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INTRODUCTION TO 
BIO PHARMACEUTICS 
AND 
PHARMACOKINETICS 

BIO PHARMACEUTICS 

All pharmaceuticals, from the generic analgesic tablet in the communi ty 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 de te rminants of the in-vivo pe rformance, afety 
and effi cacy of the drug product. The properties of the drug and its dosage form 
are carefu lly engineered and tested to produce a stable drug product tha t upon 
administration provides the desired the rapeutic response in the patien t. Bo th the 
pharmacist and the pharmaceutical scientist must unde rstand these complex rela­
tionships to comprehend th e prope r 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 tha t preced e elicita tion of a drug's therapeutic effec t. 
First, the drug in its dosage form is ta ke n by the patie nt either by an oral, intra­
venous, subcutaneous, transde rmal , e tc., route of administration . ext, the drug 
is released from the dosage form in a predictable and cha rac te rizable manner. 
Then , some fraction of the drug is absorbed fro m the site of administration into 
ei ther 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 a t the site of 
action exceeds the minimum ejprtive concentration (MEC), a pharmacologic response 
results. The actual dosing regi me n (dose, dosage form , d osing interval) was care­
fu lly de termined in clinical trials to provide the correct drug concentrations a t 

1 
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2 CHAPTER 1. INTRODUCTION TO BIOPHARMACEUTICS AND PHARMACOKINETICS 

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

Hi torically, pharmaceutical cient..i ts have evaluated the relative drug availability 
to the body in vivo after giving a drug product to an a nimal or human , and then 
comparing specific pharmacologic, clinical, or possible toxic responses. For ex­
ample, a drug such as isoproterenol cause an increase in heart rate when given 
intravenously but has no ob ervable effect on the heart when given orally at the 
same dose level. In addition , the bioavailability (a m easure of system ic avai labi l­
ity of a drug) may differ from one drug product to anoth er containing the same 
drug, even for the same route of administration. This differen ce in drug bioavail­
ability may be manifested by observing the differe nce in the therapeutic effec­
tiveness of the drug products. In o the r wo rds, the nature of the drug molecule, 
the route of delivery, and the formulation of the dosage form can determine 
whether an admini tered drug i therapeutically effective, toxic, or has no 

apparent effect at all. 
Biophannaceutics is the science that examines this interrelatio nship of the physi­

cochemical properties of the drug, the do age form in which the drug is given, and 
the route of administration on the rate and exte nt of systemic drug absorption. 
Thus, biopharmaceutics involves factors that influence (1) the stabili ty of the drug 
within the drug product, (2) the release of the drug from th e 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- cale 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 the rapeutic use, and the route of 
administration . 

Dru~ release and 
Absorption 

- Drug in systemic Drvg in . 
issolution 

. 
circulation tissues -

I 

Elimination I 
I 
I ,. • 

Excretion and Phormocol:t. or 
metabolism clinical e 

Figure 1-1 . Scheme demonstrating the dynamic relationship between the drug. the drug product. 
and the pharmacologic effect. 
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INTRODUCTION TO HIOPI IARMACEUTICS AND Pl IARMACOKINETICS CHAPTER. I. 3 

PHARMA CO KINETICS 

Afte1· a drug is released from its d osage form , the drug is absorbed in to the sur­
rounding tissue, the bo<ly, o r both . The distribution thro ugh and e limina tion of 
the drng in the body va ries for each pati e nt but can be characte rized using math­
ematical rnodels and statistics. Pharrnacohinetics is the scie nce of the kinetics of 
drug absorption , distributio n , and e liminatio n (ie, excre tion and me tabolism ). 
The description of drug distributio n a nd e li m ination is o fte n termed drug dis­
f>osition. Characterizatio n of drug dispositio n is an important pre requisite for de­
te rmination or modification of dosing regim e ns for individuals and groups of 
patients. 

The study of pharmacokinetics involves both experimental and theoretical ap­
proach es. The experime ntal aspect of ph armacokinetics involves the d evelopment 
of biologic ampling techniques, analytical m ethods for the measurement of drugs 
and metabolites, and procedures that facili tate data collection and manipulation. 
The theoretical aspect of pharmacokinetics involves th e development of pharma­
cokinetic models that predict drug d isposition afte r drug admin istration. The ap­
plication of statistics is an integral part of pharmacokinetic studies. Statistical meth­
ods are used for pharmacokine tic parameter estimation and data interpretation 
u ltimately for the purpose of designing and predicting optimal dosing regime ns 
for individuals or groups of patients. Statistical methods are applied to pharmaco­
kine tic models to de te rmine data e rror and structural model deviations. Mathe matics 
and computer techniques form the theoretical basis of many pharmacokinetic 
meth ods. Classical pharmacokinetics is a study of theoretical models focusing mostly 
on model development and parame te rization . 

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 e ithe r a subtherapeutic (drug concentration be low the MEC) 
or toxic response ( drug concentrations above the minimum toxic con centration, 
MTC), which may then require adjustme nt to the dosing regimen. Clinical phar­
macokinetics is the application of pharmacokinetic methods to drug therapy. 
Clinical pharmacokinetics involves a multid isciplinary approach to individually op­
timized dosing strategies based on the pa tie nt's d isease state and pa tient-specific 
considerations. 

The study of clinical pharrnacokine tics of drugs in disease states requires input 
from medical and pharmaceutical research . Table l. l 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 d iseases on drug disposition is not adequately studied. Age, gen­
der, genetic, and e thnic diffe rences can also result in pharmacokine tic differences 
that may affect the outcome of drug therapy. The study of pharmacokinetic dif­
ferences of drugs in vario us population groups is termed population pharmacokinet­
ics (Sheiner and Ludden, 1992). 
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4 CHAPTER 1. INTRODUCTION TO BIOPHARMACEUTICS AND PHARMACOKINETICS 

TABLE 1 . 1 Ratio of Age-Adjusted Death Rates, by Male/Female Ratio from the I 0 
Leading Causes of Death in the USA 2003 

DISEASE 

Disease of heart 
Malignant neoplasms 
Cerebrovascular diseases 
Chronic lower respiration diseases 
Accidents and others* 
Diabetes mellitus 
Pneumonia and influenza 
Alzheimers 
Nephrotis, nephrotic syndrome and nephrosis 
Septicemia 

* Death due to adverse effects suffered as defined by CDC. 

Source: National Vital Statistics Report Vol 52, No. 3. 2003 

RANK 

2 
3 
4 

5 
6 
7 
8 
9 

10 

MALE:FEMALE 

1.5 
1.5 
4.0 
1.4 
2.2 
1.2 
1.4 

0.8 
1.5 
1.2 

Pharmacokinetics is also applied to therapeutic drug rrwnitori.ng (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 concentra tions (eg, theophylline) or by 
monitoring a specific pharmacodynamic endpoint such as proth rombin 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 equence 
of molecular events resulting in a pharmacologic or toxic respon e. Pharmacokinetic­
pharmacodynamic models are constructed to rela te plasma drug level to drug 
concentration in the site of action and establish the intensity and time cour e of 
the drug. Pharmacodynamics and pharmacokine tic-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 interpre tation of drug safety evalua tion studies (Leal et al, 1993) and 
in validating dose-related exposure in anima ls. Toxicokinetic data aids in the in­
terpretation of toxicologic findings in anima l and extrapolation of the re ulting 
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INTRODUCTION TO BIOPHARMACEUTICS AND PHAFWACOKINETICS CHAPTER 1. 5 

data to humans. Toxicokinetic studies a re performed in animals during preclini­
cal drug development and may ontinue arter Lhe drug has been tested in clinical 
tria ls. 

Cliniml toxirology is the study o r adverse effects of drugs and toxic substances 
(poisons) in the body. T he pharmacokine tics of a drug in an overmedicated (in­
toxicated) patient may be ve1')' diffe rent from the pharmacokinetics of the same 
drug g iven in lower therapeutic doses. At very high doses, the drug concentration 
in the bod may saturate enzymes involved in the absorption, biotransformation, 
or a tive renal secretion mechanisms, the reby changing the pharmacokinetics from 
linear to n onlinear pharmacokine tics. No nlinear pharmacokine tics is discussed in 

hapter 9. Drug frequently involved in toxicity cases include acetaminophen, sal­
icylates, morphine, and the tricylic antidepressants (TCAs) . Many of these drugs 
can be a ayed conveniently by fluorescence immunoassay (FIA) kits. 

MEASUREMENT OF DRUG CONCENTRATIONS 

Becau e drug concentrations are an important element in determining individual 
or population pharmacokine tics, drug concentrations are measured in biologic 
amples, 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 concen tration measu re­
ment, because chromatography separate the drug from other related materials 
that may cause assay interfe rence. 

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. Invasive methods include sam­
pling blood, spinal fluid, synovial flu id, tissue biopsy, or any biologic material that 
requires parenteral or surgical inte rve ntion in the patient. In contrast, noninvasive 
methods include sampling of urine, saliva, feces, expired air, or any b iologic mate­
rial that can be obtained without parente ral or surgical intervention. The mea­
suremen t of drug and metabolite concentration in each of these biologic materi­
als yie lds 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 e le ments including red blood cells, white blood 
cells, pla te le ts, and various o ther 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 

upernatan t after centrifugatio n . Plasma is obtained from the supernatant of cen­
trifuged who le blood to which an anticoagulant, such a he pa rin , ha been added. 
Therefore, the prote in con tent o f serum and plasma is not the ame. Plasma per­
fu es all the tissues of the body, including the cellu lar e leme nts in the blood. 
Assu ming that a drug in the plasma is in dynam ic equilibrium with the ti sues, 
th en ch ange in the drug concen tration in plasma will re ncct changes in tis'iuc 
drug concen trations. 

Plasma Level-Time Curve 

The plasma level-time curve is gene ra ted by obta ining the drug concentration in 
pla ma samples taken at various time interval after a d rug product is administered. 
The concentration of drug in each plasma ample is p lotted on rectangular­
coordinate graph paper against the correspond ing time at wh ich the plasma sam­
ple wa removed . As the drug reache the general (syste m ic) c irculation, plasma 
drug concentrations will ri e up to a maximum. Usually, absorptio n of a drug i 
more rapid than elimination. As the drug i being absorbed into the y temic cir­
cula tion , the drug is distributed to all the tissues in the body and is a lso simullane­
ously being eliminated. Elimination of a drug can p roceed by excretion, biotrans-­
formation , or a combination of bo th . 

The re la tionship of the drug level- time curve and vario us p harmacologic pa­
rameters for the drug is shown in Figure 1-2. MEC and MTC represent the mini­
mu m effective concentration and minimum toxic concentration o f drug, respectively. For 
some drugs, such as those acting on the auto nomic ne rvous system, it i u eful to 
know the concentration of drug that will just barely produce a pharmacologic ef­
fect (ie, MEC). Assuming the drug concentra tion in the plasma is in equilibrium 
with the ti sues, the MEC reflects the minimum con centration of drug needed at 
the recep tors to produce the desired pharmacologic effect. Simila rly, the MTC rep­
resents the drug concentration needed to j u t bare ly produce a toxic effect. The 
onset time corresponds to the time required fo r the drug to reach the MEC. The 

Figure 1-2 . Generalized plasma level- time curve 
after oral administration of a drug. 
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supernatantafter centrifugation. Plasmais obtained fromthe supernatant of cen-
trifuged whole blood to which an anticoagulant, such as heparin, has been added.
Therefore, the protein content of serum and plasmais not the same. Plasmaper-
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 thetissues,
then changes in the drug concentration in plasma will reflect changes in tissue
drug concentrations.

Plasma Level-Time Curve

The plasmalevel-time curve is generated by obtaining the drug concentration in
plasma samples takenat varioustimeintervals 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 concentrationswill rise up to a maximum. Usually, absorption ofa drug is
morerapid than elimination. As the drug is being absorbed into the systemiccir-
culation, the drugis distributed toall the tissues in the body andis also simultane-
ously being eliminated. Elimination of a drug can proceed by excretion, biotrans-
formation, or a combination ofboth.

The relationship of the drug level-time curve and various pharmacologic pa-
rameters for the drug is shown in Figure 1-2. MEC and MTCrepresentthe 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 plasmais in equilibrium
with the tissues, the MEC reflects the minimum concentration of drug neededat
the receptors to producethe desired pharmacologic effect. Similarly, the MTC rep-
resents the drug concentration needed to just barely produce a toxic effect. The
onset time correspondsto the time required for the drug to reach the MEC. The

Plasmalevel 
Figure 1-2. Generalized plasma level-time curve Onset
after oral administration of a drug. nes Time

MPI EXHIBIT 1045 PAGE18

DR. REDDY’S LABORATORIES, INC. 
IPR2024-00009 
Ex. 1045, p. 18 of 115

 



INTRODUCTION TO BIOPHARMACEUTICS AND PHARMACOKINETICS CHAPTER 1. 7 

inten ity of the pharmacologic effect is proportional to the number of drug re­
ceptor occupied , which is reflected in the observation that higher plasma drug 
concen trations produce a greater pharmacologic response, up to a maximum. The 
riv ration of drug action is the differe nce between the onset time and the time for the 
drug to decline back to the MEC. 

In con trast, the pharm acokineticist 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 ma,ximum drug concentration in the plasma and is a rough marker of 
average rate of drug absorption. The peak plasma level or maximum drug con­
cen t.ration 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 
ystemically. These and other pharmacokinetic parameters are discussed in suc­

ceeding chapters. 

Drug Concentrations in Tissues 

] 
0 
E 
0 

a: 

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 o ne 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. 

------------------------- MTC 
Peak concentration 

Peak 
time 

AUC 

- - -- - - - ---- MEC 

Time 

Figure 1-3. Plasma level-time curve showing peak 
time and concentration. The shaded portion 
represents the AUC (area under the curve). 
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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 ofdrug actionis 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 plasmalevel-time curve
in terms of such pharmacokinetic termsas peak plasmalevel, timeforpeak plasma level,
and area under the curve, or AUC (Fig. 1-3). The time of peak plasmalevel 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 measurementdifficult. Drug concentrationsin tissue biop-
sies may notreflect drug concentration in othertissues 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 tumorwithin the tissue, the blood
flow to the tumorcells may not be the sameas the blood flow to othercells in
this tissue. In fact, for many tissues, blood flow to onepart ofthe tissues need not
be the same as the blood flow to another part of the same tissue. The measure-
mentof 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
ussue.

talseeeMTC

Peak concentration

Figure 1-3. Plasma level-time curve showing peak
time and concentration. The shaded portion
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 excre tion measurements 
to establish various pharmacokinetic parameters is d iscussed in Chapter 15. 

Measurement of drug in feces may reflect drug that has not been absorbed after 
an o ral dose or may reflect drug that has bee n expe lled by biliary secretion after sys­
temic absorption. Fecal drug excretion is often performed in mass balance studies, 
in which the investigator a ttempts to account for the e ntire 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 fonn. The undissolved dosage form is then assayed fur residual drug. 

Drug Concentrations in Saliva 

Saliva drug concentra tions have been reviewed for ma ny drugs for the rapeutic drug 
monitoring (Pippenger and Massoud, 1984). Because o n ly free drug diffuses into 
the saliva, saliva drug levels tend to approximate free drug rather than total plasma 
drug concentration . The saliva/ plasma drug concentra tio n ra tio is less than 1 for 
many drugs. The saliva/ plasma drug concentration ra tio is mostly influenced by 
the pKa of the drug a nd the pH of the saliva. Weak acid drugs and weak base drugs 
with pKa significantly different than pH 7.4 (p lasma pH) generally have better cor­
relatio n to plasma drug levels. The saliva drug concentrations taken after equilib­
rium witl1 the plasma drug concentration gene rally 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, murde r, 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 medicatio n , has been poiso ned, or has been us­
ing drugs of abuse such as opiates ( eg, he roin) , cocaine, o r 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. T he analysis for drugs of 
abuse in hair samples by very sensitive assay meth ods, such as gas chroma tography 
coupled with mass spectrome try, provides information rega rding past drug expo­
sure. A study by Cone e t a l (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 ofte n re lated to the 
concentration of the drug a t Lhe recept.or site, usua lly located in the tissue cells. 
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INTRODUCTION TO BIOPHARMACEUTICS AND PHARMACOKINETICS CHAPTER 1. 9 

Becau e most of the tissu e ll arc richly perfused with tissue fluids or plasma, 
mea uring the pla ma drug level is a respon ive method of monitoring the course 
of therapy. 

linicall , indi,~dual varia l.ions in the phannacokine tics of d rugs are quite com­
mon. Monitoring the concentral.io n of drugs in the blood or plasma ascertains that 
the calcula ted dose actually deliver th p lasma level required for therapeutic effect. 
With ome drug , receptor expres ion and/ or sensi tivity in individuals varies, so mon­
itoring of pla ma 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 pharmacokine tic information, plasma drug levels are relatively 
u ele for do age adjustment. For example, suppose a single blood sample from 
a patient wa 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 pharmacokine tic equatio ns and models may de­
scribe the b lood level-time curve accurately. 

Monitoring of plasma drug concentratio ns allows for the adjustment of the drug 
dosage in order to individualize and o ptimize therapeutic drug regimens. In the 
presence of alteration in physio logic functions due to disease, monitoring plasm a 
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 o n p lasma drug concentrations. 

In many cases, the pharmacodynamic response to the drug may be more impo rtant 
to measure than just the plasma drug conce ntration. For example, the electro­
physiology of the heart, including an electrocardiogram (ECG), is impo rtant to 
assess in patients medicated with cardio to nic drugs such as digoxin. For an anti­
coagulant drug, such as d icumarol, 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 pred ict pharmacodynamic response. Drug used in cancer 
chemotherapy often interfere with nucleic acid or protein biosynthesi to destroy 
tumor cells. For these drugs, the p lasma drug concentration does not relate di­
rectly to the pharmacodynamic response. In th is 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 ti sues 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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10 CHAPTER 1. INTRODUCTION TO BIOPHARMACEUTICS AND PHARMACOKINETICS 

happen simultaneously. Yet such fac tors must be considered when designing drug 
therapy regimens. The inherent and infinite complexity of th ese events require the 
use of m athematical mode ls and statistics to estimate drug d osing and to predict 
the time course of drug efficacy fo r a given dose. 

A model is a hypothesis using mathe matical te r ms to d escribe quantitative rela­
tionships concisely. The predictive capabili ty of a mode l lies in the proper selec­
tion and d evelopment of mathematical fun ctio n(s) tha t param e ter ize the essential 
factors governing the kine tic p rocess. The key parame ters in a process are com­
monly estimated by fitting the model to the experim e n ta l data, known as variabl,es. 
A pharmacokinetic parameter is a consta n t for the drug th at is estimated fro m the 
experime ntal data. For example, estimated pha rmacoki ne tic pa rameters such as k 
d epend on the me thod of tissue sampling, the timing of the sample, drug analy­
sis, and the predictive mod el se lected . 

A pharmacokinetic function relates an independent variabl,e to a dependent variabl,e, 
often through the use of parameters. For example, a pharmacokinetic model may 
predict the drug concentration in the live r 1 hour afte r a n oral adm inistration of 
a 20-mg dose. The independent variable is time and the d epe n de nt variable is the 
drug concentration in the liver. Based on a se t of time-versus-d rug concentration 
data, a model equation is derived to predict the live r drug con ce n tra tion with re­
spect to time. In this case, the drug concentra tio n d e pends o n the time afte r the 
administration of the d ose, where the time:concentra tio n re lationship is defined 
by a pharmacokine tic paramete r, k, the e liminatio n rate con stan t. 

Such mathematical models can be devised to simula te the ra te processes of drug 
absorption, distribution , and elimination to describe and predict drug concentra­
tions in the body as a function of time . Pharmacokine tic m od e ls are used to: 

1. Predict plasma, tissue, and urine drug levels with an y d osage regimen 
2. Calcula te the optimum dosage regimen for each pa tie n t ind ividually 
3. Estimate the possible accumulation of drugs and/ or me tabo lites 
4. Correlate drug concentrations with pharmacologic or toxicologic activity 
5. Evaluate differences in the rate or exten t of availabili ty be tween fo rmulation 

(bioequivalence) 
6. Describe how changes in physiology or disease affect the abso rption, di u-ibu-

tion , or elimination of the drug 
7. Explain drug interactions 

Simplifying assumptions are made in p harmacokine tic models to describe a com­
plex biologic system concerning the move me nt of drugs within th e body. For ex­
ample, most pharmacokine tic models assume tha t the plasm a drug concentration 
reflects drug concen trations globally wi thin the bod y. 

A model may be empirically, physiologically, o r com partmentally based. The 
model that simply in terpolates the da la and a llows an e m pirical fo rmula toe timate 
drug level over time is j ustified when limited in formatio n is available. Empirical mod­
els are practical but no t very usefu l in explaining the mechani m of the actual process 
by which the drug is absorbed , d istributed , and elimina ted in th e body. Examples 
of empirical models used in p harmacokine tics a re described in Chapter 22. 

