pharmacokinetic models describe the time course for drug and metabolite
concentrationsin the body. Using either the sigmoid L« or one of the other phar-
macodynamic models described earlier, the pharmacologic response may be ob-
tained at various time periods. This simple approach has worked for some neuro-
muscular blockers and anesthetic agents, whose activities are related to plasma drug
concentrations.

For some drugs, the time course for the pharmacologic response may not di-
rectly parallel the time course of the plasma drug concentration. The maximum
pharmacologic response produced by the drug may be observed before or after
the plasma drug concentration has peaked. Moreover, other drugs may produce a
delayed pharmacologic response unrelated to the plasma drug concentration.

A pharmacokinetic/pharmacodynamic model with an effect compartment is
used to describe the pharmacokinetics of the drug in the plasma and the time
course of a pharmacologic effect of a drug in the site of action. To account for
the pharmacodynamics of an indirect or delayed drug response, a hypothetical
effect compartment has been postulated (Fig. 19-20). This effect compartment is
not part of the pharmacokinetic model but is a hypothetical pharmacodynamic
compartment that links to the plasma compartment containing drug. Drug trans-
fers from the plasma compartment to the effect compartment, but no signifi-
cant amount of drug moves from the effect compartment to the plasma com-
partment. Only free drug will diffuse into the effect compartment, and the
transfer rate constants are usually first order. The pharmacologic response is de-
termined from the rate constant, ke, and the drug concentration in the effect
compartment (Fig. 19-20).

The amount of drug in the hypothetical effect compartment after a bolus IV
dose may be obtained by writing a differential describing the rate of change in
drug amounts in each compartment:

dD
— = kD) — koD, (19.16)
dt
ko !
VG i v,C, pP—» Effect
i
L}
k‘l’ :
I
L}
Figure 19-20. Pharmacokinetic-pharmacodynamic Plasma i Effect
compartment ! compartment

model with an effect compartment.
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where D, is the amount of drug in the effect compartment, By is the amount of
drug in the central compartment, k. is the transfer rate constant for drug move-
ment from the central compartment into the effect compartment, and kg is the
transfer rate constant out of the effect compartment.

:)lef Integrating Equation 19.16 yields the amount of drug in the effect compartment
e D,

(19.17)
slite Dividing Equation 19.17 by V,, the volume of the effect compartment, yields the
T ] concentration Ce of the effect compartment:

ob-
uro- (19.18)
rug
t di- where Dy is the dose, V. is the volume of the effect compartment, and k is the elim-
aum ination rate constant from the central compartment. Equation 19.18 is not very
after useful because the parameters V; and k) are both unknown and cannot be obtained
ice a from plasma drug concentration data. Several assumptions were made to simplify
3 this equation.
nt is The pharmacodynamic model assumes that even though an effect compartment
time is present in addition to the plasma compartment, this hypothetical effect com-
t for partment takes up only a negligible amount of the drug dose, so that plasma drug
rtical level still follows a one-compartment equation. After an IV bolus dose, the rate of
nt is drug entering and leaving the effect compartment is controlled by the incoming
amic rate constant k. and the elimination rate constant k.g. (There is no diffusion of
rans- drug from the effect compartment into the plasma compartment.) At steady state,
znifi- both the input and output rates from the effect compartment are equal,
com-
1 the (19.19)
is de- '
affene Rearranging,
chDe
us IV D = _k_ (19.20)
ge in e
Dividing by ¥ yields the steady-state plasma drug concentration G;:
keoD
:9.16) c, === (19.21)
kie W
DOklc k —k
B, ==——x(e™ — ™) (19.22)
¢ (ko= k)
- Effect
Substituting for D into Equation 19.21 yields
keUDOklc
@ = — (e — ¢ kcﬁ‘) (19.23)
' hicVo(keo — k)
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e
Cancelling the common term ke,
keODﬂ
C —_ (e—hl _ e-—k,nl) 19.
' Vlheo — B toa

At steady state, C; is unaffected by k). and is controlled only by the elimination
constant kand keg. G is called Cp, or steady-state drug concentration, and has been
used successfully to relate the pharmacodynamics of many drugs, including some
with delayed equilibration between the plasma and the effect compartment. Thus,
k and ke jointly determine the pharmacodynamic profile of a drug. In fitting the
pharmacokinetic-pharmacodynamic model, the IV bolus equation is fitted to the
plasma drug concentration~time data to obtain & and Vp, while C,,ss, or G from
Equation 19.24, is used to substitute into the concentration in Equation 19.15 to
fit the pharmacologic response.