Physiologically based models also have limita tio ns. Using the exam ple above, and 
apart fro m the necessity to sample tissue and mo nito r b lood flow to the liver in 
vivo, the investigator needs to understand the fo llowing que ' tio ns. What does liver 
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INTRODUCTION TO BIOPHARMACEUTICS AND PHARMACOKINETICS CHAPTER t. 11 

drug concentration mean? hould the drug concentration in the blood within the 
ti ue be determined and subtra ted from the drug in the live r tissue? What type 
of cell i repre entative of the live r if a e lective biopsy liver tissue sample can be 
collected without contamination from iL'i 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 per fusion will alter 
the ti ue drug concentration. If heterogeneous liver tissue is homogenized and as-
ayed, 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
ue homogenization is not practical for human subj ects, 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 pharmacok.inetic 
model are also discussed in Chapter 22. Individual pharmacok.inetic processes are 
di cussed 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 pharmacokine tic 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 pharmacok.inetic properties can frequently be described using a fluid-filled 
tank model called the one-compartment o,pen 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 pharmacokine tics, these parameters 
are assumed to be constant for a given drug. If drug concentrations in the tank 
are dete rmined at various time intervals following administration of a known dose , 
then the volume of fluid in the tank or compartment ( V0 , volume of distribution) 
and the rate of drug elimination can be estimated. 

In practice, pharmacokinetic parameters such as k and V0 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 

automatically to keep ----t-~- llo ou~et Fluid replenished -l __ :----- Fluid 

volume constant 

Figure 1-4. Tank with a constant volume of fluid 
equilibrated with drug. The volume of the fluid is 
1 .0 L The fluid outlet is 1 0 mUmin. The fraction of drug 
removed per unit of time is 10/1000, or 0.01 min- 1

• 
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12 CHAPTER 1. INTRODUCTION TO BIOPHARMACEUTICS AND PHARMACOKINETICS 

general, as the number of parameters required to mode l the data increa es, accu­
rate estimation of these parameter becomes increasing ly more difficult. With com­
p lex p harm acokine tic models, computer programs are used to facilitate parame­
ter estimation. H owever, for the parame ter to be valid, the number of data points 
should always exceed the number of parame ter in the mode l. 

Becau e a m odel is based on a hypothesis and simplifying assumptions, a cer­
tain degree of cau tion is nece sary when re lying totally o n the phannacokinetic 
m odel to p redict d rug actio n . For some dnigs, p lasma drug concentrations are not 
u eful in predic ting drug activity. For other drugs, an individual's genetic differ­
e nces, di ea e sta te, and the com pensatory r·esponsc of the body m ay modify the 
respo n e of a drug. If a simple model docs not fi t a ll the experimental observa­
tio ns accurate ly, a new, mo re e labo rate mod e l may be proposed a nd subsequenlly 
tested . ince limited data are gene rally available in m ost clin ical situations, phar­
macokine tic d ata sh ould be interp reted a lo ng wi th cl inical observation rather than 
replacing sound j udgm e nt by the cl inicia n . Developme n t of pharmacometric sta­
tistical mod el may h e lp to improve predictio n of drug levels among patients in 
the popula tion (She ine r and Beal, 1982; Ma llet et a l, 1988). However, it wi ll be 
som e time before the e methods become gen erally accep ted. 

Compartment Models 

If the tissue drug concen tratio ns a nd binding a re known , p h ysio logic pharmaco­
kine tic mode ls, which are based on actua l tissues a nd the ir respective blood fl ow, 
d escr ibe the data realistically. Physio logic pharmacokin e ti c m od e ls are frequently 
used in describing drug distributio n in a nimals, because tissue samples are easily 
available for assay. On the other hand, tissue samples a re often not available for 
human subjects, so most physio logical mode ls assume a n average set of blood flow 
for individual subjects. 

ln contrast, because of the vast complexity of th e body, drug kine tics in the body 
are frequently simplified to be represented by one o r m o re tanks, or compartments, 
that communicate reversibly with each o ther. A compartment is nut a real physio­
logic or anato mic region but is considered as a tissue o r group of ti sue that have 
similar blood flow and drug affinity. Within each compartment, the drug i con ·id­
ered to be un iformly distributed. Mixing of the drug within a comparun ent i rapid 
and ho mogeneous and is considered to be "we ll stirred," so that the drug concen­
tration re presents an average concentratio n, an d each d rug molecule has an equal 
probabili ty of leaving the compartme nt. Ra te constants are u ed to repre enc the 
overall ra te processes of drug en try into and exit from the compartmen t. The model 
is an open system because drug can be eliminated from the system. Compartment mod­
els are based on linear assumptio ns using linear d ifTere ntia l equations. 

Mammillary Model 

A compartmental model provides a simple way of gn>uping all the tissue · into one 
or more compa rtments whe re drugs move to a nd from the central or plasma cum­
panment. T he mmmnillmy modPl is the most common compartment moclt'l used in 
p liarmacokine ti cs. T h e 111 ,unmilla ry model is a s tro ng ly con nected system, becau ·e 
o ne can estimate the a m o 1tnt o f' d rug in a ny com partm e nt o f' 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 o rgans involved in drug e limination, 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 compartm ent models are described in Figure 1-5. The phar­
macokine tic rate constants are represented by the le tter 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·comportment open model, IV injection. 

'=====11]-k -• 
MODEL 2. One-compartment open model with first·order absorption. 

·~I I k 

MODEL 3. Two·compartment open model, IV injection. 

I 
k1 2 

,I( 

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

~ ► I I◄ :: ► 1 , 

ki 
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Figure 1-5. various compartment models. 
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is introducedinto 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 plasmaandhighly 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
andliver, are well-perfusedtissues.

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 bodyis
simply the sum of drug present in the central compartmentplus the drug pres-
ent in the tissue compartment. Knowing the parametersof either the one- or two-
compartment model, one can estimate the amountof drug left in the body and
the amount of drug eliminated from the body at any time. The compartmental
models are particularly useful whenlittle information is known about thetissues.

Several types of compartment models are described in Figure 1-5. The phar-
macokinetic rate constants are represented by the letter k. Compartment | repre-
sents the plasma or central compartment, and compartment 2 represents the Us-
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.

 
MODEL 2. One-compartment open modelwith first-order absorption.

 
MODEL3. Two-compartment open model, IV injection.

 
Figure 1-5. Various compartment models.

MPI EXHIBIT 1045 PAGE 25

DR. REDDY’S LABORATORIES, INC. 
IPR2024-00009 
Ex. 1045, p. 25 of 115

 



14 CHAPTER 1. INTRODUCTION TO BIOPHARMACEUTICS AND PHARMACOKINETICS 

EXAMPLE 

Two parameters are needed to describe model 1 (Fig. 1-5): the volume of the com­
partment and the e liminatio n rate constant, k. In the case of model 4, the phar­
macokine tic parameters consist of the volumes of com partments 1 and 2 and the 
rate constants-k.i, k, k12, and k21-for a total of six parameters. 

In studying these models, it is important to know whethe r drug concentration 
data may be sampled directly from each compartment. For mode ls 3 and 4 (Fig. 
1-5) , data concerning compartment 2 canno t be o b tained easily because tissues are 
not easily sampled and may not contain ho mogeneous concentra tio ns of drug. If 
the amount of drug absorbed and elimina ted pe r 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 chapte rs. 

Catenary Model 

In pharmacokine tics, the mammillary mode l must be disting uished from another 
type of compartmental model called the catenary m od e l. 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 o r 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) 

Physiologi,c pharmacokinetic models, also known as blood flow or pe rfusion models, ar e 
pharmacokinetic models based on known anatomic and physio logic data. The mod­
els describe the data kinetically, with the consideration tha t blood flow is respon­
sible for distributing drug to various parts of the bod y. Uptake of drug into organs 
is de termined by the binding of drug in these tissues. In contrast to an estimated 
tissue volume of distribution, the actual tissue volume is used. Because the re are 
many tissue o rgans in the body, each tissue volume must be obtained and its drug 
concentration described. The mode l would potentially predict reali tic tissue drug 
concentrations, which the two-compartment model fai ls to do. Unfortunate ly, much 
of the information required for adequa te ly describing a physio logic pharmacoki­
netic model are experimentally difficult to obtain. In spite or this limitatio n, the 
physiologic pharmacokinetic model does provide much be tte r insight into how 

Figure 1-6. Example of caternary model. 
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EXAMPLE 
Two parameters are needed to describe model | (Fig. 1-5): the volumeof the com-
partmentand the elimination rate constant, k. In the case of model 4, the phar-
macokinetic parameters consist of the volumes of compartments | and 2 and the
rate constants—k,, k, kj, 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 obtainedeasily becausetissues are
not easily sampled and may not contain homogeneous concentrations ofdrug. If
the amount of drug absorbed and eliminated per unit time is obtained by sam-
pling compartment1, then the amountof drug containedin the tissue compart-
ment2 canbe 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 anotherlike the compartments ofa train
(Fig. 1-6). In contrast, the mammillary model consists of one or more compart-
ments around a central compartmentlike 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 knownas 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 bloodflowis respon-
sible for distributing drug to various parts of the body. Uptake ofdrug into organs
is determined by the binding of drug in these tissues. In contrast to an estimated
tissue volume ofdistribution, the actual tissue volume is used. Because thereare

many tissue organsin the body, each tissue volume must be obtained andits 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

 
Figure 1-6. Example of caternary model.
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INTRODUCTION TO BIOPHARMACEUTICS AND PHARMACOKINETICS CHAPTER l. 15 

ph iologic factor may change drug distribution from one animal pecies to an­
other. Other major diffe rence are described below. 

Fir t, no data fitting is required in the perfusion model. Drug concentrations in 
the variou 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) . 

econd, blood flow, tis ue ize, and the drug tissue-blood ratios may vary due 
to certain pathophy iologic conditions. Thus, the effect of these variations on drug 
di tribution mu t be taken into account in physiologic pharmacokinetic models. 

Third, and most important of all , physiologically based pharmacokinetic mod­
el 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 b lood levels well. An example of a perfusion mode l 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 penetralion 
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. 

IV injection 
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Figure 1-7. Pharmacokinetic model of drug 
perfusion. The k's represent kinetic constants: 
k,, is the first-order rate constant for urinary 
drug excretion and km is the rate constant 
for hepatic elimination. Each ·oox· represents 
a tissue compartment. Organs of major 
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 
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 0 . 
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CHAPTER 1. INTRODUCTION TO BIOPHARMACEUTICS AND PHARMACOKINETICS 

A perfusion model has been u ed ucces fully Lo describe the di t.ribution of li­
docaine in blood and various organs. In this case, organs uch a lung, live r, brain, 
and mu cle were individually de crib d by differcnlial equation , whereas o ther tis-
ues were grouped as RET (rapidly equilibrating t issue) and ET ( lowly equili­

brating ti ue) , as hown in Figure J-7. Figure 1-8 shows that the blood concentra­
tion of lidocaine declines biexponenlially and was we ll pr-edicted by the physiologic 
model based on blood flow. The ti ue lidocaine level in the lung, muscle, and adi­
po e and other organs is shown in Figure 1-9. The model shows that adipose lis-
ue accumulate drugs slowly because of low blood supply. In conlrast , 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 fa ll. The physio logic pharmacokinetic model 
provides a realistic means of modeling tissue drug levels. Unfortunate ly, the simu­
lated tissues levels in Figure 1-9 canno t be verified in humans because drug levels 
in ti ue are no t available. A criticism of physiologic pharmacokin etic models in 
general has been that there are fewer data po in ts tha n parame te rs that one tries 
to fit. on equently, the proj ected data are no t well constrained. 

The real significance of the phy io logically ba ed mode l i the potential appli­
cation of this model in the prediction of huma n pharmacokin e tic fro m animal 
data ( a wad a e t a l, 1985). The mas of variou body o rgans or tissues, exten t of 
prote in binding , drug metabolism capacity, a nd blood fl ow in human and other 
species are often known or can be dete rmined. Thus, physio logic and anatomic 
parame ters can be used to predict the effects of drugs on humans from the effects 
on animals in cases where human expe rimentatio n is difficul t o r restric ted. 

Simuloted 
perfusion model 

100r--------------~ 

20 

0. 1 L--J. _ __.__.....___.. _ __,___....,,__L--.J....J 
0 60 120 

Time (minutes) 

180 240 

2 4 8 16 32 64 I 28 256 
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Figure 1-8 . Observed mean /• J and simulated /-) 
arterial lidocaine blood concentrations in normal 
volunteers receiving I mg/kg per min constant 
infusion for 3 minutes. 

Figure t -9 . Perfusion model sImulat1on of the 
dIstnbu11on of hdocaIne ,n various tissues and Its 
ehm1nauon from humans following an ,ntrdvenous 
1nfus1on fo, I minute. /From Benowitz et al 197 4. w ith permission; data from 

Tucker GT, Boas RA: Anes1hesiology 34:538. 197 I .) (r1 om Benow itz et al 1974, w ith permission./ 
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A perfusion model has been used successfully to describe the distributionof|i-
docaine in blood and various organs. In this case, organs suchas lung,liver, brain,
and muscle were individually described by differential equations, whereasothertis-
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 oflidocaine declines biexponentially and was well predicted bythe physiologic
model based on blood flow. The tissue lidocaine level in the lung, muscle, andadi-
pose and other organs is shownin Figure 1-9. The model shows that adiposetis-
sue accumulates drugs slowly because of low blood supply. In contrast, vasculartis-
sues, like the lung, equilibrate rapidly with the blood andstart to decline as soon
as drug level in the blood starts to fall. The physiologic pharmacokinetic mode}
providesa 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 Ussues 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 modelis 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 organsortissues, extent of
protein binding, drug metabolism capacity, and blood flow in humans andother
species are often known or can be determined. Thus, physiologic and anatomic
parameters can be used to predict the effects of drugs on humans fromtheeffects
on animals in cases where human experimentation is difficult or restricted.

Metabolism

Injecteddose(percent)
Simulated

perfusion model

60 120 180 240

Time (minutes)

 
] 2 4 BB 16 32 64 128 256

Time (minutes)

Figure 1-8. Observed mean (@)} and simulated (—}
arterial lidocaine blood concentrations in normal Figure 1-9. Perfusion model simulation of the
volunteers receiving 1 mg/kg per min constant distribution of lidocaine in various tissues andits
infusion for 3 minutes. elimination from humans following an intravenous
(From Benowitz et al 1974, with permission; data from infusion for | minute.
Tucker GT, Boas RA: Anesthesiology 34:538, 1971.) (From Benowitz et al 1974, with permission.)
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INTRODUCTION TO BIOPHARMACEUTICS AND PHARMACOKINETICS CHAPTER 1. 17 

I ? I FREQJJENTLY ASKED QJJESTIONS 

1. 'Why i plasma or serum drug concentration, rather than blood concentration, 
u ed to monitor drug concentration in the body? 

2. \,\That 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? 

l~I LEARNING QJJESTIONS 

k. 

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 l? 

d. Write an expression describing the rate of change of drug concentration in 
compartment 1 (dCi /dt). 

Metabolite 
Drug comportment 

2 

k12 k21 

lei, 

le,,, 
3 

Figure 1-1 0. Pharmacokinetic model for a drug elim­
inated by renal and biliary excretion and drug metab­
olism. km = rate constant for metabolism of drug: 
~ = rate constant for urinary excretion of metabolites; 
kt, = rate constant for biliary excretion of drug; and 
k,, = rate constant for urinary drug excretion. 
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18 CHAPTER 1. INTRODUCTION TO BIOPHARMACEVTICS AND PHARMACOKINETICS 

5. Give two reasons for the measurement of the plasma drug concentration, ~ as­
suming (a) the ~ relates directly to the pharmacodynamic activity of the drug 
and (b) the ~ 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 c1 and 
C<.?, respectively. 

a. What possible conditions or situations would result in concentration c1 > c2 
at equilibrium? 

b. How would you experimentally demonstra te these conditions given above? 

c. Under what conditions would c1 = c2 at equilibrium? 

d. The total amount of Drug A in each biologic compartment is A 1 and A2, re­
spectively. Describe a condition in which A

1 
> A2, but c1 = c2 at equi librium. 

Include in your discussion, how the physicoch emical properties of Drug A or the 
biologic properties of each compartment might influence equilibrium conditions. 

--------------------------------- -- - --
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BIOAVAILABILITY AND
BIOEQ!)IVALENCE

A multisou�ce drug product is a drug product that contains the same active drugsubstance m the same dosage form and is marketed by more than one pharma­ceutical manufacturer. Single-source drug products are drug products for which thepatent has not yet expired or has certain exclusivities so that only one manufac­turer can make it. Single-source drug products are usually brand-name (innova­tor) 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. . . . Drug product selection and generic drug product subst1tut1on _are �aJor re-
sponsibilities for physicians, pharmacists, and others who prescribe, dispense, 
or purchase drugs. To facilitate such decisions, the U.S. Food and Drug 
Ad · · · (FDA) bli·shes annually in print and on the Internet, Approvedmm1strat1on pu . ' th Ch e Book Drug Products with Therapeutic Equivalence Evaluations, al�o kn?wn as e adng, 

( ) Th Orange Book identifies drug pro ucts ap­WWW.fda.gov / cder / ob/ default.htm . . e 
b the FDA and contains therapeu-proved on the basis of safety and effect1venes

1
s. Y 

escription drug products. t' . . fi ved mu usource pr 
IC eqmvalence evaluat10ns or appro . d d •ce to state health agencies,Th 1· · £ rmauon an a VI ese evaluations serve as pubic m O 

br ducation in the area of drug prescribers, and pharmacists to pro�ote �� 
o

th:alth care costs. The following product selection and to foster contamme 

C de if Fi deral Regulations, 21 CFR 320,
definitions are from the 2003 Orange Book, 0 0 e 
and other sources. 

ntFIN1noNs
d tent to which the active ingre-

• Bioavailabilit'll. Bioavailability means the rate an e:duct and becomes available at
d' 'J b d from a drug pr 

1ent or active moiety is absor e . 453 
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454 2CHAPT�!E�R�l�S-�Bl�O�AVY_!_A�I LA�B l�L l�TY�AN�D�B l�O
:..::..

E01�U::.:
l�VA:..:..::l:..:..E_NC_E _________________ ..,

the site of action. For drug products that are not intended to be_ 
absorbed in 

th bl dstream bioavailabilitv may be assessed by measurements intended to 
e oo , �, . . d' . . to re 

fleet the rate an� extent t? \\hich the acuve mgre ient or active moiety become;
available at the site of acuon. 

• Bioequivalena requirement. A requir,ement imp�sed by the FD': for in-vitro an
d/or

in-vivo testing of specified drug products, which must be satisfied as a condition
for marketing. . . . 
B. • lent d .... •gproducts This term descnbes pharmaceuttcal equivalent or h • ioeqmva , .., · . . . . . p ar-
maceutical alternative products that d�s?lay comparabl� bioavailabihty when s

tud.
ied under similar experimental conditions. For systemically absorbed dru

g
s
, the

test (generic) and reference listed drug (bran�-name) shall be considered bi�
equivalent if: (I) the rate and extent of absorption of the te_st drug do not sho

w 
a significant difference from the rate and extent of absorption of the reference 
drug when administered at the same molar dose �f the therapeutic ingredient 
under similar experimental conditions in either a smgle dose or multiple doses· 
or (2) the extent of absorption of the test drug does not show a significant dif.
ference from the extent of absorption of the reference drug when administered 
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, prer 
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 strllc

-ture of the drug (eg, N-acetyl-p-aminophenol). 
• Abbreviated New Drug Application (ANDA). Drug manufacturers must file an ANDAfi · notor approval to market a generic drug product. The generic manufacturer 15 

· d • • d' forreqmre to perform chmcal efficacy studies or nonclinical toxicology stu ies the ANDA. 
• D1:'1'g product: The fin�shed �osage form ( eg, tablet, capsule, or solution) �at��;

�ms_the
_acuve _drug mgred1ent, generally, but not necessarily, in association mactive mgred1ents. 

• Dru� product sel,ection. The process of choosing or selecting the drug product in aspecified dosage form. 
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• Drug substance. A drug substa . 
. nee is the act" component m the drug product that 

I:e pharmaceutical in redient API 
• Equivalence. Relationship in term f b 

�urn1shes the pharmacod
�a . ( .. ) or 

of established standards of one d
s o ioavailability, therapeutic resp

m1c actiVIty. 
· Th 

rug produ t t 
onse, or a set

• Genenc name. e established . c o another . 
. d 

, nonpropnetary 
drug m a rug product ( eg, acetamin h 

' or common name of the active

• Generic substitution. The proces f 
0

dP en)·. 
d d d 

s o ispensmg d 'ft bran e rug product in place of th . a I erent brand or an un-
tuted drug product contains the sam 

e p�es�nbed drug product. The substi­
as the same salt or ester in the sa 

e 
;

cuve ingredient or therapeutic moiety
manufacturer. For example a p 

me
. os_age form but is made by a different, rescnption for Mot . b d might be dispensed by  the pharmacist as Advil 

n� ran of ibuprofen 

branded generic ibuprofen if gene 
. 

b . ?ra�d of ibuprofen or as a non­

the physician. 
nc su stllution is permitted and desired by 

• Pharmaceutical alternatives. Drug produ h 
b t d:a-

cts t at contam the same therapeutic moi 
ety u as lllerent salts esters 1 . , , or comp exes. For example tetracycline phos-
phate or tetracyclme hydrochloride equivale t t 250 

' . 
· d d h . n ° mg tetracyclme base are 

c�ns_i ere P arm_aceuucal alternatives. Different dosage forms and strengths 
withm a product lme by a singl uf: · · e man acturer are pharmaceutical alternatives 
( eg, an extended-rele_ase _dosag: form and a standard immediate-release dosage

form of the s��e acuve mgred1ent). The FDA currently considers a tablet and 
capsule contammg 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 compendia} or other

applicable standards (ie, strength, quality, purity, and identity), but they may dif­

fer in characteristics such a� shape, scoring configuration, release mechanisms,

packaging, excipients (including colors, flavo�s, preservatives), e�piratio� time,

and, within certain limits, labeling. When apphcabl:, ph�rmaceutical e�mval�nts

must meet the same content uniformity, disintegration times, and/or dissolutton

rates . Modified-release dosage forms that re�uire � rese1;7oir or overage or cer­

tain dosa e forms such as refilled syringes m wh1�h residual v?lum� may �ry
g P · d ingredient over an identical dosmg

must deliver identical amounts of acuve rug 
period · I I · 

• p 
· . . . ess of dis ensing a pharmaceutica a ternative 

harrnaceutzcal substztutzon. The proc 
1
P • •mn suspension is dispensed

fo th · 
d d t For examp e, ampici 

. r e prescnbed rug pro uc · 
r h drochloride is dispensed in place 

in place of ampicillin capsules, or tetracy� 1

�
e 

t titution generally requires the 

of tetracycline phosphate. Pharmaceuuca SU s 

physician's approval. . d (RLD) is identified by the FDA as
• Reference listed druu. The reference hst�d ru

g
1. when seeking approval of an

h 
o· . phcant re 1es 

d t e drug product on which an. ap 
A) The RLD is generally the bran -

Abbreviated New Drug Applicauon (AND_ ·. (NDA) The FDA designates a
D Apphcation 

name drug that has a full New rug 
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. c 1. t d drug as the standard to which all generic versions n-. smgle re1erence 1s e 
'd 'bl • . "1Ust b 

b. • 1 t The FDA hopes to av01 poss1 e s1gmficant va . . e
shown to be 1oeqmva en • . . nat10 . d and their brand-name counterparts. Such vanation ns 
among genenc rugs . . s could

1 'f • d gs were compared to different reference hsted drugs resu t 1 genenc ru . . . . . 
'T''h p t· lternat•ves Drug products contammg different active ingred' • 1 , era eu zc a • · . . . 1 b' . . ients 
th • d' t d fior the same therapeutic or chmca o �ect1ves. Active in at are m 1ca e . gredj. 

ts ·n therapeutic alternatives are from the same pharmacolog1c class and en 1 • h d . . are 
t d t have the same therapeutlc effect w en a mm1stered to pat' expec e o . c . . . 

tents 
for such condition of use. For exampl_e: 1_bupro1en 1s gtven mstead of aspirin;
cimetidine may be given instead of ramtidme .. 

• Therapeutic equivalents. Drug products are considered. to be therapeutic equiva.
lents only if they are pharmaceutical equivalents and if the� c_an be expected to
have the same clinical effect and safety profile when admm1stered to patients
under the conditions specified in the labeling. The FDA classifies as therapeuti­
cally equivalent those products that meet the following ge�eral c�teria: (1) they
are approved as safe and effective; (2) they are pharmaceutical eqmvalents in that
they (a) contain identical amounts of the same active drug ingredient in the same
dosage form and route of administration, and (b) meet compendia! or other ap­
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 tlo 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 substi­
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
ampicillin or ibuprofen is dispensed instead of naproxen. Therapeutic substitu­
tion can also occur when one NDA-approved drug is substituted for the same drug
which has been approved by a different NDA, eg, the substitution of Nicodeflll
(nicotine transdermal system) for Nicotrol (nicotine transdermal system).

PURPOSE OF BIOAVAILABILITY STUDIES

../ 

Bioavaila�ility s�u�ies are performed for both approved active drug ingredients_an�
thera�eut1c m�1et1es �ot yet approved for marketing by the FDA. New forrnuiauon 
of a�tive drug mgred1ents must be approved by the FDA before marketing. In 

a
rs proving a drug product for marketing, the FDA ensures that the drug product 

safe and effective �or its labeled indications for use. Moreover, the drug prodll��
must meet all applicable standards of identity, strength, quality, and purity, T

o e
ki-sure that these standards are met the FDA re • b' .1 b'l'ty/phafl1lac0 . . , qmres 10ava1 a 1 1 ucts neuc stu�1es and, where necessary, bioequivalence studies for all drug prod 
ect (FDA Guidance for In�ustry, 2�03). Bioavailability may be considered as one as� illo� d_rug p�oduct qua�1ty that lmks in-vivo performance of the drug product use 

chmcal tnals to studies demonstrating evidence of safety and efficacy .
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For unmarketed drugs that do not h full 
and/ or in-vivo bioequivalence studies m::� be ��: approval by the FDA, in-vitro

roposed for marketing as a generic d 
P 

d 
rmed on the drug formulation

Ppharmacokinetics of the active drug 1·ngr 
ru
d_g pro u

h
ct. Furthermore, the essential

e 1ent or t erap f 
acterized. Essential pharmacokinetic paramet . 1 d:u IC moiety must be char-

. • . ers, me u mg the rat d f systemic absorption, ehmmation half-life and rat f . e an ex tent o 

should be established after single- and �ultiple=t 
o ex

d
cr�tI�n a�d metabolism,

. . b. ·1 b'l· 
ose a mm1strat1on Data fromthese in-vivo 10ava1 a 11ty studies are important t tabl. h 

· 
d 

O es is recommended dosage
regimens an to support drug labeling.

In-vivo bioavailability studies are also performed c0 c 1 . . 11 r new 1ormu auons of active 
drug ingredients or therapeutic moieties that have fiull NDA 1 d . approva an are ap-
proved for marketmg. T�e purpose of these studies is to determine the bioavail-
ability and to charactenze 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 therapeutical,y 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. 

REIATIVE AND ABSOLUTE AVAILABILITY

The area under the drug concentration-time curve (AUC) is used as a measure of

the total amount of unaltered drug that reaches the systemic circulation. Th� �UC

is dependent on the total quantity of available drug, FDo, divided b! the elimi_na­

tion rate constant, k, and the apparent volume of distribution, �D· Fis the fracuon

of the dose absorbed. After IV administration, Fis equal to un�ty, be�ause tbe e
b
n-

. . 1 • Th £ re the drug 1s considered to e
tire dose enters the systemic circu atton. ere O • 

• . • F. . . Aft oral adm1mstrat1on of a drug,
completely available after IV admm•stration. er 

b ti ) 
d b f n) to 1 ( complete drug a sorp on ·

may vary from a value of O (no rug a sorp 10 

Relative Availability
. . . . ilabili of the drug from a drug product

Relative (apparent) avatlab1hty is the ava 
f 

ty . f dose systemically available 

as compared to a recognized standard· The rac�o
;.�e availability of drug in the

f d t · difficult to ascertain. 
1 rom an oral drug pro uc is . T f d g in a standard dosage formu a-

formulation is compared to the availabi ity 0
1 :U d in a crossover study. The rela­

tion, usually a solution of the pure d:11g eva
th

ua e

ame dosage level and by the same
. d cts given at e s tive availability of tw� drug pro u . d usin the following equation:

route of administrat10n can be obtame g 

[AUC]A 
Relative availability = [AUC]s 

(15.1) 
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where drug product B is the recognized refe�en�e. 
standard· This fraction may be

multiplied by 100 to give percent relative ava1lab1hty: . 
When different doses are administered, a correction for the size of the dose is

made, as in the following equation: 

[AUC]A/ dose A
Relative availability = [ AUC]B/ dose B (15.2) 

Urinary drug excretion data may also be used to_ measur� rel�tive availability,
as long as the total amount of intact drug excreted m the urme 1s collected. The
percent relative availability using urinary excretion data can be determined as
follows: 

· 1 · "} b·1· 
[ Du]A X 100Percent re at1ve ava1 a 1 1

ty = [ Du]s

where [ Dur' is the total amount of drug excreted in the urine.

(15.3) 

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 measurea by com­
paring the respective AUCs after extravascular and IV administration. This mea­
surement may be performed as long as V0 and k are independent of the route of 
administration. Absolute availability after oral drug administration using plasma
data can be determined as follows:

[ AUC]ro/ dosep0Absolute availability = F = 
[ AUC]rv/ doserv 

(15.4) 

�bsolute availability, F, may be expressed as a fraction or as a percent by multi­
plymg F X 100. Absolute availability using urinary drug excretion data can be de­
termined by the following:

Absolute availability = [ Du]�o/ dosepo
[ Du]rv/ doserv

(15,5) 

The absolute bioavailability is also equal to F. the fraction of the dose that is
bioavailable. Absolute availability is sometimes ex�ressed as a percent, ie, F === I, or
100%. For drugs given intravascularly, such as by IV bolus injection F = l because
all of the drug is completely absorbed. For all extravascular route; of adrninistra·
tion, such a� the oral route (P?), the absolute bioavailability F may not exceed 1oo%
(F > 1). F 1s usually determmed by Equation 15.4 or 15.5, where PO is the oral
route or any other extravascular route of drug administration.
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The bioavailability of a new investigat' 1 
. d . h 

iona drug was t d' 
volunteer receive e1t er a single oral tabl . . s u ied in 12 volunteers Ea h

l . et con tamm 200 
. c 

a pure aqueous so ution containing 200 f 
g mg of the drug 5 mL f

. . mg o the dru . ' o 

contammg 50 mg of the drug. Plasma sam l 
g, or a single IV bolus iniection 

c. • h d 
p es were obtai d . . :, 

hours ai ter t e ose and assayed for d 
ne penod1cally up to 48 

(0-48 hours) are given in the table belo 
ru

w 
g

F
concentration. The average AUC values 

. b'l' f h 
. rom these data 1 1 

bioava1la 1 1ty o t e drug from the tablet 
, ca cu ate (a) the relative 

absolute bioavailability of the drug from t�;r:�::.
d to the oral solution and (b) the 

Drug Product 

Oral tablet 
Oral solution 
IV bolus injection 

Solution 

Dose (mg) 

200 
200 

50 

AUC (µg hr/mL) 

89.5 
86.1 
37.8 

Standard Deviation 

19.7 
18.l 

5.7 

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

R 1 t. b' ·1 b·t· 
89·5e a 1ve 10ava1 a 1 1ty = 

86_1
= 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 between tablet 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 = ---- = 0.592 or 59.2 % 
37.8/50 

Because F, the fraction of dose absorbed from the tablet, is less than 1, the drug is

n�t completely absorbed systemically, as a result of either poor absorption or meta1:
ohsm by first-pass effect. The relative bioavailability of the drug from the tablet is

approximately 100% when compared to the oral solution. . . . . .  
Results from bioequivalence studies may show that the relauve bioavailabihty of

the test oral product is greater than, equal to, or less than lOO% c�mpared to �e

reference oral drug product. However, the results from these bi�eq�1:3-lence studies

should not be misinterpreted to imply that the absolute bioavad�b1hty of the drug

from the oral drug products is also 100% unless the oral formulauon was compared

to an intravenous injection of the drug. 

 MPI EXHIBIT 1045 PAGE 38

DR. REDDY’S LABORATORIES, INC. 
IPR2024-00009 
Ex. 1045, p. 38 of 115

 



460 

�
rc!!HA�P�T!!ER�l�S:...... �B�IO!!_A�V�Al�LA�B�l L�ITY�A�N�D:_B�l�O�EQ1,�U:::.:l_:__:YA:..::L=E;;_N_C_E -------
� �

METHODS FOR ASSESSING BIOAVAILABILITY

D. d • d'rect methods may be used to assess drug bioavailability. The . . irect an m 1 tn-vzv 
bioavailability of a drug product is d�monstrated by the rate and extent of d

ru 
o

b • determi'ned by comparison of measured parameters, eg con g
a sorpuon, as . . ' centra.
tion of the active drug ingredient in the blood, cumulauve_ unnary excretion rates 
or pharmacological effects. For drug products that are not mtended to be absorbe •
• t the bloodstream, bioavailability may be assessed by measurements intend d dmo . d' . e to

fl Ct the rate and extent to which the active mgre ient or active moiety heco re e . . . . . mes
available at the site of action. The design of the b10availabihty study depends 0 

the objectives of the study, the ability to analyze the drug (and metabolites) i:
biological fluids, the pharmacodynamics of the drug substance, the route of dru 

administration, and the nature of the drug product. Pharmacokinetic and/ or pha;.
macodynamic parameters as well as dinical observations and in-vitro studies may be
used to determine drug bioavailability from a drug product (Table 15.1). 

Plasma Drug Concen�ation 

Measurement of drug concentrations in blood, plasma, or serum after drug ad­
ministration is the most direct and objective way to determine systemic drug
bioavailability. By appropriate blood sampling, an accurate description of the
plasma drug concentration-time profile of the therapeutically active drug sub­
stance (s) can be obtained using a validated drug assay.

lmax• The time of peak plasma concentration, lmax , corresponds to the time required .
to reach maximum drug concentration after drug administration. At tmaio 

peak drug absorption occurs and the rate of drug absorption exactly equals
the rate. of drug elimination (Fig. 15-1). Drug absorption still continues af­
ter lrnax 1s reached, but at a slower rate. When comparing drug products, lroa.1
can be use? as an approximate i_ndication of drug absorption rate. The value
for tmax will become smaller (indicating less time required to reach peak

:T.
:::

AB
=

L�E_1
::-

S_._1 _M_e_t_ho_d_s_f:_o_r _As_s
...::
e

.:..:
ss

:.:.:.
i n.:.:g�Bi�o .::.av.:..::a::::il::a:::b i

'.:'.:lity�a::'..n.'..'::d�Bi'.:'.o�e�qu�i�va�l:'.e�nc�e�-------
Plasma drug concentration

Time for peak plasma (blood) concentration (tmax) Peak plasma drug concentration ( Cmax) , "':ea under the plasma drug concentration-time CUNe {AUC)
Uranary drug excretion 

Cumulative amoun: of ?rug excreted in the urine (Ou)R�te of drug �xcret,on ,n the urine (dDuld�
Time for maximum urinary excretion (t)

Acute pharmacodynamlc effect
Maximum pharmacodynamic effect (E. ) 
T n max ,me or maximum pharmacodynamic effect Area u�der the pharmacodynamic effect-time cuNeOnset time for pharmacodynamic effect

Clinical observations
Well-controlled clinical trials 

In-vitro studies 
Drug dissolution 
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Time (hr) 

Figure I 5-1. Plasma drug concentration-time curve.

plasma concentration) as the absorption rate c0r th d b • • 11 e rug ecomes more 
rapid. Umts for tmax are units of time (eg, hours, minutes). 

4nax• The peak plasma drug concentration, Cmax, 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. Cmax 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 Cmax 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. 
AUG. The area under the plasma !,euel-time curve, AVC, 1s a measurement of the ex-

tent of drug bioavailability (Fig. 15-1). The AUC reflects th� total amount of

active drug that reaches the systemic circulation. Th_: AUC 1s �e area under 

th d. 1 1 1-u· me curve from t = 0 _to t - oo, and 1s equal to the
e rug p asma eve . 1 · d' 'd d b  th 

f h d d g reaching the general circu auon 1vi e y e 

amount o unc ange ru 
clearance.

[AUC]0 
= f

)O 

q,dt
0 

FD FDo

(15.6) 

(15.7) 

[AUC]o = cleara:ce = kVo 
d k = elimination rate con-

. b bed Do = ose, 
where F = fraction of dose a sor 

. ' h AUC is independent of the route
d. 'b uon. T e · 

th 1· · 
stant and u = volume of istn u 

1· ·nation as long as e e imma-' 

YD f drug e 1m1 • al
of administration and processes O 

AUC can be determi,ned by a nu�enc 

tion processes do not change. The 
t pezoidal rule method. The umts for

. h as the ra 
mt�gration procedure, s�c 

hr/mL).
AUC are concentration ume (eg, µ,g
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Figure 15-2. Plasma level-time curve following 
administration of single doses of IAJ 250 mg, fBJ 
500 mg, and fCJ I 000 mg of drug. 

Time 

For many drugs, the AUC is directly proportional to dose. For e�ample, if a
single dose of a drug is increased from 250 to 1000 mg, the AUC will also show
a fourfold increase (Figs. 15-2 and 15-3). 

In some cases, the AUC is not directly proportional to the administered
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. 15-4). 
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 increase in 
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, bioavail­
ability of the drug is difficult to evaluate because drug kinetics may be dose 
dependent. 

Urinary Drug Excretion Data 

Urinary drug excretion data is an indirect method for estimating bioavailability.
The d1:1_g mu�t be exc_reted in significant quantities as unchanged drug in the urine,
In addition,_umely unne samples must be collected and the total amount ofurinaIY
drug excretion must be obtained (see Chapter 3).

O 250 500 750 1000
Dose (mg) 

Figure 15•3· Linear relationship between·AUC and dose (data from Fig. 15-2).

Dose (mg) 

4u
c

. . een [' 
Figure 1 5-4. Relationship betw 

rable,, · satLI and dose when metabolism is
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a 

Figure 15-5. Correspondin . 
plasma level-tim 

g plots relating thee curve and the I . 
drug excretion. 

cumu at1ve urinary

Dr:!, The cumulative amount of drug excreted in the • oo • 

the total amount of dru ab �nne, Du' ts r�lated directly to 
. . g sorbed. Expenmentally, unne samples are

collected penod1cally after administration of d d E h · 
. . a rug pro uct. ac unne 

specunen ts 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, Dr:', 
is obtained. 

dDul 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 Cp. 
In Figure 15-6, the maximum rate of drug excretion, (d.Dul 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 �e should be 
similar in shape as the plasma level-time curve for that drug (Fig. 15-7). 

A 

A 8 C 

C 
lime 

Time 

�ig 
Time 

��I� . ure 1 5_7. corresponding plots relating
Fig 

level-time curve and the rate of
e Plas · Corresponding plots relating

c�... ma 1 ·•11.Jlat,· 
evel-t1me curve and the

Ve lJ nnary drug excretion.

the plasma
. ry drug excretion.

urrna 
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. the dru to be excreted. In Figures 15-6 and 15-7, the sl too. The total time f
or A B . �elated to the rate of drug absorption, where Ope of

the curve segme

h
nt 

-ta/�me required after drug administration for th
as Point

C is related to t e to Th oo • e dru 
be absorbed and completely excreted t = oo. et is a useful pararne g

�
o 

. . 1 ce studies that compare several drug products, as will b ler 
m b1oeqmva en e de. 
scribed later in this chapter. 

Acute Phannacodynamic Effect 

In some cases, the quantitative measurement of a _d�g in plasma or urine lacks
'th suffici· ent accuracy and/ or reproduc1b1hty. For locally acting n an assay WI · 

• • • , on.
systemically absorbed drug products, such as topical cort1costero1ds, plasma dru 

concentrations may not reflect the bioavailability of the drug at the site of at
tion. An acute pharmacodynamic effect, su�h as an :ffect o� force� expiratory
volume, FEV1 (inhaled bronchodilators) or skin blanc�mg (topical corticosteroids)
can be used as an index of drug bioavailability. In this case, the acute pharmaco­
dynamic effect is measured over a period of time after administration of the drug 
product. Measurements of the pharmacodynamic effect should be made with suf­
ficient frequency to permit a reasonable estimate for a time period at least three 
times the half-life 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 cuive. For 
bioeq1;1ivalence determination, pharmacodynamic para,meters including the total 
area under t�e acute pharmacodynamic effect-time curve, peak pharmacodynamic 
effect, and time for peak pharmacodynamic effect are obtained from the phar· 
�aco_dynamic effect-time curve. The onset time and duration of the pharmaco­
kinetic effect may also be included in the analysis of the data. The use of 
pha�acod�amic endpoints for the determination of bioavailability and bio­
eqmvalenc� is much more variable than the measurement of plasma or urine drug 
concentrations. 

Clinical Observations

Well-controlled clini 1 t • 1 • 
· of

drug products and 
ca 

�
1a s m humans establish the safety and effectivenes:,

JJ
i·

cal trials approach ::� � 
used to determine bioavailability. However, th\�: of

the general approach 
e 

c
east

d
accur�te, least sensitive, and least reproduc� on-. es 1or etermming · · b' · Th FD� c s1ders this approach O 1 h 

in-vivo 10availability. e etb· 
d 

n Y w en analytical h d d rnic rn 
o s are not available to . met o s and pharmaco yna 

bove, 
Comparative clinical st 

p
d

�rm1

h
t use of one of the approaches described a for . u ies ave been d 

. Jenee 
to�1cal antifungal drug roducts 

use to establish bioequ1va repa· 
rations. For dosage fo 

p
. 

(eg, ketoconazole) and for topical acne P eafll 
£ 

rms mtended to del' h bl 0dstr 
or systemic distribution th· 

iver t e active moiety to the O 

wnell
analytical methods · ca 

' 1
� 

approach may be considered acceptable only wer
approaches 

nnot e developed to permit use of one of the 0 
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� ' C vC CHArT'ER IS. 

Studies 
� 

1)1ug (fu..--dution 'Studies ma,· under · .. 
·1 a..:Ji .... · •d ·  -'h th , 

<:e.rtam condnmn� l?i,- • l' • 
bioa'Al aLQ L:- .11 e.u ;, , e in--.-ibu d (t d'-- , . 