Many drug examples have been described by this type of pharmacokinetic-
pharmacodynamic model. The key feature of this model is its dynamic flexibility
and adaptability to pharmacokinetic models that account for drug distribution and
pharmacologic response. The aggregate eftects of drug elimination, binding, par-
titioning, and distribution in the body are accommodated by the model. The ba-
sic assumptions are practical and pragmatic, although some critics of the model
(Colburn, 1987) believe the hypothetical effect compartment may oversimplify
more complex drug-receptor events. On the positive side, the model represents
elegantly an in-vive pharmacologic event relating to the plasma drug concentra-
tions that a clinician can monitor and adjust.

Until more information is known about the effect compartment, a pharmaco-
kinetic~pharmacodynamic model is proposed to describe these kinetic processes
combining some of the variables. A good fit of the data to the model is useful but
does not necessarily describe the actual pharmacodynamic process. The process of
model development evolves until a better model replaces an inadequate one.
Several examples of drugs incorporating the effect compartment concept cited in
the next section support the versatility of this model. The model accommodates
some difficult drug response—concentration profiles, such as the puzzling hystere-
sis profile of some drug responses (eg, responses to cocaine and ajmaline).

Pharmacodynamic Models Using
an Effect Compartment

The antiarrhythmic drug ajmaline slows the heart rate by delaying the depolariza-
tion of the heart muscle in the atrium and the ventricle. The pharmacologic effect
of the drug is observed in the ECG by measuring the prolongation of the PQ} and
QRS interval after an [V infusion of ajmaline. A two-compartment model with bind-
ing described the pharmacokinetics of the drug and a pharmacodynamic model
with an effect compartment was linked to the central compartment in which free
drug may diffuse into the effect compartment. The effect compartment was nec-
essary because the plasma ajmaline concentration did not correlate well with
changes in recorded ECG events. When the effect-compartment drug concentra-
tion was used instead, drug activity was well described by the model (Figs. 19-21
and 19-22).
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Figure 19-21. Plot of ajmaline concentration versus change in QRS interval for four dogs: (@] 1.
(O] 2. (@) 3. [O) 4. A. Unbound plasma ajmaline versus response. B. Plasma ajmaline versus response.
{From Yasuhara et al, 1987, with permission.)

Hysteresis of Pharmacologic Response

o
——

Many pharmacologic responses are complex and do not show a direct relationship
between pharmacologic effect and plasma drug concentration. Some drugs have a
plasma drug concentration-pharmacologic response that resembles a Aysteresis loop
(Fig. 19-23). For these drugs, an identical plasma concentration can result in sig-
nificantly different pharmacologic responses, depending on whether the plasma
drug concentration is on the ascending or descending phase of the loop. The time-
dependent nature of a pharmacologic response may be due to tolerance, induced
metabolite deactivation, reduced response, or translocation of receptors at the site
of action. This type of time-dependent pharmacologic response is characterized by
a clockwise profile when pharmacologic response is plotted versus plasma drug
concentrations over time (Fig. 19-23).

For example, fentanyl (a lipid-soluble, opioid anesthetic) and alfentanil (a
closely related drug) display clockwise hysteresis, apparently due to rapid lipid par-
tition. B-Adrenoreceptors, such as isoproterenol, apparently have no direct rela-
tionship between response and plasma drug concentration and show hysteresis
features. The diminished pharmacologic response was speculated to be a result of
cellular response and physiologic adaptation to intense stimulation of the drug.
A decrease in the number of receptors as well as translocation of receptors was
proposed as the explanation for the observation. The euphoria produced by

cocaine also displayed a clockwise profile when responses were plotted versus
plasma cocaine concentration (Fig. 19-24).