� �- >e nn mc:,1c�u,on of <in\_� 
-zi-� drug bioa,-.ulahility (� C'.h�n�g ._•NSoluuon rare 'Should rorrelnre with ,,.,.

n.:, 1· • ,-,,"'rs , and 1-4 on ; , . . 
f\1\-Ct . .u.,sso unon studies are ofl"'"'> . rfo 

JNn�HtH'>tlm rorrelmion 
u,;ll pe mled on J dle same drug. The test funnulation that d 

se,�ra test furnmh\lions of 

«fu-,�lution in � "ill gcne.raJh· ha,sc th 
emonStra� the most rapid rate of dmg

in vi:n 
r e most nt.ptd rate of dmg bion\'nilnbility

The m "- may also use other in-rilro 
1
-.-..ce. For e_�ple cho'

-,h,-,,.-: . :tPPTO."lches for establishing bioequi\-'"tl•
�· 

) 'I� .. :. a.uune resin lS a k . . . ' 

excbamre resin that is hmropL -1. . . 1 _aSic quatenUlf) ammonmm amon-
� 

✓ ,.,1 ic, mso uble m water a d . b b d . 
gastrointestinal tract. Th hi . • n not a sor e m the

by uilibrium d 1
-
:_ 

e . �w�-alence of cholesl)nmine resin is perfonned
eq an "'"enc bmding studies of the res.in b"I .d 

(1"-ww..fdago,·/cder/guidance/cholesty.pdf).
· to t e act salts

BIOEQUIVALENCE STUD� 

�ifferences �n the predicted clinical response or an adverse event may be due to

differences m the phannacokinetic and/or phannacodynamic behavior of the 
drug among incfuiduals or to differences in the bioavailability of the drug from 
�e � �i:oou�L Bi�uivaJent drug products that ha,-e the same systemic dn1g
b10ava1lability will ha,·e the same predictable drug response. However, variable 
clinical responses among incli\idua1s that are unrelated to bioavailability may be
due to differences in the pharmacodynamic:s of the drug. Differences in phanna-

j codynamics, ie, the relationship between the drug and the receptor site, may be
due to differences in receptor sensitivity to the drug. Various factors affecting phar­
macodynamic drug beha\.'ior may include age, drug tolerance, drug interactions,
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

or even a change in the metabolic clearance of the drug. Feldman and associates

�1982) reported that patients on a high-carbohydrate diet have� much longer elim­

ination half-life of theophylline, due to the reduced metabolic clearance of the

dmg (tv2, 18.1 hours), compared to patients on normal diets (1112 = 6.76 hours).

Previous studies demonstrated that the theophylline drug product was completely

b�oavailable. The higher plasma drug co?centration_ resu!tin� fro� a carbohyd�te

diet may subject the patient to a higher nsk of drug mtoxicauon WI th theophyllme.

The effect of food on the availability of theophylline has been reported by the FDA

concerning the risk of higher theophylline plasma concentrations from a 24-hour

8Ustained-release drug product taken with food. Although most bioavailability drug

Studies use fasted volunteers, the diet of patients actually using the drug product

may increase, decrease, or have no affect on the bioavailability of the drug (Hendles
et al, 1984).
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� 

. . B" equivalence
Bases for Detemumng 10 

. . . .  

. br h d if the in-vivo b10availab1hty of a test dru 
Bioequivalence IS _esta

ro
�

u;t) does not differ significa�tly (ie, statistical rr�duq

_
(usuall

y 
the gen

:�Fs rate and extent of drug absorption, as determine� �s1gnif_
Icant) m the pro 

d eters (eg concentration of the active drug 1
, Y corn. 

· f easure param ' ngrect· 
�

a

:
I

��
n

b�o� urinary excretion rates, or pharmacodynamic effects), from tha
1en1 

m
h l'. t d drug (usually the brand-name product) when administered 

t of
t e reference ts e . 

. 1 · at th 
I d f the active moiety under s1m1 ar expenmental condition . e

same mo ar ose o s, either
single dose or multiple dose.

I f, a drug product that differs from the reference listed dru 
. . 

n a ew cases, . g in its
rate of absorption, but not in its extent of abso�tI�n: may _he considered bio-
equivalent if the difference in the rate of absorption IS I�ten_uonal and ap proprj.
ately reflected in the labeling and/ or the rate of absorption IS not detrimental to
the safety and effectiveness of the drug product.

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 has a 
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 the
drug product may indicate that the drug may have variable bioavailabilil)'
and/ or a bioequivalence problem. Some of these biopharmaceutic properties

include: 

• The a�tive d�ug ingredient has low solubility in water ( eg, less than 5 mg/mL!•
• The �Issoluuon rate of one or more such products is slow ( eg, less than 50% 111

• 
30 mmut_es w�en tested with a general method specified by the FDA). . . illThe pa�tI_cle �Ize �nd/ or surface area of the active drug ingredient is cnucal 
determmmg Its bioavailability.

• Certain structural forms· of the active drug ingredient ( eg, polymorphic fo��
so
b
lvates: complexes, and crystal modifications) dissolve poorly, thus affecU o

a sorption.
• Drug pro

h
ducts that have a high ratio of excipients to active ingredients (eg,greater t an 5:1). 

• S 'fi · a11d pecI Ic inactive ingredi ( · ients 
lubricants) either 

ents �g, hydrophilic or hydrophobic excI� 
edief

ll

or th . �ay be reqmred for absorption of the active drug iogr 
erapeutic moiety or ma . 

..c . • The active dru • 
. Y mteuere with such absorption. rbed 1fl

large part in a �:�
gre

l
dient, therapeutic moiety, or its precursor is abs�ocaJized 

site. 
cu ar segment of the GI tract or is absorbed frorn a
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• The degree of absorption of the acu· d . 
. ve rug mgred· h . 

its precursor 1s poor ( eg, less than 5001 . . 1�nt, t erapeuttc moiety, or

d ) . 7o, ordmanly m c 
. . 

venous ose , even when it is administ d . 
ompanson to an mtra-

• There is rapid metabolism of the ther 
ere . m p�re �orm ( eg, in solution).

apeuttc moiety m th · . 
during the absorption process (first-" d 

e mtestmal wall or liver 
. . . -vr er metabolism) h h 

sorption 1s unusually important in the th . , so t at t e rate of ab-

drug product.
erapeut1c effect and/ or toxicity of the 

• The therapeutic moiety is rapidly metaboli"zed . or excreted so th t "d d" 
Iution and absorption are required £or e«e t· 

' a rapt 1sso-
• • 

111 c 1veness. 
• The active drug mgredient or therapeutic moiety· bl . . . 

GI d • . IS unsta e m specific portions 
of the tract an reqmres special coatings or form I t" ( b cc 

· d fil · 
u a ions eg, uuers entenc 

coatings, an 1 m c?atmgs) to ensure adequate absorption.
• The drug product 1s subject to dose-dependent ki t· · h . 

ne 1cs m or near t e thera-
peutic range, and the rate and extent of absorption are important to bioequiv­
alence. 

DESIGN AND EVALUATION

OF BIOEQUIV ALEN CE STUDIES

Design

Bioeq�ivalence studies are performed to compare the bioavailability of the

genenc 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 320.25). Sponsors may also

request a meeting with the FDA to review the study design for a specific drug

product. 

The design and evaluation of well-controlled bioequivalence studies require co­

operative input from pharmacokineticists, statisticians, clinicians, bioanalytical

chemists, and others. The basic design for a bioequivalence study is determined by

(I) the scientific questions to be answered, (2) the nature of the reference mate­

rial and the dosage form to be tested, (3) the a�ailability of analftic�l methods,

and ( 4) benefit-risk and ethical considerations with regard to testing m humans.

For some generic drugs, the FDA offers general guidelines for conducting these

studies. For example, Statistical Procedures for Bioequivalence Studies
. 
Usi�g a Standard 

Two-Treatment Crossover Design is available from the FDA; the pubhcatton add�ess�s 

three specific aspects, including ( 1) logarithmic transformation of pharmaco�netic

data, (2) sequence effect, and (3) outlier consideration. However, even with _the 

availability of such guidelines, the principal investigator should pre�ar: a d�tail�d 

pr?�ocol for the study. Some of the elemen� of_� protoc_ol for an in-vivo b1oavatl­

abihty study are listed in Table 15.2. Bioavatlab1hty studies for controlled-release

dosage forms are discussed in Chapter 17. 
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. 
-1 bTty Study Protocol 

TTA�B�LE�l�S�.2��E!:le�m�e�n�ts�o�f3_a�B�1�oa�v�a�1 a�,�'��������;.�;-�.;-------------.:: 
c. lnclusion/exclus,on criteria 

I. Title . 
) A. Principal investigator (study director 

B. Project/protocol number and date

11. Study objective
111. Study design

A. Design
B. Drug products

1. Test product(s)
2. Reference product

c. Dosage regimen
D. Sample collection schedule
E. Housing/confinement
F. Fasting/meals schedule
G. Analytical methods

IV. Study population
A. Subjects
8. Subject selection

I . Medical history
2. Physical examination
3. Laboratory tests

1 . Inclusion criteria 

2. Exclusion criteria

0. Restrictions/prohibitions

v. Clinical procedures

A. Dosage and drug administration
8 Biological sampling schedule and handling procea · 

. ures
c. Activity of subjects

VI. Ethical considerations

A. Basic principles

VII. 
VIII. 

s. Institutional review board

c. Informed consent
o. Indications for subject withdrawal

E. Adverse reactions and emergency procedures
Facilities
Data analysis
A. Analytical validation procedure
B. Statistical treatment of data

IX. Drug accountability
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 composed of both professional and lay persons with diverse back­
grounds, who have clinical experience and expertise as well as sensitivity to ethical
issues and community attitudes. The IRB is responsible for safeguarding the rights
and welfare of human subjects. 

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 vol­unteers who have given informed consent to be in tlie study. Critically ill patients
are not included in an in-vivo bioavailability study unless the attending physician d_e­termines th�t there is a potential benefit to the patient. The number of sublec�. inthe

. 
study will depend on the expected intersubject and intrasubject vana�ibt}'·

Patient selection is made according to certain established criteria for inclusion into,
or exclusion from, the study. For example, the study might exclude any volunt�::�ho h�v� known �llergies to the drug, are overweight, or have taken any me

�en�on with1� a specified �eriod (often 1 week) prior to the study. Smokers are o\rsmclud:d m t�ese studies. The subjects are generally fasted for 10 · to 12 bO ur(ov�might) pno
_
r to drug administration and may continue to fast for a 2- to 4-bo penod after dosmg. 

Analytical Methods

The analytical method used in an in-vivo bioavailability or bioequivalence s�udY :�measure the concentration of the active drug ingredient or therapeutic rno1et}', 
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its active metabolite(s), in body flui·ds or excretory pr d to measure an acute pharmacologic 1 er 

O ucts, or the method used. . a euect, must be dem d and of sufficient sensitivity to measur 
. h . onstrate to be accurate e, Wlt appropnate · · 

centration of the active drug ingredi·e t h 
prec1S1on, the actual con-. . n or t erapeutic m · ty • . lite (s), achieved m the body For bi'oa 

.1 b'l' 
01e , or its active metabo-. · va1 a i tty studie b th h its major active metabolites are generally m d F 

s, . 0 t_ e parent drug and
parent drug is measured. The active meta

:���re : ir :ioeqmvalence studies, the
high hepatic clearance (first-pass metabolis�)

e 
:;

ng t 
� 

me
�
sured for some very

centrations are too low to be reliable. 
rugs w en t e parent drug con-

Reference Standard

For bioequiv�lence �tudies, one formulation of the drug is chosen as a reference standard agamst which all other formulations of the drug are compared. The ref­erence d�g product should be �dministered by the same route as the comparisonformulations unless an alternative route or additional route is needed to answer 
specific pharmacokinetic questions. For example, if an active drug is poorly bioavail­able after oral administration, the drug may be compared to an oral solution oran 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 Equiva/,ence Evaluations-the Orange Book 
(www.fda.gov/ cder /ob/ default.h tm), 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 a:ti�e
drug substance in the test product (generally the generic produc�) m�st be �thin
5% of that of the reference product. Moreover, in-vitro comparattve dissolution or

drug-release studies under various specified conditions are �su�ly �erfo�ed for
both test and reference products before performing the in-vivo bioeqmvalence 

study.

Extended-Release Formulations 

. 
. . b T d . nvolving an extended-release drug

The purpose of an in-vivo bioavaila i ity stu Y i 
th trolled-release claims. if (l) h d g product meets e con product is to determme . 

_t. e ru . hed for the drug product rules out
made for it, (2) the bioavailabih� profile 

:
s
:�

is 

roduct's steady-state performance 
the occurrence of any dose dumping, (3) th g P 

<led-release formulation, and. ti rketed non-exten 1s equivalent to that of a curren Y ma . . t nt pharmacokinetic perform-
' 1 ti proVIdes consis e . £ (4) the drug product s formu a on . bi·oavailability study 1s used or 

·ts A companson ance between individual dosage um · d oduct in which the reference 
h t nded release rug pr . . di t e development of a new ex e . 

of the acnve mgre ent or a. 1 ti n or suspension drug product may be either a so u o 
ase dru roduct such as a tablet or capsule. 

currently marketed non-controlled rele g
ll

p
d-release (immediate-release) drug

F . b'l' f a  non-contro e . d d 1 or example the bioavaila i ity O 
• mpared to an exten e -re ease' 

very 8 hours 1s co product given at a dose of 25 mg e 
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f 1 e drug given once daily. For a biocquivalcn • • 7r-.. mg o t 1e sam cc product co
.
ntammg �1 

1 1 1 e cli·ug product, the reference dru
.g produ .· xtenc ec re eas . ct study of a ne\\

.
' genei ic e. 

d d . lease drug product listed as the RLD in ll· ti •k ted exten e 1e ' 1e is the curren Y m�1 e . . 
. d 

. rding to the dosage recommendations in th Orange Book and 1s adnumste1 e ,,cco e 
approved labeling. 

Combination Drug Products 

th f an in-vivo bioavailability study involving a combinationGenerally, e purpose o . 
b . d 

. • • ore than one active drug su stance 1s to etermme if dmg product contammg m . . 
th d Xtent of absorption of each active drug mgred1ent or therapeutic e rate an e . 1 h d . . h b' ati'on drug product is eqmva ent to t e rate an extent ofmoiety m t e com m . . . . 
b · f h acti've drug ingredient or therapeutic m01ety admm1stered con-a sorpllon o eac . . . 

currently in separate single-ingredient preparat10ns. The reference �ate?al m s�ch
a bioavailability study should be two or more currently �arketed: smgl�-mgr�d1ent
drug products, each of which contains one of the active ?rug mgred1ents

_ 
m the

combination drug product. The FDA may, for valid scientific �easons, s�ecify 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 
December 1997 to consider the performance of individual bioequivalence stud­
ies using a replicate design and a two-way crossover food intervention study.
Proper study design and statistical evolution are important considerations for
the determination of bioequivalence. Some of the designs listed above are sum­
marized here. 

Fasting Study 

Bioequivalence studies are usually evaluated by a single-dose, two-period, two-treat·
ment, two-sequence, open-label, randomized crossover design comparing equal
�oses �f the test a�d refer�nce products in fasted, adult, healthy subjects. This stu:1s reqmred for all immediate-release and modified-release oral dosage forms. Bo male and female subjects may be used in the study. Blood sampling is performed 
just before (zero time) the dose and at appropriate intervals after the dose to ob­tai� an adequate d�scription of the plasma drug concentration-time profile. Th:subjects should be m the fasting state (overnight fast of at least 10 hours) befor 
dmg admi�ist�atio_n and ��ould_ c�mtinue to fast for up to 4 hours after dosing. N�other med1cauon IS normally given to the subject for at least 1 week prior to th
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study. In some ��es, a parallel design may be more appropriate for certain dmg�roduc�, contammg a drug with a very long elimination half-life. A replicate de­s1� ��y be used for a drug product containing a drug that has high intrasubjectvanab1hty. 

Food Intervention Study 

Co-administratio? of food_ with an oral dmg product may affect the bioavailability of the drug. :�0d mtervention or food effect studies are generally conducted usingmeal condiuo�s that are �xp��te� to provide the greatest effects on GI physiologyso that o/stemic drug avadab1hty �s maximally affected. The test meal is a high-fat(approxtmately 50% o� total calonc content of the meal) and high-calorie (approx­imately 800-1000 calones) meal. A typical test meal is two eggs fried in butter, twostrips of bacon, two slices of toast with butter, 4 ounces of brown potatoes, and 8ounces of milk. This test meal derives approximately 150, 250, and 500-600 calo­ries from protein, carbohydrate, and fat, respectively (www.fda.gov/cder/guidance/4613dft.pdf). 
For bioequivalence studies, drug bioavailability from both the test and referenceproducts 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.IO 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 ?Y
food ( eg, ibuprofen, naproxen). For certain extended-release capsules that contain 
coated beads, the capsule contents are sprinkled �ver s�ft �o?ds such as appl� sauce, 
which is taken by the fasted subject and the b1?availab1hty of the drug 1s then 
measured. Bioavailability studies might also examme the affects of other foods and 
special vehicles such as apple juice. 

Multiple-Dose (Steady-State) Study
. d tat randomized, two-treatment, two-way In a few cases, a mulaple-dose, stea y-s e, 

d fi nee products may be . ual doses of the test an re ere crossover study companng eq 
th d" three consecutive trough . 1 h b" cts For ese stu 1es, performed m adult, hea t Y su �e · . d h Id be determined to ascer-concentrations ( 4nin

) on three consecutl
h
ve 

I 
ays s o

n
u

1·ng dose is oiven to the sub-. . d tate T e ast mor o-tam that the subjects are at stea Y s . 
· . 

fi t least 2 hours following dose · 
· h anual fasung or a Ject after an overnight fast, Wit con 

d . .1 ly to the single-dose study.
I. · rforme s1m1 ar administration. Blood samp mg 1s pe 

Crossover Designs . . -. d riteria and have given informed . . d exclusion stu Y c 
1 d Subjects who meet the mclusion an 

over design is usually emp oye , 
A omplete cross consent are selected at random. c 

duct and the reference product.. . the test drug pro 
d . h lil which each subject receives 

. c bioequivalence stu Y m uman 
designs ior a Examples of Latin-square crossover
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C er Design for a Bioequivalence Study of Three D 
TABLE 15.3 Latin-Square rossov rug 
PP1r�o�d�uc�t=-s �in�S�ix�H�u�m'.:'.a�n�V

:_:
o�lu:n:te:.:e:rs:__ ____ ;;m�RC>DIUCT ________

_ 
;_: DRUG PRODUCT ---. 

Study Period 2 -=---

SUBJECT Study Period 1 Study Period 3
A 

B � 
I 

B 
C A 

2 
C 

A B 
3 C B A 
4 

B A C 
5 

A C 
6 

B 

volunteers, comparing three different drug formulations (A, B, C) or four different
drug formulations (A, B, C, D), are described in Tab!es 10.3 �nd 10.4. The Latin­
square design plans the clinical trial so that each subject receives each drug prod­
uct only once, with adequate time between medications for the elimination of the
drug from the body (Table 15.3). In this design, each subject is his own control, 
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. 

!ABLE 1 5.4 Latin-Square Crossover Design for a Bioequivalency Study of Four Drug Products
1n 16 Human Volunteers

DRUG PRODUCT 
SUBJECT Study Period 1 Study Period 2 Study Period 3 Study Pe� 

I A B 
2 C D 

B 

3 
C 

D A 
C D B 4 D 

A 

5 
A 

B C 
A 

8 C 6 8 D 
D A 7 D C 

8 C 
A B 

C 
9 

A 
B A 

10 
C 

B C 
11 

8 
D B 

12 
D 

A D 
13 A 

C A 
14 C 

D C 
15 D 

8 D 
16 

B 
8 

A 
A 

C 
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Period refers �o the time period in w�ich a study is performed. A two-period studyis a study �hat IS _rerfor�ed on two different days (time periods) separated by awashout penod durmg which most of the drug is eliminated from the body-generallyabout 10 elimination half-lives. A sequence refers to the number of different ordersin the treatment groups in a study. For example, a two-sequence, two-period studywould be designed as follows: 

Sequence 1 

Sequence 2 

Period 1 Period 2 

T 

R 
R 
T 

where R = reference and T = treatment. 
Table 15.4 shows a design for three different drug treatment groups given in athree-period study with six different sequences. The order in which the drugtreatments are given should not stay the same in order to prevent any bias in thedata 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 bo_th the Test an� Re:erence 
drug products, and to provide an estimate of the subJect-by-formul�tion m�era�­
tion variance. Generally, a four-period, two-sequence, two-formulation design 1s 
recommended by the FDA. 

Sequence 1 
Sequence 2 

Period 1 

T 
R 

Period 2 

R 

T 

Period 3 

T 
R 

Period 4 

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

Analytical Method
f the drug must be validated for accu-

The analytical method for measureT?e�t O 

h f more than one analytical .. · d specificity T e use O 

th 
racy, precision, sensitivity, an · 

b lid because different me -method during a bioequivalence study may not e va 
t 'd in both tabulated and 

D ta should be presen e ods may yield different values. a 
tration-time curve for each graphic form for evaluation. The plasma dru; c�

ncen 
drug product and each subject should be ava1 a e. 

t>h
artnacokinetic Evaluation of the Data

. 
. t dy the. .· d or a food mtervention s u , 

F . 
• · I d'ng a fasting stu Y . th der 

or single-dose studies, me u i . fi r each subject of e area un 
h · 1 de calculation ° P armacokinetic analyses me u 
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t uantifiable concentration (AUC0-,) and to infinity (Aue; 
the curve to the las

di . 11 the elimination rate constant, k, the elimination hCkJ),
Tmax, and Cmax· A inona y

t
, 

ma y be estimated. For multiple-dose studies half.
Ii£ t and other parame ers . , P ar 

e, 112• 

1 . . 1 des calculation for each subject of the steady-state ·
macokinetic ana y

(
s

A
1s

U
m
C
c u

) T. C . Cmax, and the percent fluctuation [lOaOr
e
a 

under the curve, 0-t ' max• mm• . h ld b rfi )( 
- C . )/C . ] Proper statistical evaluanon s ou e pe ormed on th 

(Cmax mm mm · e 

estimated pharmacokinetic parameters. 

Statistical Evaluation of the Data

Bioequivalence is generally determined using a compa�son of population averages

of a bioequivalence metric, such as AUC and 4nax· This ap?roach, termed average

bioequivalence, involves the calculation of a 90% c_onfid�nce mterval �or the ratio of

averages (population geometric means) of the b1oeqmvalence metncs for the Test
and Reference drug products. To establish bioequivalence, the calculated confi­

dence interval should fall within a prescribed bioequivalence limit, 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 w ithin-subject variability for the Test and Reference
drug products, as well as subject-by-formulation interaction. Presently , only 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 to a
normal distribution or "bell-shaped curve" (see Appendix A). The distribution of
many biological pa_rameters sue? a� Cmax and AUC have a longer right tail than 
w?ul� b� observed m a normal d1stnbution (Midha et al, 1993). Moreover, the troe 
d1stnbunon of these biological parameters ma y be difficult to ascertain because 
of the small number of subjects used in a bioequivalence study . The distribution of 
d�ta. tha� has been transformed to log values resembles more closely a normal
d1stnbunon co�pared to the distribution of non-log-transformed data. Therefore,
log _tr�nsformation of the bioavailability data (eg, Cmax, AUC ) is erformed beforestatistical data evaluation for bioequivalence determination. 

p 

Analysis of Variance (ANO VA) 
An analy sis of variance (ANOVA) · . . d to 
test the data for diffi 

. . is a statistical procedure (Appendix A) use A 

b. . erences withm and between treatment and control group
s
- • io�qmvalent product should produce no significant difl . all pharrnacokl·

netic parameters tested The 
erence m 

Co , 
lmax, and Cmax obtained£ 

parameters tested usually include AUCo-i, A� J.
ability have also been 

o
� 

each treatment or dosage form. Other metrics ofb10�i1·
lations The ANOVA 

use to compare the bioequivalence of two or more fo 
dv· ma y evaluate · bT • sttl , 

period, formulation, and other va 

�na 1 ity m s�bjects, treatment gro_ups, 
If t11e 

variability in the data is lar e the 
��bles, de�endmg on the study des1gn ,

kioetiC
g ' ifference m means for each pharmaco 
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arameter, such as AUC may b k d • . p 
I d that the tw d ' 

e mas e ' and the mvestigator might erroneously
cone u � . . 0 rug products are bioequivalent. 

A stausucal difference between the pharmac ki · 
d 

O netic parameters obtamed from 
two or more rug products is considered statistically significant if th · b-·1· f I th 1 · 20 · 

ere Is a pro 
abi ity o ess an m times or 0.05 probability (p < o 05) th h I 

d h h d . - · at t ese resu ts
woul ave appene on the basis of chance alone. The probab'l"ty p · d 

d. th 1 1 f ta · • 1 . . i i , , Is use to
in 1cate e eve o s tis ti ca sigmficance If p < o 05 th d'fir b · • , e i 1erences etween the
two drug products are_ n_o _t considered statistically significant. 

To reduce the pos�ibihty of failing to detect small differences between the test
products, a pow': tes� is performed to calculate the probability that the conclusion
of the AN OVA 1s vahd. The power of the test will depend on the I · . . . samp e size, van-
a�1hty of �he data, and des1re� le�el of significance. Usually the power is set at 0.80 
WI th_� /3 - 0.2 and a level of sigmficance of 0.05. The higher the power, the more 
sens1uve the test and the greater the probability that the conclusion of the AN OVA
is valid. 

Two One-Sided Tests Procedure 

The two one�sided tests procedure is also referred to as the confidence interoal ap­
proach (Schmrmann, 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 t 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 m�asurement 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 bioequival,ence interoal (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, an analysis of variance (AN OVA) 1s usually �e�­

formed on the log-transformed AUC and Cmax values. There should be no stau�u­

cal differences between the mean AUC and Cmax parameters for the TeSt (genenc)

and Reference drug products. In addition, the 90% confidence intervals about the

ratio of the means for AUC and Cmax values of the Test drug product should not

be less than 0.80 (80%) nor greater than 1.25 (125%) of that of the Reference

product based on log-transformed data. 

BIOEQUIVALENCE EXAMPLE

A si·m I d 1 f the results for a single-dose, fasting study is shown in 
u ate examp e o · · al d'« 

T bl . • 15 8 As h wn by the ANOVA, no statisUc 1uerences
a e 15.5 and m Figure - . s 0 
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. f Generic (Test) and Brand-Name (Reference) Dr 
TABLE 1 5.5 Bioavailability Comparison o a ug 

Products (Log-Normal Transformed Data)
90% 

CONFIDENCE p VALUES 

INTERVAL FOR 

ANov.,o,
%cv ���:____��-��-�=�

=-
��-;:--;;,8W9�.5�, 1i"i1z211-o.o."i3s�8�6��0;8�7;;;--91----

1 · 
17.90% 

GEOMETRIC MEAN
% 

l 

UNITS Test Reference RATIO 
'VARIABLE 

344.79 356.81 96.6 

(LOWER LIMIT, PRODUCT

UPPER LIMIT) EFFECTS 

POWER
OF 

ANOVA 

(95.1,104) 0.8172 .0000 12.60%(95.4, I 03) 0.8865 1.0000 12_20%

Cmax ng/ml 
2674.92 99.4 

AUCo-r ng hr/ml 2659.12 
2708.63 2718.52 99.6 

AUC,, 
hr 4.29 4.24 JOI 

Tmax 
0.0961 0.0980 98. I 

l<'eiim 1/hr 
8.47 8.33 IO 1.7 

t,12 hr 

The results were obtained from a two-way, crossover, single-dose study in 36 fasted, healthy, adult male and fema1evolunteers. No statistical differences were observed for the mean values between Test and Reference prOducts. 

for the pharmacokinetic parameters AUC0-1, AUCo-oo, and 4nax were obseITed be­
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 Cmax 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 
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Figure 15-8.
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� 
1oava1lability Studya 

Cmax t 
RM ( I L max AUC0-24 DOSAGE FO µ.g m J (hr) 

(µ.g hr/ml) 
90% CONFIDENCE

INTERVAL FOR AUCsolution 

Tablet A 

Tablet B 

Tablet C 

16. I :!:: 2.5
10.5 ± 3.2c
13.7 ± 4.1
14.8 :!:: 3.6

1835 :!:: 235 
1523::!::381 81 1707 :!:: 317 93 

74-90%
1762 + 295 96 

88-98% ----------��---------_:_:..::..:.��-.:!.:.'._ ___ �9�1 :1�0�3�%�--
he bioavailability of a drug from four different formulations was studied . 24 h 

1.5 :!:: 0.85 
2.5 :!:: 1.oc 
2. I:!:: 0.98
1.8 :!:: 0.95 

ar_ quare crossover design. The results represent the mean + sta d d d
in . . ealthy. adult male subjects using a four-wayt,3t1n-s . . . . - n ar evIatIon. ooral bioavailab1l1ty relative to the solut ion. 

'P� 0.05.

A 

] 
0E 

B 

·e

-�

w
"'o
....0

! 
..!l 

IJ 

mean AU<? valu�s were not statistically different from each other nor different fromthat of the solut.Ion. However, the 90% confidence interval for the AUC showed thatfor tablet A, the bio�vailability was less than 80% (ie, 74%), compared to the solutionat the low-range estimate and would not be considered bioequivalent based on AUC.For illustrative 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 agroup of volunteers using a three-way, randomized crossover design. In this experi­mental 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 form�ation :'"' is more
rapid than that from formulation B, because the lmax for formulatton A � shorter.
Because the AUC for formulation A is identical to the AUC for formulatton B, the 
extent of bioavailability from both of these formulations is the same. Note, however, 

Time 

Time 

A 

AUCA=AUCa 
AUCc = 0.5 AUCA 

. 
d1·ng plots relating plasma

9 correspon 
Figure 1 5- · 

. ary excretion data.

concentration and unn 

■
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. . Pl Level and Urinary Excretion Parameters
TABLE 15.7 Relat1onsh1p of asma 

ttco�D�ru�g!__B�i�oa�v�a�ila�b�i l�ity�--�=---------�:rEOFl:mUG;-----.:.: RATE OF DRUG 
EXTENT OF DRUG 

BIOAVAILABILllY DECREASES BIOAVAILABILllY DECREAses 

Parameter Change ----
Parameter Change 

Plasma data

tmax 
Same 

Cmax 
Decrease 

AUC Decrease 

Urine data 

too Same 

[ dDu I dt] max• Decrease 

o
co 
u 

Decrease 

a Maximum rate of urinary drug excretion. 

tmax 

Cmax 

AUC 

Increase 
Decrease 
Same 

Increase 
Decrease 
Same 

---

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

f d b' 'l b·1· . The Cmax is generally higher when the extent o rug 10ava1 a 1 1ty 1s greater. 
The rate of drug absorption from formulation C is the same as that from fonnu­

lation A, but the extent of drug available is less. The Cmax for formulation C is less 
than that for formulation A. The decr�ase in Cmax 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 _co�tents of New Drug Applications (NDAs) and Abbreviated New Dn1g
Applications (ANDAs) are similar in terms of the quality of manufacture (Table 15.8).

TABLE 15.8 NDA Versus ANDA Review Process
BRAND-NAME DRUG GENERIC DRUG ANDA 

_____ N_D_A�R==
E O=U-:--IR_E_M ..:E

.:...:
N
_:_

TS
=----�R�E�a�u�,R� E�M� E� N�T�S'.__· ___ ____

I . Chemistry 
2. Manufacturing
3. Controls

4. Labeling
5. Testing

6. Animal studies

7. Clinical studies

I . Chemistry 

2. Manufacturing
3. Controls
4. Labeling
5. Testing

6. Bioequivalence

8. Bioavailability

Source: Center for O E . rug valuation & Research, U.S. Food & Drug Administration.
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The submission for a NDA . 1 . 1 
must contain £ amma toxICo ogy studies clinical ffi 

sa ety and efficacy study as provid d b ability studies. For the ge�er· d 
e icacy studies, and phannacoki t' /b' 

e 
. Y . 1 d . ic rug manufactu . ne ic 10ava1l-p1vota stu y m the ANDA that 1 

rer, the b1oequivalence st d • th . rep aces the a • 1 . u y 1s e
studies. nima , clmical, and phannacokin t' 1. c e lC 

An out me .tor the submission f 
h FDA • h . 0 a completed bi ·1 b' • to t e IS s own m Table 15 9 Th . . oava1 a ihty study for submission

has been properly designed the 

.
ob

.
. 

� mvestigator should be sure that the study 
. h b . ' �ectives are clearly d fi d analysis as een validated (ie, shown to mea . e me , and the method of 

drug concentration). The results 1 
sure precisely and accurately the plasma 

netically. These results along wit;
re ana yzed both statistically and pharmacoki­

validity of the analyticai method are

c
�

se

l 
r
d
ep

d
or_ts and various data supporting the' me u e m the submi · Th FD the study in detail according to the O ti' . ssion. e A reviews 

A . . u me presented m Table 15 10 If an FD mvest1gator may inspect both the r . 1 d . · : . necessary, 
the study and audit th d . c mica an analytical fac1hties used in 

ANDA r . h
e raw ata used m support of the bioavailability study For_app_ icat.J.ons, t e FDA Office of Generic Drugs reviews the entire ANDA as 

shoWI.t 1? Figure 15-10. If the application is incomplete, the FDA will not review thesubm1ss1on and the sponsor will receive 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 
diss�lution tests and an in-vivo bioequivalence 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 bioequivalenc_e study. For 
oral solid dosage forms, an in-vivo bioequivalence study may be reqmred to sup­

port at least one dose strength of the product. Usually, an in-vivo bioequivalence

study is required for the highest dose str�ngt�. If _ the lo':'er-dose-strength test pro�
:

uct is substantially similar in active and macuve mgredients, thei:1 only a compan 

th d b nd name formulauons may be used. 
son in-vitro dissolution between e test an r� - .1 bl . 200_m 100-mg, and 

For example an immediate-release tablet ts avat a e m g, 
' th tablets are made the same way as 

50-mg strengths. The I 00- and 50-mg-s�eng . 1 tudy is performed on the 
the highest-strength tablet. A human_ bi�eq�iva

d�
nc

�:tion studies are performed
h · h h c parauve in-vitro 1sso 1g est or 200-mg strengt · om 

tbs If these drug products have no kno�
on the 100-mg and 50-mg dose streng 

b · d t mically are well correlated with 
bioavailability problems, are well absor � s

�
s 

\ety th�n arguments for not per- ·
in-vitro dissolution, and h ave a large margm 0

b 
sa 

11.d' Methods for correlation of 
. . bT tudy may e va . . . forming an in-vivo b1oavaila 1 tty � . . d g bioavailability are discussed m. . h d g with in-vivo ru 

d' . 1 . . 
in-vitro dissolution of t e ru 

t eed to perform ad 1tiona zn-vzvo

f; cturer does no n 1 . . 
Chapters 14 and 17. The manu a 

th d cts if the products meet al zn-vztro
. . 1 -streng pro u 

b1oequivalence studies on the ower 
criteria. 

 MPI EXHIBIT 1045 PAGE 58

DR. REDDY’S LABORATORIES, INC. 
IPR2024-00009 
Ex. 1045, p. 58 of 115

 



480 -�����I_Q�Vv__!_A�ILA�Bl�LIQ:TY�AN�D�Bl�O�EQ1�U�I�V�AL�E�N.:::.C_::_E -----------
-

� 
�HAPTER 15. -----------

TABLE 1 s. 9 Proposed Format an 

Accompanying in-Vitro Data

f an in-Vivo Bioequivalence Study Submissiond contents o and

v. Pharmacokinetic Parameters and Tests
Title page Definition and ca lculations 

Study title Statistical tests 
Name of sponsor Drug levels at each sampling time and 
Name and address of clinical laboratory pharmacokinetic parameters 
Name of principal investigator(s} Figure of mean plasma concentration-time
Name of clinical investigator profile 
Name of analytical laboratory . Figures of individual subject plasma 
Dates of clinical study (start, completion} concentration-time profiles 
Signature of principal inv�stigator (and date)

Figure of mean cumulative urinary 
Signature of clinical investIgator (and date) 

excretion 
Table of contents Figures of individual subject cumulative urinary 

1. Study Resume excretion · 

Product information Figure of mean urinary excretion rates 
summary of bioequivalence study Figures of individual subject urinary excretion 
summary of bioequivalence data rates 

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

Figure of mean plasma concentration-time profile VI. Statistical Analyses 
Figure of mean cumulative urinary excretion Statistical considerations 
Figure of mean urinary excretion rates summary of statistical significance 

II. Protocol and Approvals Summary of statistical parameters 
Protoco l Ana lysis of variance, least squa:es estimates and 
Letter of acceptance of protocol from FDA least-squares means . Informed consent form Assessment of sequence, period, and treatment 
Letter of approval of Institutional Review Board effects List of members of Institutional Review Board 90% Confidence intervals for the difference Ill. Clinical study between Test and Reference products for Summary of the study the log-�ormal-transformed parameters of Details of the study AUCo-,, AUCo-00' and Cmax should be within Demographic characteristics of the subjects BO% and 125% Su_bject assignment in the study 
Mean physical characteristics of subjects VII. Appendices 

arranged by sequence Randomization schedule 
Details of clinical activity Sample identification codes 
Deviations from protocol Analytical raw data 
Vital signs of subjects Chromatograms of at least 20% of subjectS 
Adverse reactions report Medical record and clinical reports 

IV. Assay Methodology and Validation Clinical facilities description 
Assay method description Analytical facilities description Validation procedure Curricula vitae of the investigators 
Summary of validation VIII. In-Vitro Testing Data on �inearity of standard samples Dissolution testing Data on �nterday precision and accuracy Dissolution assay methodology �ata on intraday precision and accuracy Content uniformity testing Figure for standard curve(s) for low/high ranges Potency determination Chromatograms of standard and quality control IX. Batch Size and Formulation samples Batch record _ 
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Modified from Dig he and Adams ( I 991 ), with permission.
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TABLE 15.10 General Elements of a Biopharmaceutic s Review
Introduction 
Study design
Study objective{ s)
Assay description and validation
Assay for individual samples checked

pi,sSolution Profile Comparison

Summary and analysis of data
Comments 
Deficiencies 
Recommendation

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. 

Figure 15-1 o. Generic drug review
Process. 
Source: Office of Generic Drugs, Center for
�g Evaluation & Research, U.S. Food & 

9 Administration.

Applicont 

Yes 

ANDA APPROVED

No Refuse lo File letter 
Issued 
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., 

d 1 . d ndent mathematical method was developed by Moore and F'J A mo e -m epe 

d" 1 tion profiles using two factors, fi and h- The f: 
anner

(1996) to compare 1sso u 
b th 

actor ,. 
th . ·ta ·

ty 
fiactor. measures the closeness etween e two profile . J2,

known as e szmz n , s. 

J, = 50 X log {[I+ ��(R, - T,)2r X JOO} 

. h ber of time points R1 is the dissolution value of the Ret where n is t e num ' 
f h 

erence
product at time t, and T1 is the dissolution value o t e Test product batch at
time t. 

The Reference may be the original drug product before a formulation change
(prechange) and the Test may be the drug product after the fo

i:m
ulation Was

changed (postchange). Alternatively, the Reference may be the higher-strength
drug product and the Test may be �e lower-stre�gth drug prod�ct. Th� h com.
parison is the focus of several FDA gmdances and 1s of regulatory mterest m know­
ing the similarity of the two dissolution curves. When the �o pro_files are identical,
h = 100. An average difference of 10% at all measured tlme pomts results in ah
value of 50. The FDA has set a public standard for fe. value between 50 and 100 to 
indicate similarity between two dissolution profiles.

In some cases, two generic drug products may have dissimilar dissolution pr�
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 tablel!i 
we re bioequivalent. Furthermore, bioequivalent modified-release drug producl.'i 
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 d rug products and listed in the current edition of the Orange Book
may be substituted for each othe r . 

THE BIOPHARMACEUTICS CLASSIFICATION
SYSTEM (BCS) 

1:- theoretical basis for correlating in-vitro drug dissolution with in-vivo bioavaiiabil·•ty w� .developed by Amidon et al ( 1995). This approach is based on the aque_o:
solub1hty of th� d ru? and the permeation of the drug through the gastrointesun .
tract. The class1ficat1on system is based on Fick's first law applied to a rnembran

e

-
]w = Pw� 

wh� r � ]w is th: d rug �ux (mass/area/time) through the intestinal wall atdafl!position and time, Pw IS the permeability of the b d r is the fllo
• . . mem rane an vw concent ration at the mtestmal memb ..c. Th. rane su11ace the 

b
is approach ass_u_mes that no other compone�ts in the formulation aff

e
c�dofl mem rane permeab1hty and/ · · h J\1111 

e t al (1995) studied th ;
r ��testmal transport. Using this app r?ac 

f vario11s
re resenta • 

e so ubihty and permeability characterisucs O 5 Ill
fo� pred1

'
c
ti

t1
'v
n
e

g
d

t

ru

h
gs �nd_ obtained a biopharmaceutic d rug classification (Table II dfl1ge zn-vztro drug d' I · 1·d ora 

p roducts with in • b . isso utlon of immediate-release so 1 

-vivo a sorpt1on.
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rABLE 1 s. 11 Biopharmaceutics Clas ·r, 
__... 

s, 1cat1on System
ct.ASS SOLUBILITY PERMEABILITY
-- High (lass I High

oass 2
Low High

COMMENTS

Dru d. . 
Bi;a 

,ssolv�_s rapidly and is well absorbed.
i 

va,!abil,ty problem is not expected formmed,ate release drug products Dru · d' · 

483 

_9 Is 1ssolut1on limited and well absorbed Broavailability is controlled by the dosage f�rman� rate of release of the drug substance. oass 3 High Low Drug _,s permeability limited. Bioavailability maybe incomplete if drug is not released and
Class 4 Low Low . dissolved within absorption window. Difficulty in formulating a drug product that will 

deliver consistent drug bioavailability. An alter-
nate route of administration may be needed.

From FDA Guidance for Industry: Waiver of In \17vo Bioavailabi/ih, and 8. . , . 
. 

. . 

'J 1oequNa,ence Studies for lmmedrate Release 
Solid _oral_ 

Dosage Forms Contammg_ Certain Active Moieties/Active Ingredients Based on a Bio harmaceutics
oassificatton System (2000). and Arrndon et al ( 1995). 