P

o

&

83s

)

&

G Figure 19-22. Plot of change in QRS interval versus

- ajmaline concentration in the effect compartment in

00 0% ; dog 2. The lines were generated based on the effect

E“edoompmm ' 9 compartment model.

aimali ] o
entcjmaline (ug/mi) {From Yasuhara et al, 1987, with permission_}
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Figure 19-23. Response of the EEG spectral edge to changing fentanyl {A) and alfentanil {B} serum
concentrations. Plots are data from single patients after rapid drug infusion. Time is indicated by
arrows. The clockwise hysteresis indicates a significant time lag between blood and effect site.
{From Scott and Stanski, 1985, with permission.)

A second type of pharmacologic response shows a counterclockwise hysteresis pro-
file (Fig. 19-25). The pharmacologic response increases with time as the pharma-
cologic response is plotted versus plasma drug concentrations. An example of a
counterclockwise hysteresis loop is the antiarrhythmic drug ajmatine. When the
QRS interval changes in dogs were plotted versus plasma ajmaline concentration
in each dog, an interesting counterclockwise hysteresis loop was seen (Fig. 19-21).
Yasuhara and co-workers (1987) developed a pharmacodynamic mode! to analyze
the molecular events between drug concentration and change in ECG parameters
such as QRS. A relationship was established between pharmacologic response and
drug concentration in the effect-compartment drug level (Fig. 19-22). The hys-
teresis profile (Fig. 19-21) is the result of the drug being highly bound to the
plasma protein (a-acid glycoprotein), and of a slow initial diffusion of drug into
the effect compartment.

Counterclockwise hysteresis curves may also result when the measured pharma-
codynamic response is not the primary effect of the drug, ie, there is an indirect

Plasma concentration

Figure 19-24. Clockwise hysteresis loop typi- Figure 19-25. Counterclockwise hysteresis loop
cal of tolerance is seen after intranasal adminis- indicating equilibration delay between plasma
tration of cocaine when related to degree of concentration and the effect site producing the
euphoria experienced in voiunteers. effect.

(From van Dyke et al, 1978.) {From Holford and Sheiner, 1981 ]
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effect. For example, warfarin inhibits hepatic synthesis of clotting factors I1, VII, IX,
and X, but prothrombin time is measured as a surrogate for warfarin activity and
clotting factor concentration.

To predict the time course of drug response using a pharmacodynamic model,
a mathematical expression is developed to describe the drug concentration-time
profile of the drug at the receptor site. This equation is then used to relate drug
concentrations to the time course and intensity of the pharmacologic response. Most
pharmacodynamic models assume that pharmacologic action is due to a drug-
receptor interaction, and the magnitude of the response is related quantitatively to
the drug concentration in the receptor compartment. In the simplest case, the drug
receptor lies in the plasma compartment and pharmacologic response is established
through a one-compartment model with drug response proportional to log drug
concentration (Eq. 19.1). A more complicated model involving a receptor com-
partment that lies outside the central compartment was proposed by Sheiner and
associates {1979). This model locates the receptor in an effect compartmentin which
a drug equilibrates from the central compartment by a first-order rate constant k.

) seru
ated t:; There is no back diffusion of drug away from the effect compartment, thereby sim-
ite. plifying the complexity of the equations. This model was applied successfully to mon-
itor the pharmacologic effects of the drug trimazosin (Meredith et al, 1983).
. The pharmacokinetics of trimazosin are described as a two-compartment open
':;rf:;g' model with conversion to a metabolite by a first-order rate constant %,,. The phar-
dh¥Emg macokinetics of the metabolite are described by a one compartment model with a
first-order elimination constant &,g. The drug effect may be described by two phar-
s;titgs macodynamic models, either model A or B. Model A assumes that the drug effect
19-21) in the effect compartment is. produced by the drug or.lly. Model B assumes that
xllalyzf; both the drug and a m.etabohte.produce drug effec.t (F.lg. 19-26). .
s The following equation describes the pharmacokinetics and pharmacodynamics
of the drug:
se and
1e hys- Co=Ae" — B (19.25)
tg' [l:(‘: where G, is the concentration of the drug in the central compartment.
1g in
A B
e b | b g ns g
inderect & - C ol E T e L1 °*
E by el | by
i k |
k‘“‘l E kyn kio 'q¢ | k, kio
I I
: Y } Y
j ki |
! M }—I M
e T N,
esis loop : ' &
stlgastr:: Figure 19-26. Two proposed pharmacodynamic models for describing the hypotensive effect of

trimazosin. A assumes an effect compartment (left of dashed line) for the drug. B assumes an effect
compartment for the drug as well as the metabolite.
{From Meredith et al, 1983, with permission.}
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(19.26)

where G, is the concentration of the metabolite in the body, Vi is the volume of
distribution of the metabolite, V; is the volume of the central compartment of the
body, kim is the first-order constant for converting drug to metabolite, &y is the
elimination rate constant of the metabolite, A and B are two-compartment mode|
coefficients for the drug (see Chapter 4), and k¢ is the elimination rate constant
of the drug.

The drug concentration in the effect compartment is calculated by assuming
that at equilibrium the concentration of the drug in the effect compartment and
the central compartment are equal,

(19.27)

where ¥, is volume of the effect compartment and 4 is the elimination rate con-
stant of the drug from the effect compartment. Therefore, the drug concentration
in the effect compartment C(e, d) is calculated as

(19.28)

The effect due to drug is assumed to be linear,

(19.29)

where M, is the sensitivity slope to the drug (ie, the effect per unit of drug concen-
tration in the effect compartment). The parameters My, 7, and kq are determined
by least-squares fitting of the data. For the metabolite, the concentration of metabo-
lite in the effect compartment is C(e, m).

(19.30)
BVlkimkcqm E—M
Vo o (b kao) (b kegm)
8‘ LN
+ -
(b [+ kmt)) (kcqm - kmO)
1 r
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Figure 19-27. Diagram showing the agreement between recorded hypotensive effect (solid line)
and hypotensive effect as projected by mode! B (broken line).
{From Meredith et al, 1983, with permission.}

The concentration of the metabolite in the effect compartment is in turn re-
lated to drug effect as for the parent drug. The total effect produced is

(19.31)

The five parameters My, My, i, keq, keqm may be estimated from Equation 19.31
by fitting the data to an appropriate model. Figure 19-27 shows the observed decline
in systolic blood pressure compared with the theoretical decline in blood pressure
predicted by the model. An excellent fit of the data was obtained by assuming that
both drug and metabolite are active. This example illustrates that, fer a dose of
a drug, the drug concentration in the effect compartment and others may be
described by a mathematical model. These equations were further developed to
describe the time course of a pharmacologic event. In this case, Meredith and
associates (1983) demonstrated that both the drug and the metabolite formed in
the body may affect the time course of the pharmacologic action of the drug in
the body.

Simulation of In-Vitro Pharmacodynamic Effect
Involving Hysteresis

An in-vitro model simulation of the sum of pharmacologic effect contributed by a
drug and its active metabolite may explain the observation of the hysteresis re-
sponse curve in vive. Gupta et al (1993) discussed the factors that affect the shape
of the response curve. In the simplest case, pharmacokinetic equations are developed
to calculate Cp, the drug concentration, and Gp, the metabolite concentration. To
estimate the pharmacologic effect due to both the drug and active metabolite, the
potency of the drug is defined as P, the potency of the metabolite is Pn, and
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Figure 19-28. Simulated in-vitro pharmacodynamic response versus concentration {C) contributed

by a drug and a metabolite. Potency of parent drug and metabolite are equal, but {A] kmo = large,
{B) kyo = medium, and (C} kno = Small.
{From Gupta et al, 1993. with permission.}

the sum of the pharmacologic effect is as shown below. (In their first simulation,
Gupta et al assumed that the effect is linearly related to drug and metabolite con-
centrations.)

(19.32)

The shape of hysteresis simulated is very dependent on Fy, and &mo, the rate con-
stant of metabolite elimination. If &y is given a high, medium, or low value, the
effect on the shape of the hysteresis loop is changed dramatically, as shown in
Figure 19-28. A temporal effect causes a counterclockwise loop. In the case of a
metabolite that acts as an antagonist, the hysteresis loop is clockwise. The more
elaborate features of an K.« model were simulated by Gupta et al (1993) in their

paper.

Vo

Lorazepam Pharmacodynamics—Example of an
In-Vivo Hysteresis Loop

CLINICAL EXAMPLE

Many drugs that act on the central nervous systems (CNS) have a lag time before
the tissues and the plasma are equilibrated with drug. The pharmacokinetics of lo- i
razepam after oral absorption were fitted to a two-compartment model with lag [
time. Lorazepam was studied because the drug accounts for all the activity, such |
that the counterclockwise response profile may be attributed to equilibration rather
than to metabolism (Gupta et al, 1990).