'P 

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. Thes e  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 tracL 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 �quilibrium solubil�ty �fa

drug under approximate physiologic conditions. For this purpose, dete�mation

of pH-solubility profiles over a pH range- of 1-8 is suggested. !he �olubih� class

is determined by calculating what volume of an aqueous me�mm is_ suffic1e�t to 

dissolve the highest anticipated dose strength. A dru8: substance 1s considered highly

soluble when the highest dose strength is soluble m 250 mL or �ess o� aqueous 

m d' H 1 8 The volume estimate of 250 mL 1s denved from
e
_ mm

_ over the p range - · 
ibe administration of a drug prod-

typical b10equivalence study protocols that prescr 
. h I s (8 ounces) of water.uct to fasting human volunteers wit a g as 

Permeability .. 
. . . ans or intestinal permeability methods,

Studies of the extent of absorption m 
��

m 

cl�s membership of a drug. To be clas­
can be used to determine the permeability 

Id h e an extent of absorption > 90%
sified as highly permeable, a test drug shou 

b
�v

l' ty characteristics of the drug sulr
in h · on permea i i umans. Supportive information . h sical-chemical properties ( eg, octanol:
stance should also be derived from its P Y 
Water partition coefficient). bTty of a drug from the gastrointesti-

Some methods to determine the perm
rf

ea � 
1

n studies in humans ; (2) in-vivo or
n l · · f nal pe usIO a tract include : (1) in-vivo mtes 1 
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. . ·mals· (3) in-vitro permeation experirn 

. . . 1 rf · n studies m am • . . 
.. ,ents in-situ mtesuna pe usio . 1 

. 
tinal tissues; and ( 4) zn-vitro permeation 

. d h or amma mtes . 11 Wh e,c. 
using excise uman 

f It red human intestmal ce s. en using th . onolayer o cu u . ese penments across a� 
bility data should correlate with the kno 

thods the expenmental permea Wn me ' . h ns 
extent-of-absorption data m uma 

Dissolution 
. . 1 . b ed on the in-vitro dissolution rate of an immediate-The d1ssoluuon c ass is as . . d . . d d . 

d t nder specified test cond1uons an 1s mten e to mdicaterelease drug pro uc u 
f · · 

ra id in-vivo dissolution in relation to the �verage rate o gastnc emptying _in hu-p 
d f: u· conditions An immediate-release drug product 1s consideredmans un er as ng · d 

rapidly dissolving when not less than 85% of the label amount of rug substance
d. 1 s wi·thin 30 minutes using USP Apparatus I (see Chapter 14) at 100 rpm or1sso ve • h f h £ II · A t II t 50 rpm in a volume of 900 mL or less m eac o t e o owmg me-ppara us a 

. Fl .d USP d. • (1) acidic media such as 0.1 N HCI or Simulated Gastnc m without 
e�

a

�es, (2) a pH 4.5 buffer, and (3) a pH 6.8 buffer or Simulated Intestinal Fluid 
USP without enzymes. 

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

The best measure of a drug product's performance is to determine the in-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 evi.dence 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. �he drug product (a) is a solution intended solely for intravenous administra·
u?n an� (b) contains an active drug ingredient or therapeutic moiety corn·
bmed with the same solvent and in the same concentration as in an intravenous
solution that is the_ subjec� of an approved, full, New Drug Application. 

2. The_ drug product is a, topically applied preparation ( eg, a cream, ointment, or
gel mtended for local therapeutic effect). The FDA has released guidances fo:
the performance of bioequivalence studies on topical corticosteroids and an�­
fun?al agents. T�e FDA is also considering performing dermatopharmacol<l·
netic (DPK) �tud1:s on other topical drug products. In addition, in-vitro drug
release and diffusion studies may be required. 3. The drug product is. in an oral dosage form that is not intended to be _a�
sorbed ( eg, an antacid or a radiopaque med· ) S .fi . ·t bioequ1Vll 
1 d. mm . pec1 1c zn-vi ro eence stu 1es may be required by the FDA F I h b. uivalenc 
of ch I tyr . . . • or examp e, t e 10eq to
h 

o :s amme resm is demonstrated in-vitro by the binding of bile acids 
t e resm. 
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4, The drug product meets both of th fi 1 
a. It is administered by inhalati 

e O lowmg conditions: 
an inhalation anesthetic). 

on as a gas or vapor (eg, as a medicinal or as
b. It contains an active drug ing d' re lent or thera · · • dosage form as a drug product th t . h . peutic moiety m the same 

Drug Application (NDA). 
a is t e subject of an approved, full, New

5, The drug product meets all of the fioll · .. 
· I • owmg conditions · 

a. It 1s an ora soluuon, elixir, syrup tinctu . . · 
b. It contains an active drug 1· d'. 

re, or Similar other solubilized form. ngre 1ent or therapeutic · · h centration as a drug d h . . moiety m t e same con-

D A 1. . pro uct t at is the subject of an approved full Newrug pp 1eauon. ' ' 

c. It contains no inactive ingredient that . k . .6 . f . is nown to s1gm 1cantly affect ab-
sorptlon ° the acuve drug ingredient or therapeutic moiety. 

GENERIC BIOLOGICS 

�iologics, in contrast to drugs that are chemically synthesized, are derived from liv­
m? sources such as hum�, a�imal: or microorganisms. Many biologics are complex
�ixtures 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 claimed that 
generic manufacturers d o  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 efficacy of the 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 efficacy of the drug.

Antibodies can increase bioavailability if they are not neutralizing, which would 

result in higher drug levels in the body. In contrast, antibodies can decrease 

bioavailability of the biologic drug by forming an antibody-protein complex that

results in a change in drug distribution and a change in clearance. . . 
Advocates for the manufacture of generic biologics argue that b1oeqmvalent

biotechnology-derived drug products can be made on a case-by-case basis. Curren�y,

manufacturers of marketed biotechnology drugs may seek to make changes m

the manufacturing process used to make a particular product for a variety _ of

reasons, including improvement of product quali_ty, yield, and �anufactur�ng

efficiency. These manufacturers have developed improvements m production

methods, process and control test methods, and test methods for product

characterization. 
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CHAPTER 15. BIOAVAILABILITY AND BIOEQ!JIVALENCE 

��������-------------

For example, a biologics manufacturer institutes a change in i� manufac
t
u
nn 

b c FDA approval of its product but after completion of a . g process, e1ore pivotal 
1. . 1 t d The FDA may not require the manufacturer to perform addit' c mica s u y. . d • 

.11 1ona1 
clinical studies to demonstrate that the resul�mg pro uct is sti safe, pure, an

ct 
p0-

tent. Such manufacturing process_ changes, imple�ented bef�re or after proctuq
al have included changes implemented dunng expansion from pilot-approv , . c. •1. . f scale 

f 11 1 Oducti·on the move of production 1aci ities rom one legal ent· to u -sea e pr , . . 1ty to 
another legal entity, and the implementat�on of c�ang:s m different stages of the
manufacturing process such as fermentat10n, punfication, and formulation. Th 
manufacturer may be able to demonstrate product comparability between ab' e

. h (" " d ) IO-

logical product made after a i:nanufactunng c a�.ge ,, new pro uct and a prod.
uct made before implementation of the change ( old product) through different
types of analytical and functional testing, with or without preclinical animal test­
ing. The FDA may determine that two products are comparable if the results of
the comparability testing demonstrate that the manufacturing change does not af.
feet 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 Guidance,
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�­
rabihty of the "new" to the "old" marketed biologic drug product, then a gen�nc
manufacturer should be able to use similar techniques to demonstrate bioequiva·
lence of the generic drug product.

CLINICAL SIGNIFICANCE OF
BIOEQUIVALENCE STUDIES

Bioequiv�lence of different formulations of the same drug substance involves �qui
;
:

alenc� wit� �espect to �ate and extent of systemic drug absorption. Clinical int:JIp�etatlon is important m evaluating the results of a bioequivalence study. A srn 

i
1f

:
er

:
�
f�

e betwe�n drug products, even if statistically significant, may produc
e
:� itt e l erence m therapeutic response. Generally two formulations whos

e 
e and extent of absorption differ by 20% or less are �onsidereci bioequivalent

. 
fbss Report by the Bioequivalence Task Force (1988) considered that differences o:
l

�ly t�a� 20% in AUC and 4nax between drug products are "unlikely to b e  clintf ef·s1gn_1ficant in patients." The Task Force further stated that "clinical studies 
o 
% •fect1veness have difficulty detecting differences in doses of even 50-100 .
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Therefore, normal variation is obse d . . 
· d" "d 1 

rve m medical practice and plasma drug levels 
may vary among m iVI ua s greater than 20� 

According to Westlake (1972) a 11 �-. 
T f 

' sma , stattstically significant difference in drug 
bioavai1abi ity rom two or more dosage forms may be detected if the study is well
controlled ancl the number of subjects is sufficiently large. When the therapeutic 

b. ctives of the drug are consider d · . . o �e . e , an eqmvalent chmcal response should be 

bta'ined from the companson dosage c ·r h 1 . o . . . . 1orms i t e p asma drug concentrations re-
malll above the mmimum effective concentrati"on (MEC) c · · 

. . 1or an appropnate m-
terval and do not reac_h the mimmum toxic concentration (MTC). Therefore, the 

investigator must consider whether any statistical difference in bioavai1ability would
alter clinical efficiency. 

Special populations, such as the elderly or patients on drug therapy, are gen­
erally not used for bioequivalence studies. Normal, healthy volunteers are pre­
ferred for bioequivalence studies, because these subjects are Jess at risk and may 
more easily endure the discomforts of the study, such as blood samp1ing. 
Furthermore, the objective of these studies is to evaluate the bioavai1abi1ity 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

f Aue r d , may be used for systemically absorbed drugs and con-
o , Vmax, an <max, 

d d fi 
ventional oral dosage forms. However, for ce�tain drugs an _osage orms, sys-

t · b" ·1 b"l"ty nd bi"oequivalence are difficult to ascertam (Table 15.12).
emic ioava1 a i i a 

�E 15.12 Problems in Bioavailability and Bioequivalence

0
0
rugs With high intrasubject variability Inhalation 

_rugs With long elimination half-life Ophthalmic 
Biotranst . Intranasal ormat1on of drugs

Bioavailable drugs that should not produce peak drug
stereoselective drug metabolismDrug levels 
Drug� :

i

�� 
active metabolites Potassium supplements

Nonb· 
1 polymorphic metabol ism 

Endogeneous drug levels
An�:��:ilable drugs (drugs intended for local effect)

Hormone replacement therapy
lo I Biotechnology-derived drugs

. ca anesthetics ... Ant,·· , Erythropoietin inte, ,eron,n,ectivesAnti-infia Protease inhibitors
Dosa mmatory steroids Complex drug substances

. Tr}
e forms for nonoral administration Coniugated estrogens 

��1�· __________ 2.----��
'.I�=�::.-=..:�------

----
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1 orine chlorpromazine, verapamil, isoso b' Drugs and drug products ( eg,_ 
�
ye o

;
p
t be 'highly variable if the intrasubject ld� 

dinitrate, sulindac) are cons1 ere . o
greater than 30% by analysis of Varian Vari.. . .1 bTty parameters 1s . ce co. ability in b1oava_1 a_ 11 

h et al, 1996). The number of subjects required efficient of va�iauo� (Sha 
£ these drug products may be excessive, requ· . 

to
demonstrate b1oeqmvalence or 

rent FDA bioequivalence criteria. The _
iri.ng

60 b' ts to meet cur intra more than su �ec 

d t the drug itself or to the drug formulation 
·

· b T ay be ue o or tosubject vana 1 ity m 
ld bl'c forums to determine whether the current b' 

b h Th FDA has he pu i . hl . i0-ot • e . . d t be changed for these h1g y vanable drugs (Sh hequivalence gmdelmes nee O a 
et al, 1996). 

'th long elimination half-lives or a complex elimination phase For drugs Wl very 
(' h r . . '

l 1 ma drug concentration-time curve 1e, t ree e 1mmat1on half-livesa comp ete p as b d'ffi 1 • 
or an AUC representing 90% of the total_ AUC) may e l icu t to obtain for a
bioequivalence study using a crossover design. For these drugs, a truncated (short-
ned) plasma drug concentration-time curve (0-72 hr) may be more practic al, 

�he use of a truncated plasma drug concentration-time curve allows for the mea­
surement of peak absorption and decreases the time and cost for perfonning the 
bioequivalence study. . . . 

Many drugs are stereoisomers, and each isomer may give a different pharma-
codynamic response and may have a different rate of biotransformation. 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 
o� 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 in­tended for local effect and formulated as topical ointments oral suspensions, orrectal suppositories These d h ld • • ' · · ·1-. . . · rugs s ou not have sigmficant systemic b1oavai ab1hty from the site of ad · · · . · l' r 
d 

ministration. The b1oequivalence deterrninauon 10 

fi:r that are not absorbed systemically from the site of application can be d�-

d
t t

d
o 

c
asse

b
s_s. For_ these nonsystemic-absorbable drugs a "surrogate" marker is nee e 1or 10eqmval d · • ' 'd· . . ence etermmat1on (Table 15 13) F ample the ac1 neutrahzmg capacity f • . or ex , 

mine resi·n h b 
o an oral antacid and the binding of bile acids to cholestyra·ave een used as su • 1 neestudies. rrogate markers in lieu of in-vivo bioequiva e 

Various drug delivery systems and newer dos . deliver thedrug by a nonoral route h' h 
age forms are designed to . ·i·cy.' w ic may produ 1 . . . vailabt I For the treatment of asthm . h 1 . ce on y partial systemic bioa .-,e. a, m a auon of th d ( 1 thas0•· d1propionate) has been used t . . e rug eg, albuterol, bee ome 

d todecrease systemic side effects � 
max1m1ze d�g in the respiratory passages an JllaY

differ in release rates in th 
. rugs such as mtroglycerin given transdermallY Jll , e amount of drug in the transdermal delivery syste '

....... 
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sLf: 1 5. 13 Possible Surrogate Markers for Bioequivalence Studies 

�:.:....----------=-=��:..:....:.:=.::::'..._ ______ _ 
pRLJG PRODUCT

�einhaler 
(Vletere 

DRUG 

Albuterol 
Hydrocortisone 
Cholestyramine 
Magnesium and aluminum 

POSSIBLE SURROGATE MARKER 

FOR BIOEOUIVALENCE 

Forced expiratory volume (FEV 1) 
Skin blanching Topical steroid 

. �_,,xchange resin
AfllO•r-- Binding to bile acids 

Neutralization of acid Afl[acid 

Topical antifungal
hydroxide gel 

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, Cmax, and lmax• 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 Jormulary,

which lists therapeutically equivalent or intercha�geable drug p_rod�cts that

pharmacists may dispense. Other states use a negative Jormulary, �h1ch lists drug

products that are not therapeutically equivalent, and/or the mterchan�e of

which is prohibited. If the drug is not in the negati�e formu��ry, the unlisted

generic drug products are assumed to be therapeutically equivalent and may

be interchanged. 

Approved Drug Products with Therapeutic Equivalence
Evaluations ( Orange Book)

Due t bl" d d th FDA Center for Drug Evaluation and Research publishes
o pu 1c eman , e • h 'T''h · 

annually a listing of approved drug products, Approved Drug Products wit 1., erapeutic

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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. Evaluation Codes 

�TAB��LE�1�5�-�14!___2T�h�er�a�p�eu�t�ic�E�q!:u�1v�a�le�n'.:c:.e�::::==-------
��

--
----

A Codes 
t' ally equivalent to other pharmaceutically 

roducts considered to be therapeu ,c Drug P 
. . equivalent products . ms not presenting b1oequ1valence problemsM Products in conventional dosage for . tsProducts meeting bioequivalence r�q�1remen AB . d powders for aerosohzat1on AN Solunons an 

AO Injectable oil solutions _ 
Af' Injectable aqueous solunons
AT Topical products

B Codes 

.d t be therapeutically equivalent to otherod cts ...,�t the FDA does not cons, er o Drug pr u u '° 
pharmaceutically equival��t products 

FDA ·nvestigation and review to determine8,. Drug products requiring further 1 
therapeutic equivalence 

nded-release capsules, and extended-release injectablesBC Extended-release tablets, exte 
� "th documented bioequivalence problemsBD Active ingredients and dosage ,arms w1 

BE Delayed-release oral dosage forms _ BN Products in aerosol-nebulizer drug delivery systems 
BP Active ingredients and dosage forms with potential bioequ1valence problems
BR Suppositories or enemas for systemic use 
BS Products having drug standard deficiencies 
BT T apical products with bioequivalence issues
BX Insufficient data

Adopted from: Approved Drug Products with Therapeutic Equivalence Evaluations (Orange Book)
(www.fda.cder/ob/default.htm) 2003. 

The Orange Book contains therapeutic equivalence evaluations for approved
drug products made by various manufacturers. These marketed drug products are
evaluated according to specific criteria. The evaluation codes used for these ��are listed in Table 15.14. The drug products are divided into two major categones.
"A" codes apply to drug products considered to be therapeutically equivalent to
other pharmaceutically equivalent products, and "B" codes apply to drug prod

;
c
�that the FDA does not at this time consider to be therapeutically equivalent to O e
dpharmaceutically equivalent products. A list of therapeutic-equivalence-fe la

��.terms and their definitions is also given in the monograph. According to the F b tevaluations do not mandate that drugs be purchased, prescribed, or disp ensed, :"d bl" . r . . 
d prodUC proVI e pu 1c m1ormat1on and adVIce. The FDA evaluation of the rug ��e

· al Ctu 
should be used as a guide only, with the practitioner exercising profession and judgment. 

k e Boo The concept of therapeutic equivalence as used to develop the Orang 
d es 

applies only to drug products containing the same active ingredient(s) and 
�et . . 

r the sa 
no encompass a comparison of different therapeutic agents used 1or ·ded' · ( 

d chlofl con ItIOn eg, propoxyphene hydrochloride versus pentazocine hy ro ck·
r h . 

. repa 1or t e treatment of pam). Any drug product in the Orange Book that 15 d tod d/ d. . 
'dere 

age an or 1stnbuted by other than the application holder is consI 
fl if

be therapeutically equivalent to the application holder's drug product �ve
lefltth 1 · · h 1 , 

u1va 
e app 1cat1on o der s drug product is single source or coded as noneq 

�
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( eg, BN). Al�o, distributors or repackagers of an application holder's drug prod­uct are considered t_o h�ve the same code as the application holder. Therapeutic
equivalence determinations are not made for unapproved off-lab 1 · d' · r · · h , e m icat10ns.With this imit�tlon, owever, the FDA believes that products classified as ther-apeutically eqmval�nt can be substituted witlv the full expectation that the sub­stituted product will produce the same clinical effect and safety profile as theprescribe� product (�.fda.gov / cder / ob/ default.htm). 

Prof�ssional care and �udgm_ent should be exercised in using the Orange Book.Evaluauons of _ therapeuti� equivalence for prescription drugs are based on scien­tific and medical evaluations by the FDA. Products evaluated as therapeutically
equivalent can be expected, in the judgment of the FDA, to have equivalent clini­
cal effect and no difference in their potential for adverse effects when used under 
the conditions of their labeling. However, these products may differ in other char­
acteristics such 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 therap� of a particul�r patient, the physici��•s 
specification of that product is appropn�te. �har�acists must also be f�1har 

with the expiration dates/times and labelmg directions for storage of �e differ­
ent products, particularly for reconstituted products, to assure that patients are 
properly advised when one product is substituted for another. 

[?] FREQ!JENTLY ASKED Q!JESTIONS

. . . 1 udies and clinical efficacy drug studies
1. Why are preclimcal ammal toxico ogy st 

a generic drug product in human subjects not required by the FDA to approve 

d 
;i

. h b d name drug pro uct. as a therapeutic eqmvalent to t e ran -
b' .1 . 

d eriod mean in a crossover 1oava1 -
2. What do sequence, washout penod, an P 

ability study? c . d intervention (food effect) study ior some
3. Why does the FDA reqmre a foo . a roval? For which drug products are 

generic drug products before granting PP 
. d";)food effect studies reqmre 
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d. are required for drugs that are not syst b. · lence stu 1es ern. 4. What type of 10eqmva 

d 
. which the Gnax and AUC cannot be Ill 

ically absorbed or for those rugs m eas. 

ured in the plasma? . . 1 d . b'ect variability affect the stat1st1ca emonstrati 5 H does inter-and mtrasu � on 
• or°�oequivalence for a drug product? 

. . 
. uivalent drug products that are not b1oeqmvalent (ie6. Ca� che_m1cally

) 
eq 

h other have similar clinical efficacy? 
biomeqmvalent to eac 

ltf I LEARNING Ql}ESTIONS

I. An antibiotic was formulated into two different oral dosage forms, A and B.
Biopharmaceutic studies revealed different antibiotic blood level cmvesfor 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 acetamfoophen 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 acetaminer 
phen was completely ( 100%) systemically absorbed? 

3. The data in Table 15.15 represent the aver�ge 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? 

Figure I 5-11. Blood-level curves for two d'ff oral dosage i f 
I erent orms o a hypothetical antibiotic.

i 

8 
C0 

0 

_________ -MEC 

2 3 

Time 

A 
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rABLE 15.15 Comparison of Plasma C 
d Time 

oncentrations of An · · • 
form an 

tibiot1c, as Related to Dosage 

IV Solution 

PLASMA CONCENTRATION fµg/ml)
Oral Solution

TIME 

AFTER DOSE

(hrJ 
--�0.55 --5.9�-���-__!.!_��-��� 

(2 mg/kg) 
Oral Tablet 

(10 mg/kg) 
Oral Capsule 

(10 mg/kg) (10 mg/kg) 
5.94 23.4 13.2 18.7 

1.0 
1.5 
2.0 
3.0 
4.0 
6.0 
8.0 

10.0 
12.0 

Aue(�� x hr)

5.30 
4.72 
4.21 
3.34 
2.66 
1.68 
1.06 
0.67 
0.42 

29.0 

26.6 
25.2 
22.8 
18.2 
14.5 

9.14 
5.77 
3.64 
2.30 

145.0 

18.0 21.3 
19.0 20.1 
18.3 18.2 
15.4 14.6 
12.5 11.6 

7.92 7.31 
5.00 4.61 
3.16 2.91 
1.99 1.83 

116.0 I 16.0 

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 Vn
(2) Elimination t1;2
(3) First-order elimination rate constant k
(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
men t 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 college stu-

, dents 21-29 years of age. Mean body weight was 60 kg. Samples of blood were

obtained at various time intervals after the administration of the drug, and the

plasma fractions were analyzed for active drug. The data are summarized in

Table 15.16. 

a. The mi�imum effective concentration of Aphrodisia in plasma is 2.3 µg/mL.

What is the onset time of this drug? 

h. The -minimum effective concentration of Aphrodisia in plasma is 2.3 µg/mL.

What is the duration of activity of this drug? 
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TABLE 15.16 Data Summary of Active Drug Concentration in Plasma Fractions

Cp TIME Cp ----
TIME 
(hr) (µ,g/mLJ (hr) (µ,g/mLJ 

0 12 3.02

1 1.88 18 1.86

2 3.05 24 1.12

3 3.74 36 0.40

5 4.21 48 0.14

7 4.08 60 0.05

9 3.70 72 0.02

c. What is the elimination half-life of Aphrodisia in college students?
d. What is the time for peak drug concentration ( lmax) of Aphrodisia?
e. What is the peak drug concentration ( Cmax)?
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 by a
"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, JJ;. 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?

7 • According to the prescribing information for cimetidine (Tagamet), following
IV or IM administration, 75% of the drug is recovered from the urine after 24
?ours as the parent compound. Following a single oral dose, 48% of the dru.g
�s recove�ed from th� urine after 24 hours as the parent compound. From this
mformation, determme what fraction of the drug is absorbed systemically froJllan oral dose after 24 hours. 

TABLE 15.17 Urinary Drug Excretion Data summary ----

DRUG PRODUCT 
DOSE 

(mg/kg) 

CUMULATIVE URINARY DRUG 
EXCRETION (D:J, 0-72 hr

(mg) ------
IV solution 0.2 20Oral solution 4 
Oral tablet 4 380

340 Oral capsule 4 ----------------�3
�
60

�-�

 

� 

j 
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TABLE 15.18 Blood Level Data Summary for Two Drug Products
DRUG PRODUCT

A B 

KINETIC VARIABLE UNIT 
4 X 250-mg 1000-mg 

Tablet Tablet STATISTIC 
Time for peak drug concentration hr 1.3 1.8 

/range) p < 0.05 
(0.7-1.5) /1.5-2.2) 

Peak concentration µ.g/mL 53 47 p < 0.05 
/range) (46-58) /42-51) 

AUC /range) µ.g hr/ml 118 103 NS 

t112 

(98-125) /90-120) 
hr 3.2 3.8 NS 

/2.5-3.8) /2.9-4.3) 

8. Define bioequivalence requirement Why does the FDA re · b. · I . • qmre a 1oeqmva ence
reqmrement for the manufacture of a generic drug product? 

9. Why can we use the_ time for peak drug concentration Umax) in a bioequiva­
lence study for an estimate of the rate of drug absorption, rather than calculating
the ka_?

10. �en m�le 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 Umax,A) after drug product A compared to the lmax,B 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.)

h. 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!

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

drug was given by N bolus and the AUC was computed as 20 µg hr/mL.

Calculate the fraction of drug systemically absorbed from drug product B

(1 X 1000 mg) tablet using the data in Table 15.19.

1 I. After performing a bioequivalence test comparing a gene�c drug product to a

brand-name drug product, it was observed that the genenc drug product had 

greater bioavailability than the brand-name drug product. 

a. Would you approve marketi!1g the generic drug product, claiming it was

superior to the brand-name drug product?

b. Would you expect identical pharmacodynamic responses to both drug

products? 

c. What therapeutic problem might arise in using the generic drug product 

that might not occur when using the brand-name drug product? 
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1 

TABLE 15.19 Tl es and Dissolution Rates of Tolazamide Tabletsa
Disintegration m 

MEAN DISINTEGRATION TIMEb PERCENT DISS� 

TABLET 
A 

MIN (RANGE) IN 30 MINc (RANGE)
3.8 /3.0-4.01 l03.9 (IOO.S-1�

2.2 /1.8-2.51 10.9 /9.3-13.SJ
8
C 

D

"N= 6. 

2.3 /2.0-2.51 3 l .6 /26.4-37.2)
26.5 /22.5-30.51 29.7 /20.8-38.4)

b By the method of USP-23.

c 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, C, 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 morning. The 
tablet was given with 180 mL of water. Food intake was allowed at 5 hours 
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 us­
ing a regression analysis and by the percent of drug unabsorbed by the method 
ofWagner and Nelson, 1963 (see Chapter 7). AUC was determined by the trape­
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 �id 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 you

expect the highest bioavailability? Why? 
e From th d ta · T bl · ·th the · . .e a_ m a e 15.20, did the disintegration times correlate WI 

dissolution times? Why? 
f. Do the data in Table 15.20 appear to correlate with the data in Table 15J9?Why? 

D ·�g. raw the expected cumulative urinary excretion-time curve for forrnulaU 
A and B. Label axes and identify each curve. 

h& . �� . . sum�ng .f?rmulation A is the reference formulation, what is the r
e 

b1oavailab1hty of formulation D? 
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TABLE 15.20 Mean Tolazamide Concentrationsa in Serum

TIME (hrJ 

TREATMENT (µg/mLJ 

0 

I 

3 

4 

5 

6 

8 

12 

16 

24 

�. µ,g/mlc

tmax, hr1

AU(o...24, µ,g hr/mle

aconcentrations :t I SD. n = 20. 
bFor explanation see text. 

A 

10.8+7.4 

20.5 :!: 7 .3 

23. 9 :!: 5.3

25.4 :!: 5.2 

24. I :!: 6.3

19.9 :!: 5.9 

15.2 ± 5.5 

8.8 ± 4.8 

5.6 ± 3.8 

2.7 ± 2.4 

27.8 ± 5.3 

3.3 ± 0.9 

260 ± 81 

cMaximum concentration of tolazamide in serum. 
dfime of maximum concentration. 

B C D

1.3 :!: I .4 1.8 :!: 1.9 3.5 :!: 2.6 
2.8 :!: 2.8 5.4 :!: 4.8 13.5 :!: 6.6 
4.4 :!: 4.3 9.8 :!: 5.6 20.0 :!: 6.4 

5.7::!:4.I 13.6 :!: 5.3 22.0 :!: 5.4 

6.6 :!: 4.0 15.l:!:4.7 22.6 :!: 5.0 

6.8 :!: 3.4 14.3 :!: 3.9 19.7 :!: 4.7 

6.6 ± 3.2 12.8 ± 4.1 14.6 :!: 4.2 

5.5 ± 3.2 9.1 ± 4.0 8.5 :!: 4.1 

4.6 ± 3.3 6.4 :!: 3.9 5.4 :!: 3.1 

3.1 ± 2.6 3.1 ± 3.3 2.4 ± 1.8 

7.7 ± 4.1 16.4±4.4 24.0 ± 4.5 

7.0 ± 2.2 5.4 ± 2.0 4.0 ± 0.9 

112 ± 63 193 + 70 231 + 67 

"lvea under the 0-24-hr serum tolazamide concentration curve calculated by trapezoidal rule. 

From Welling et al ( 1982). with permission. 
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STATISTfCb 

ADCB 
ADCS 
ADCB 
ADCB 
ADCB 
ADCB 
ADCB 
CADS 
CADS 
CBAD 
ADCS 
SCDA 
ADCS 

i. Using the data in Table 15.20 for formulation A, calculate the elimination

half-life ( t112) 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, lmax, 4nax, and AUC, along with an appropriate sta­

tistical analyses, are the parameters generally used to demonstrate the bio­

equivalence of two similar drug products containing the same active drug. 

a. Why are the parameters tmax, Cmax, and AUC acceptable for proving that two

drug products are bioequivalent?

b. Are pharmacokinetic models needed in the evaluation of bioequivalence? 

c. Is it necessary to use a pharmacokinetic model to co�pl�tely describe the

plasma drug concentration-time curve for the determmation of lmax, 4nax,

and AUC? 
d Wh d data Used for the statistical evaluation of bio-

• y are log-transforme 
equivalence? 

e. What is an add-on study?
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RELATIONSHIP 

BETWEEN 

PHARMACOKINETICS 

AND 

PHARMACO DYNAMICS 

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 cau es 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 noncovaJent interaction 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. 

575 
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576 CHAPTER 19. RELATIONSHIP BETWEEN PHARMACOKINETICS AND PHARMACODYNAMICS 

[Drug] + [receptor] � [drug-receptor comp! xJ ➔ respon e 

where the brackets [ ] denote molar concentrations. This scheme illustrates the 
occupation theory and the interaction of a drug molecule with a receptor mol cute. 
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-r ceptor complex disassociates as a unimolec­
ular entily.

2. The binding of drug with the receptor is fully reversible.
3. The basic model assumes a sing! 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 lnsel, 1990).

It is assumed that the occupancy of the drug molecule at one receptor site does
not change the affinity of more drug mo! cutes 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 ubsequent drug molecule , a 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 phannacologic response 
a an antagonist through drug-re eptor interactions. Basically, three types of related 
respon es may occur at the receptor: (1) a drng molecule that interacts with the 
receptor and elicits a maximal pharmacologic respons is referred to as an agonist; 
(2) a drug that elicits a partial (below maximal) respon e is termed a pmtial ago­
nist; and (3) an ag nt that elicits no respon e from the receptor, but inhibits the
receptor interaction of a second agent, i termed an antagonist. An antagonist may 
prevent the action of an agonist by competitive (reversible) or noncompetitive
(irreversible) inhibition.

Spare, uuoccupied rec ptors are assumeci to be present at the site of action, be­
cause a maximal phannacologic response may be obtained when only a small frac­
tion of the receptors are ocr.upied by drug molecules. Equimolar concentrations 
of different drng molecules that normally bind t.o the same rec ptor may give dif­
ferent degree of pharmacologic response. The term intrinsic activity is used to dis­
tinguish th relative extent of pharmacologic response belween different drug mol­
ecules that bind to the same receptor. The potency of a drug is the concentration 
of drug needed to obtain a pecific pharmacologic effect, such as the EC50 (see 
Err.ax model, below). 

The receptor occupation theory, however, was not consistent with all kinetic ob-
ervations. An alternative theory, known as the rate theo·ry, essentially states that the 

pharmacologic response is not dependent on drug-r ceptor 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 th receptor site. The rate theory predicts that 
an agonise will associate rapidly to form a receptor complex, which dissociates rap­
idly to produce a respons . An antagonist associates rapidly to form a receptor-drug 
complex and dissociates slowly to maintain the antagonist respon 
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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 observation 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 
produc 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 mea urement 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 response . 

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 processe 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 pharmacokinelic-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, an sthetics, 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 
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o given dose change 
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Figure 1 9-1 . Plot of pharmacologic re­
sponse versus dose on a linear scale. Drug dose 

8' 
8 

0 
..c 
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For many drugs, the graph of log dose-response curve shows a linear relation­
ship at a dose range between 20% and 80% of the ma,-x:imum response, which typ­
ically includes the therap utic dose range for many drugs. For a drug that follows 
one-compartmenL pharmacokinetics, the volume of distribution is constant; there­
fore, the pharmacologic response is also proportional to the log plasma drug con­
centration within a therapeutic range, a shown in Figure 19-3. 

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

E = mlogC + e

Solving for log C yields 

E-e 
logC=--

m 

Log dose 

(19.1) 

(19.2) 

Slope�m 

Log drug concentration 

Figure 19-2. Typical log dose versus 
pharmacologic response curve. 

Figure 19-3. Graph of log drug con­
centration versus pharmacologic effect. 
Only the linear portion of the curve is 
shown. 
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However, after an intravenous dose, the concentration of a drug in the body in a 
one-compartment open model is described as follows: 

kt 
logC = logC0 - -

2.3 
(19.3) 

By substituting Equation 19.2 into Equation 19.3, we get Equation 19.4, where 
Tio= effect at concentration C): 

E- e E0 - e ht 
--==-----

2.3 

E=E _ kmt 
0 

2.3 

(19.4) 

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
compartment model, with a linear log dose-pharmacologic response. From this 
equation, the pharmacologic effect declines with a slope of km/2.3. The decrease 
in pharmacologic effect is affected by both the elimination constant k and the 
slope m. For a drug with a large m, the pharmacologic response declines rapidly 
and multiple doses must be given at short intervals to maintain the pharmacologic 
effect. 

The relationship between pharmacokinetics and pharmacologic re pon e can 
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 
function of time (Fig. 19-4). For each dose and resulting pharmacologic response, 
the lope 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. 

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

�100.--------� 

la 
:t 60 

140 
'"5 

-� 20

J o�..L..-..1.1 
0 5 10 15 20 

Time (minutes) 

Figure 19--4. Depression of normal muscle activity 
as a function of time after IV administration of 0.1-0.2 
mg (+J-tubocurarine per kilogram to unanesthetized 
volunteers, presenting mean values of 6 experiments 
on 5 subjects. Circles represent head lift; squares. 
hand grip; and triangles, inspiratory flow. 
/Adapted from Johansen et al, I 964, with permission.) 
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Figure 1 9-5. Mean plasma concentrations of LSD and performance test scores as a function of time 
after IV administration of 2 µ.g 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 metaboli m or renal excretion. Conversely, a longer pharma­
cologic response is experienced in patients when the drug has a longer half-life. 

RELATIONSIDP BE'IWEEN DOSE AND DURATION 
OF ACTMTY (teff), 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 C0 - log C)
t=--------

lt 
(19.5) 

Using 4ff 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 t1;2 or a corresponding decrease 
in It will result in a proportional increase in duration of action. A clinical situation 

is often encountered in the treatment of infections in which 4ff 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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tB PRACTICE PROBLEM

The minimum effective concentration (MEC) in plasma for a certain antibiotic is 
0.1 µ,g/mL. The drug follows a one-compartment open model and has an apparent 
volume of distribution, Vo, of 10 L and a first-order elimination rate constant of 
1.0 hr-1

. 

a. What is the leff for a single 1OO-mg IV dose of this antibiotic?

b. What is the new teff or t'crr for this drug if the dose were increased IO-fold, to
1000 mg?

Solution 

a. The leff for a 10O-mg dose is calculated as follows. Because Vo = 10,000 mL,

100 mg 
Co = 10,000 mL = 10 µ,g/mL

For a one-compartment-model IV dose, C = Coe-"'· Then 

0.1 = IOe-(1.0)r,rr 
teff = 4.61 hr 

b. The t�ff for a 10OO-mg dose is calculated as follows (prime refers to a new dose).
Because V0 = 10,000 mL,

I 
1000 mg 

Co
= 

10,000 mL = 100 µ,g/mL

and 

0.1 = 1OOe-(l.O)t.:rr 

t;ff = 6.91 hr 

The percent increase in leff is therefore found as 

t' - t P . . elf err X 100 ercent increase 1n t0rr = t,rr 
6.91 - 4.61 

Precent increase in terr
= 

6 
X 100

4. 1 
Percent increase in t,ff = 50% 

This example shows that a 1O-fold increase in the dose increases the duration of 
action of a drug <teff) by only 50%. 
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CHAPTER 19. RELATIONSHIP BETWEEN PHARMACOKINETICS AND PHARMACODYNAM!CS 

EFFECT OF BOTH DOSE AND ELIMINATION 

HALF-LIFE ON THE DURATION OF ACTMTY 

A single equation can b detived to describe the relationship of dose (Do) and the elimination half-life (t1;2) on the effi ctive time for therapeutic activity Uerr). Thisexpression is derived below.
lo Ceff - In C0 - kterr

Becaus C0 = D0/ Vo,
In Cerr = In(�:) - kterr

kterr = ln ( �:) - In Cccr
_ l (Do/ Vo)teff - k In -C-

eff 

Substituting 0.693/ t1;2 for k,
terr = 1.44t112 In(. 

D
C
o )Vo eff 

(19.7) 

(19.8) 

From Equation 19.8, an increase in 11;2 will increase the terr in direct propor­tion. However, an increase in the dose, Do, does not increase the terr in direct pro­portion. The effect of an increase in Vo or Cerr can be seen by using generated data. Only the po itive solutions for Equation 19.8 are valid, although mathemati­
cally a negative l,,rr can b obtained by increasing Cerr or V0. The effect of chang­
ing dose on terr is shown in Figure 19-6 u ing data generated with Equation 19.8.A nonlinear increase in Leff i observed as dose increases. 

EFFECT OF ELIMINATION HALF-LIFE 

ON DURATION OF ACTM1Y 

Because elimination of drugs is due to the processes of excretion and metabolism,
an alteration of any of these elimination processe will effect the t112 of the drug. 
In certain disease states, pathophysiologic changes in hepatic or renal function will

Figure 19-6. Plot of tett versus dose. 

0o 4 8 12 16 
Dose (mg/kg) 
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decrease the elimination of a drug, as observed by a prolonged t1;2- This prolonged 
t1;2 will lead to retention of the drug in the body, thereby increasing the duration 
of activity of the drug (t.:JI) as well as increasing the possibility of drug toxicity. 

To improve antibiotic therapy with the penicillin and cephalosporin antibi­
otics, clinicians have intentiona!Jy prolonged the elimination of these drugs by 
giving a s cond 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 /3-lactamase. This /3-lactamase is a bac­
terial enzyme that d grades penicillin-like drugs. The data in Table 19.1 illustrate 
how a change in the elimination t112 will affect the terr for a drug. For all doses, 
a 100% increase in the t112 will result in a 100% increase in the teff· For example, 
for a drug whose t1;2 is 0.75 hour and that is given at a dose of 2 mg/kg, the terr

is 3.24 hours. If the t112 is increased to 1.5 hours, the leff 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 incr ase the terr to 3.98 hours, an 
increase of 22.8%. The effect of prolonging the elimination half-life 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 t112 on the terr• 

Consequently, a simple proportional increase in dose will leave the patient's blood 
concentration below the effective antibiotic level most of the time during drug 
therapy. The effect of a prolonged leff is shown in lines a and c in Figure 19-7, 
and the disproportionate increase in leff as the dose is increased 10-fold is shown 
in lines a and b.

TABLE 19.1 Relationship between Elimination Half-Life and Duration of Activity 

DOSE t,12 =: 0.75 hr t112 = 1.5 hr 

(mg/kgl teff fhr) teff fhrJ 

2.0 3.24 6.48 
3.0 3 67 7.35 
4.0 3.98 7.97 
5.0 4.22 8.45 

6.0 4.42 8.84 
7.0 4.59 9.18 

8.0 4.73 9.47 

9.0 486 9.72 
10 4.97 9.95 
II 5.08 10.2 
12 5.17 10.3 
13 5.26 10.5 

14 5.34 10.7 
15 5.41 10.8 
16 5 .48 11.0 

17 5.55 I I.I 

18 5.61 11.2 
19 5.67 I 1.3 

20 5.72 11.4 
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100 

j � 10 
E 
C: 
0 

& 
-§_ 

Figure 19-7. Plasma level-time curves describing ..9 0.1 
the relationship of both dose and elimination half-life 
on duration of drug action. Ceff = effective concentra-
tion. Curve a = single I 00-mg IV injection of drug; 
k = 1.0 hr- 1• Curve b = single I 000-mg IV injection; 
k = 1.0 hr- 1• Curve c = single I 00-mg IV injection; 
k = 0.5 hr- 1

• Vo is IO L. 

�I CLINICAL EXAMPLES

Pharmacokinetic/Pharmacodynamic Relationships 
and Efficacy of Antibiotics 

2 4 

Time (hours) 

6 

In the previous section, the time above the effective concentration, leff, 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 

Cephalosporlns 

Cefaclor 
Cefuroxirne 

Macrolide antibiotic 

Eiythromycin 
Surta drug 

Sullisoxazole 

From Craig and Andes f 1996). 

MIDDLE EAR FLUID fMEF)/SERUM RATIO 

0.18-0.28 
0.22 

0.49 

0.20 
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Figure 19-8. Relationship between the 

percent time above MIC90 of the dosing 

interval during therapy and percent of 

bacteriologic cure in otitis media caused by 

S. pneumoniae (open symbols) and /3·

lactamase-positive and -negative H. 

influenzae (closed symbols). (Circles. closed 

and open = /3-lactams; squares, closed and 

open = macrolides; triangles. closed and 

open = TMP/SMX.j 

Time above MIC (percent) 
(From Craig and Andres, 1996. with per­
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 corr lated 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 
infection in the thigh due to Pseudomonas aeruginosa was treated with ticarcillin and 
tobramycin. 

In another study, Craig (1995) compared the AUC/MIC, the time above MIC, and 
drug peak concentration over MIC and found that the best fit was obtained when 
colony-forming units (CFUs) were plotted versus time above MIC for cefotaxime in 
a mouse infection model (Fig. 19-9). 

Both Drusano (1988) and Craig (1995) reviewed the relationship ofpharmaco­
kinetics and pharmacodynamics in the therapeutic efficacy of antibiotics. For some 
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 {3-lactams, vancomycin, and the macrolide , the 
duration of exposure (time-dependent killing) or the time the drug levels are main­
tained above the MIC (Letr) 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 activily 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 Klebsiella 
pneumoniae in the lungs of neurotroponic mice aher 24-hour therapy with cefotaxime. Each point represents 
one mouse. 
(From Craig WA. 1995. with permission.) 

reciprocal of mm1mum inhibition concenu·ation, MIC (Forrest et al, 1993). 
Intere tingly, quinolones inhibit bacterial DNA gyrase, quite different from the 
/3-lactam antibiotics, which involve damage to bactetial cell walls. 