The description of the plasma drug concentrations, (,, is obtained by conven-
tional pharmacokinetic equations, whereas the pharmacodynamic effect, E, is
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Figure 19-29. Plot of responses of lorazepam versus plasma drug concentration showing counterclockwise
Uted hysteresis.
Irge, {From Gupta et al, 1990, with permission.)
described by a sigmoid E,,,, model similar to Equation 19.15, except that the base-
ion, line effect is also included. Gupta et al (1990) monitored three pharmacodynamic
con- effects due to lorazepam. The monitored pharmacodynamic effects were mental
impairment processes evaluated by the cognitive and psychomotor performance of
the subjects, including (A) subcritical tracking, (B) sway open (a measurement of
.32) gross body movements), and (C) digital symbol substitution. When the time course
of each effect was plotted versus plasma drug concentration, a counterclockwise
P P g
con- loop was observed (Fig. 19-29). When the same pharmacodynamic responses were
the plotted versus lorazepam concentration in the effect compartment accounting for
nin the equilibration lag, a classical sigmoid relation was observed (Fig. 19-30). The ob-
of a servations showed that the temporal response of many drugs may be the result of
10re pharmacodynamic and distributionaf factors interacting with each other. Thus, a
heir model with an effect compartment can more fully help to understand the time

course of the drug response.

A B ¢
500 500 N 90
— it c 80
2 400 400} 370
3 § 3 60
£ 300 & 300} ® o
= L
= g £ 1w
‘5 200 200
4 ” 2 30
T 100} 5 20
10
: —— o) - ov
0 10 20 30 40 50 0 10 20 30 40 0 10 20 30 40 50
Effect sile lorazepam {ng/ml) Effect site borazepam (ng/ml) Effect site lorazepam (ng/ml)

Figure 19-30. Plot of responses to lorazepam versus effect compartment concentration showing sigmoid
relationship between effect and concentration without hysteresis.
{From Gupta et al. 1990, with permission.)
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‘2| FREQUENTLY ASKED QUESTIONS

1. Explain why doubling the dose of a drug does not double the pharmacodynamj.
effect of the drug.

2. What is meant by a hysteresis loop? Why do some drugs follow a clockwise hys.
teresis loop and other drugs follow a counterclockwise hysteresis loop?

3. What is meant by an effect compartment? How does the effect compartment dif.
fer from pharmacokinetic compartments, such as the central compartment ang
the tissue compartment?

%] LEARNING QUESTIONS

1. On the basis of the graph in Figure 19-31, answer “true” or “false” to statements
(a)—(e) and state the reason for each answer.

a. The plasma drug concentration is more related to the pharmacodynamic
effect of the drug compared to the dose of the drug.

b. The pharmacologic response is directly proportional to the log plasma drug
concentration.

¢. The volume of distribution is not changed by uremia.
d. The drug is exclusively eliminated by hepatic biotransformation.
e. The receptor sensitivity is unchanged in the uremic patient.

2. What do clavulanate, sulbactam, and tazobactam have in common? Why are they
used together with antibiotics?

3. Explain why subsequent equal doses of a drug do not produce the same phar-
macodynamic effect as the first dose of a drug.

a. Provide an explanation based on pharmacokinetic considerations.
b. Provide an explanation based on pharmacodynamic considerations.

Figure 19-31. Graph of pharmacologic response £
as a function of time for the same drug in patients
with normal {A]) and uremic {B) kidney function,
respectively.

ﬁ‘ncnmcologic effect ()
®
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4. How are the parameters AUC and ¢ used in pharmacodynamic models?

5. What class of drug tends to have a lag time between the plasma and the effect
compartment?

6. Name an example of a pharmacodynamic response that does not follow a drug
dose-response profile?

7. When an antibiotic concentration falls below the MIC, there is a short time pe-
riod in which bacteria fail to regrow because of postantibiotic effect (PAE). This
time period is referred to as PAT. What is PAT?

8. What is AUIC with regard to an antibiotic?

.COdynamiC

ickwise hys-
p?

wrtment dif-
rtment and
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