Relationship between Systemic Exposure and 
Response-Anticancer Drngs 

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 ome 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 

c: 30>- • 

0 
• 

e 25 
• 

1l 20 • 

0 

� 15 
• 

�10 
• • 

0 • 

� 
• eo 

LEGEND: • 

Figure 19-10. Steady-state concentration and j 5 8> • 8 o Response 

response atter three levels of teniposide administered 
V) 0 • No response 

by intravenous infusion. 450 600 750 

(From Rodman and Evans, 1991, with permission.) Dose level (mg/m2) 
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O <600 

12/s) 
Toxicity 

('/7) 
600- 1200- > 1800 
1200 1800 
µM • hour 

Figure 19-1 I . Relationship between systemic expo­
sure for teniposide and toxicity and efficacy. shown as 
proportions of patients. 
(From Rodman and Evans. 199 I. with permission.) 

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 re�ponse and toxicity 
(Fig. 19-11), both of which lie close to each other and intensify as concentration 
increases. 

RATE OF DRUG ABSORPTION AND 
PHARMACODYNAMIC RESPONSE 

587 

The rate of drug absorption influences the rate in which the drug gets to the re­
ceptor and the subsequent pharmacologic effect. For drugs that exert an acute 
pharmacologic effect, usually a direct-acting drug agonist, extremely rapid drug ab­
sorption may have an intense and possibly detrimental effect. For example, niacin 
(nicotinic acid) is a vitamin given in large doses to decrease elevated plasma cho­
lesterol and triglycerides. Rapid systemic absorption of niacin when given in an im­
mediate-release tablet will cause vasodilation, leading to flushing and po tural hy­
pertension. Extended-release niacin products are preferred because the more 
slowly absorbed niacin allows the baroreceptors to adjust to the vasodilation and 
hypotensive effects of the drug. Phenylpropanolamine was commonly used as a 
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-rel ase product. 

Equilibration Phannacodynamic Half-Life 
For some drugs, th half-time for drug equilibration has been estimated by ob­
serving the onset of response. A list of drug half-times reported by Lalonde (1992) 
is shown in Table 19.3. The factors that affect this parameter include perfusion of 
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TABLE 19.3 Equilibration Half-Times Determined Using the Effect Compartment Method

EQUILIBRATION PHARMACOLOGIC 

DRUG t112 fminJ RESPONSE 

dTubocurarine 4 Muscle paralysis 

Disopyramide 2 OT prolongation 

Ouinidine 8 OT prolongation 

Digoxin 214 LVET shortening 

Terbutaline 7.5 FEV1 

Terbutaline I 1.5 Hypokalemia 

Theophylline II FEV1 

Verapamil 2 PR prolongation 

Nizatidine 83 Gastric pH 

Thiopental 1.2 Spectral edge 

Fentanyl 6.4 Spectral edge 
AJfentanil I. I Spectral edge 

Ergotamine 595 Vasoconstriction 

Vercuronium 4 Muscle paralysis 

N-Acerylprocainamide 6_4 OT prolongation 

From Lalonde fl 992). with permis.1ion. 

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 
abu e. 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 

he study of drug tolerance and physical dependency is of particular interest in 
understanding the actions of abused drug substances, such as opiate and cocaine. 
Drug tolerance 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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the nitrates relax vascular smooth muscle and have been used for both acute angina 
(ep;, nitroglycerin sublingual spray or transmucosal tablet) or angina prophylaxis 
(eg, nitroglycerin transdermal, oral controlled-release isosorbide diuilrate). Well­
controll d clinical studies have shown that tolerance to the vascular and antiangi­
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 tol,erance 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. Phannacokinetic tolerance is of­
ten due to enzyme induction (discussed in earlier chapters), in which the hepatic 
drug clearance increa es with repeated drug exposure. Phmmacodynamic tolerance is 
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 differentiate between pharmacokinetic tolerance and 
pharmacodynamic tolerance. Acute tolerance, or tachyphylaxis, which is the rapid 
development of tolerance, may occur due to a change in the sensitivity of the re­
ceptor or depletion of a cofactor after only a single or a few doses of the drug. 
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
ter cessation of the drug. Workers exposed to volatile organic nitrates in the work­
place may initially develop headaches and dizziness followed by tolerance with con­
tinuous exposure. However, after leaving the workplace for a few days, the workers 
may demonstrate nitrate withdrawal symptoms. Factors that may affect drug de­
pendency may include the dose or amount of drug used (intensity of drug effect), 
th duration of drug use (months, years, and peak use) and the total dose (amount 
of drug X duration). The appearance of withdrawal symptoms may be abruptly pre­
cipitated in opiate-dependent subjects by the administration of naloxone ( arcan), 
an opioid antagonist that has no agonist properties. 

HYPERSENSITMTY AND ADVERSE RESPONSE 

Many drug respon es, such as hypersen itivity 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 
to thre hold skin concentrations, but, otherwise, no dose-response relationship has 
been established. Skin eruption is a common symptom of drug allergy. Allergic re­
actions can occur at exu·emely low drug concentrations. Some urticaria episodes in 
patients have been traced to peniciUin contamination in food or to penicillin con­
tamination during dispensing or manufacturing of other drugs. Allergic reactions 
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 detected b 
skin test with benzylpenicilloyl polylysine (PPL). The incidence of penicillin aliei� 
gic reaction occurs in about 1-10% of patients. The majority of these reactions are
minor cutaneous reactions such as urticaria, angioedema, and pruritus. Serious 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 reac­
tion is less than 0.02%. Anaphylactic reaction for cefaclor was reported to be 0.001 % 
in a postmarketing survey. There are emerging trends showing that there may be a 
difference between the original and the new generations of cephalosporins 
(Reisman and Reisman, 1995). Cross sensitivity to similar chemical classes of drugs
can occur. 

Allergic reactions may be immediate or delayed and have been related to IgE 
mechanisms. In /3-lactam (penicillin) drug allergy, immediate reactions occur in 
about 30 to 60 minutes, but delayed reaction, or accelerated reaction, may occur 
from 1 to 72 hours after administration. Anaphylactic reaction may occur in both 
groups. Although some early evidence of cro s hypersensitivity between penicillin 
and cephalosporin was observed, the incidence in patients sensitive to penicillin 
show 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 not 
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 receptor site is unknown most of the time, but, kinetically, it is known 
as the effect compartment. 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 r ceptor 
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 respon e (effect) may 
depend largely on the stereospecific nature of the interaction of the drug with 
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 concenu·ation. 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
el 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 tachyphyla,'<is or tolerance, or to pharmacokinetic factors, such as a change 
in drug absorption, elimination, or distribution. 

Drug-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 relat<:;s pharmacologic effect to pharmacoki­
netics (ie, a pharmacokin tics/pharmacodynamic, PK/PD model). Because the 
equation wa developed for a drug receptor with either single or multiple drug 
binding, many drugs with a sigmoid concentration effect profile may be de-
crib d 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 (Chapt r 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-r ceptor complexes 
is expressed as db/ dt. From Figure 19-12, a differential equation is obtained as 
shown: 

(19.9) 

where k1 c5 ( a - b) = rate of receptor complex formation and bk2 = rate of dissoci­
ation of the receptor complex. 

I k1 I I Drug + receptor 
I 

Drug-receptor Response 
(Sci (a-b) complex b I k2 I 

Figure 19-12. Model of the drug-receptor theory: a = total number of drug receptors, c = 

concentration of drug, 5 = 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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At teady state, db/ dt = 0 and Equation 19.9 reduces to 

k1 c' 
- = --- = -----

h1 c' + k2 1 + (h2/ k1c') 

b l 

a (19.10) 

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

b 
Rex -

a (19.11) 

Th pharmacologic r spons (R) is related to the maximum pharmacologic re­
sponse (Rmax), 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, 
(RI Rmax) X 100, versus the concentration of drug gives the response-concentra­
tion curve (Fig. 19-13). This type of th oretical development explains that the phar­
macologic response-dose curve is not completely linear over the entire dosage 
range, as is frequently obs rved. 

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 phm� 
macologic resjJonse is a measur of the total pharmacologic respons and i expressed 
mathematically as the product of the e two factors (ie, duration and intensity of 
drug action) summed up over a p riod of time. Using Equation 19.12, an inte­
grated pharmacologic resp ns is generated if the drug plasma concentration-time 
curve can be adequately cl scribed by a pharmacokinetic model. 

Table 19.4 is based on a hypothetical drug that follow a one-compartment open 
mod I. The drug is given intravenously in divided doses. With this drug, the total 
integrated respons increases considerably when the total dose is given in a greater 
number of divided doses. By giving th drug in a single close, two doses, four do es, 
and eight doses, an i_ntegrated resp ns was obtained that ranged from 100% to 
138.9%, using the single-dose response as a 100% referenc . It should be noted 
that when the bolus dose is broken into a smaller numb r of doses, the largest 
percent increase in the integrat d response occurs when the bolus dos is divided 
into two doses. Further division will cause less of an increase, proportionally. The 

Figure 1 9-1 3. Graph of drug concentration versus 

pharmacologic response. 

8 

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 INI
T

IALLY AND AT 0, 6, 12, AT 0, 3, 6, 9, 

DOSE NUMBER DOSE AT 12th hr I 8 hr I 2, I 5, I 8, 2 I hr 

I 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 I 38.9 

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

Adapted with permission from Wagner fl968j. 

actual percent increase in integrated response depends on the t112 of the drug as 
well as the dosing interval. 

The values in Tab! 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 discard d 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. 

PHARMACODYNA
M

IC MODELS 

o unified general pharmacodynamic model based on detailed drug-receptor the-
011' 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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Figure 19-T 4. Receptor-mediated (R)

mechanism of action of corticosteroid /S) 
hormones. 
/From Baxter and Funder, 1979. with 
permission. Cited by Boudinot et al, 1986.) 

':,\eioid hormone· responsi�e Ce// 

Nucleus 

RNA 

mRNA 

Plosma 
S binders 

interesting example in which the exact mechanism of the drug-r ceptor interac­
tion was not considered. One of the few pharmacodynamic models that takes into 
account the interaction between the receptor and the drug molecule leading to 
a pharmacologic effect was de cribed by Boudinot et al (1986) using the drug 
prednisolone as an exampl . Predni alone is a corticosteroid that binds to cy­
tosolic rec ptors within the cell (Fig. 19-14). The bound teroid receptor complex 
is activated and translocated into the nucleus of th cell. Within the cell, the 
drug-receptor complex associates with specific D sequence and modulates the 
transcription of A, which ultimately initiates protein syn the is (Boudinot et al, 
1 86). Tyrosine aminotransferase (TAT) is an enzyme protein that is increased 
(induc cl) by the action of pr dnisolone. In the liver cell, the prednisolone con­
e ntration, drug-receptor concentration, and TAT enzyme were measured with 
re pect to time. 

The pharmacodynamic model accounted for the delayed response of pred­
ni alone, a characteristic of corticosteroid response. In this model, prednisolone 
is first bound to plasma protein, and free drug must leave the pla ·ma compartment 

and enter the cell to form a drug-receptor complex; creation of this complex then 

trigg r the pharmacologic events leading to an increase in intracellular TAT con­

centration. A decrease in fre receptor or an increase in bound receptor complexes

after drug administration was observed. Plasma predni alone concentrations were 
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Figure 19-15. A. Prednisolone levels in plasma (DJ and liver (ts) fall exponentially after 50 mg/kg 
of drug IV during the first IO hours, as described by a pharmacokinetic model. B. Free cytosolic 
glucocorticoid receptor (CGR) concentration fell from control level l•J after 5- (Oj and 50-mg/kg (□)

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 IO hours. 
(From Boudinot et al. 1986. 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 (Emax) Model 

t 1.0 

� 0.8 

l o.6 

i:i 0.4 

10.2 

'i 

The maximum effect model (Emax) 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 respons produces a disproportionately smaller 
increase in the pharmacologic ressponse (Fig. 19-17). The �ax model describes 
drug action in terms of maximum effect (Emax) and EC5o, the drug concentration 
that produces 50% maximum pharmacologic effect. 

EmaxC E=----
ECso + C 

(19.13) 

where C is the plasma drug concentration and Eis the pharmacologic effect. 
Equation 19.13 is a saturable process resembling Michaelis-Menton enzyme 

kinetics. As the plasma drug concentration C increases, the pharmacologic effect 

8 

2 4 6 8 10 12 14 
Time (hoursl E

""'
' 

Figure I 9-1 6. Tyrosine aminotransferase ITAT) activity 
in liver was described by a pharmacodynamic model 
(solid line) after 5 (0) and 50 mg/kg (DJ IV prednisolone. 
The pharmacodynarnic model accounts for the delay of 
TAT activity. 
jFrom Boudinot et al, 1986. with permission.) 
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Figure I 9- I 7. Plot of pharmacologic response versus 
plasma drug concentration in a hyperbolic model. 

E 
mo, 

----

Drug concentration 

£approaches Err.ax asymptotically. A double-reciprocal plot of Equation 19.13 may 
be used to linearize the relationship, similar to a Lineweaver-Burke quation. 

Err.ax is the maximum pharmacologic effect that may b obtained by th drug. 
EC5o is the drug concentration that produces one-half (50%) of the maximum 
pharmacologic respon e. In this model, both Emax and ECso can be measured. For 
example, the bronchodilator activity of theophylline may be monitored by mea­
suring FEV1 (forced expiratory volume) at variou plasma drug concentrations 
(Fig. 19-18). For theophylline, a small gradual increase in FEV1 is obtained as the 
plasma drug concentrations are increased higher than 10 mg/L. Only a 17% in­
creas in FEV1 is observed when the plasma theophylline concentration is doubled 
from 10 to 20 mg/L. The EC5o for theophylline is 10 mg/L. he En,ax is equiva­
lent to 63% of normal FEY 1. A further increa e in the pla ma theophylline con­
centration will not yield an improvem nt in the FEV1 beyond Emax · Either drug 
saturation of the receptors or other limiting factors prevent further improvement 
in the pharmacologic response. 

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

60 

30 
Theophylline plasma concentrofon (mg/L) 

Figure I 9- I 8. Use of Ema, model to describe the effects of theophylline on change in normalized 
forced expiratory volume (FEV i); Emax = 63%, ECso = IO mg/l. 
[From Mitenko and Ogilvie. I 973, and Holford and Sheiner, 1981. with permission.) 
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in pharmacologic response is obtained (Fig. I 9-17). The drug concentration that 
produces a 50% maximum pharmacologic response (EC5o) is useful as a guide for 
achieving drug concentration that lies within the therapeutic range. 

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

EmaxC 
E= E0 +-_;;;;=--

ECso + C 

Sigmoid 'Emax Model 

(19.14) 

The sigmoid Ernax. 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 Err.ax 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 mol cule influences the association of the hemoglobin 
with the next oxygen molecule. The equation for the sigmoid Emax model is an 
extension of the Emax model: 

E = Emaxc
n 

EC50 + C"
(19.15) 

where n is an exponent describing the number of drug molecules that combine 
with each receptor molecule. When n is equal to unity (n = l), the sigmoidal Err.ax 
model reduces to the E.nax model. A value of n > 1 influences the slope of the curve 
and the model fit. 

The sigmoidal E.nax 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 

Figure 19-19. Steep concentration response curve 

for tocainide requiring use of the sigmoid Ema, model. 

(From Winkle et al, 1976, with permission.) 
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required that n = 20 in order to fit the model. Although this model was developed 
mpirically, the mathematical equation d scribing the mod I i similar to the one 

elaborated by Wagner (1968) and discu sed earli r in this chapter. 
In the igmoid E.nax model, the slop is influenced by the number of drug mole­

cules bound to the receptor. Moreover, a very large n value may indicate allosteric 

or cooperative effects in the interaction of the drug molecules with the rec ptor. 

Pharmacokinetic Pharmacodynamic Models 
with an Effect Compartment 

Many pharmacokinetic models de cribe the time course for drug and metabolite 
concentrations in the body. Using either the sigmoid Einax or one of the other phar­
macodynamic models describ d earLier, the pharmacologic response may be ob­
tained at various time p riods. This imple approach ha worked for some neuro­
muscular blockers and anesthetic agents, whose activities are related to plasma drug 
concentrations. 

For some drugs, the time cour e for the pharmacologic response may not di­
rectly parallel the time course of the pla ma drug concentration. The maximum 
pharmacologic response produced by the drug may be obs rved b fore or after 
the plasma drug concentration has peaked. Moreover, other drugs may produce a 
delayed pharmacologic r sponse unrelated to t11e pla ma drug cone ntration. 

A pharmacokinetic/pharmacodynamic model with an effect compartment is 
used to describe the pharmacokinetic of the drug in th 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 respon e, a hypothetical 
effect compartment has b en postulated (Fig. 19-20). This effe t 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 move from the effect compartment to the plasma com­
partment. Only free drug will diffu e into the effect compartment, and the 
transfer rate constants are usually first order. The pharmacologic response is de­
termined from the rate constant, keo, and the drug concentration in the effect 
compartment (Fig. 19-20). 

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

dDe 
- = k1eD1 - k,,_oDc dt 

Figure 19-20. Pharmacokinetic-pharmacodynamic 

model with an effect compartment. 

k 

Plasma 
compartmenl 

v. c.

Effect 
compartment 

(19.16) 

k.o 
1-----'I► Effecl 
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where De is the amount of drug in the effect compartment, D1 is the amount of 
drug in the central compartment, k1e is the transfer rate constant for drug move­
ment from the central compartment into the effect compartment, and keo is the 
transfer rate constant out of the effect compartment. 

Integrating Equation 19.16 yields the amount of drug in the effect compartment 
De: 

(19.17) 

Dividing Equation 19.17 by Ye, the volume of the effect compartment, yields the 
concentration G.: of the effect compartment: 

(19.18) 

where Do is the dose, Ve is the volume of the effect compartment, and k is the elim­
ination rate constant from the central compartment. Equation 19.18 is not very 
useful because the parameters V., and k1e are both unknown and cannot be obtained 
from plasma drug concentration data. Several assumptions were made to simplify 
this equation. 

The pharmacodynamic model assumes that even though an effect compartment 
is present in addition to the plasma compartment, this hypothetical effect com­
partment takes up only a negligible amount of the drug dose, so that plasma drug 
level still follows a one-compartment equation. After an IV bolus dose, the rate of 
drug entering and leaving the effect compartment is controlled by the incoming 
rate constant k1e and the elimination rate constant keo- (There is no diffusion of 
drug from the effect compartment into the plasma compartment.) At steady state, 
both the input and output rates from the effect compartment are equal, 

Rearranging, 

k.,oDe 
D1

= --
k1e 

Dividing by V0 yields the steady-state plasma drug concentration C1 : 

keoDe 
C1

=
--
k1eVo 

D 
= Dok1e (e-k' - -k,•')

e (k.,o - k) 
e 

Substituting for De into Equation 19.21 yields 

Ci = ke0Dok1c ( e-kt _ e- k,o')
k1e Vo ( k.,o - k) 

(19.19) 

(19.20) 

(19.21) 

(19.22) 

(19.23) 
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Cancelling the common term k1e, 

k.oDo ( -kl -k ol)C1 = ----- e - e ' 
Vo(keo - k) (19.24) 

At steady state, C1 is unaffected by k1e and is controlled only by the elimination 
constant k and l1eo, C1 is called CPss• 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 keo jointly determine the pharmacodynamic profile of a drug. In fitting th� 
pharmacokinetic-pharmacodynamic model, the IV bolus equation is fitted to the 
plasma drug concentration-time data to obtain k and Vn, while Crss• or C1 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 pharmacokin tic models that account for drug distribution and 
pharmacologic response. The aggregate effects 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-vivo 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 IV 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 nee· 
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 ORS interval for four dogs: I♦) 1.

(◊) 2, t•l 3, 10) 4. A. Unbound plasma ajmaline versus response. e. Plasma ajmaline versus response. 

/From Yasuhara et al. 198 7. with permission.) 
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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 hysteresis loofJ
(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. /3-Adrenoreceptors, such as isoproterenol, apparently have no direct rela­
tionship between response and plasma drug concentration and show hystere is 
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). 

.. 

0::----'-----L.I 
E� 0.5 1.0 

Figure 19-22. Plot of change in ORS interval versus 

ajmaline concentration in the effect compartment in 

dog 2. The lines were generated based on the effect 

compartment model. comportment ojmaline (µg/ml) !From Yasuhara et al, 1987. with permission.) 

MPI EXHIBIT 1045 PAGE 105

DR. REDDY’S LABORATORIES, INC. 
IPR2024-00009 
Ex. 1045, p. 105 of 115

 



602 CHAPTER 19. RELATIONSHIP BETWEEN PHARMACOKINETICS AND PHARMACODYNAMICS
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Figure 19-23. Response of the EEG spectral edge to changing fentanyl fA) and alfentanil (BJ 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 counterclockw'ise 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 ajmaline. 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 model to analyze 
the molecular events betv,een drug concentration and change in ECG parameters 
such as QRS. A r lationship 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 (o:1-acid glycoprotein), and of a slow initial diffusion of drug into 
the effect compartment. 

Counterclockwise hysteresis curves may also result when the measured pbarma­
codynamic respon e is not the primary effect of the drug, ie, there is an indirect

Figure 19-24. Clockwise hysteresis loop typi­

cal of tolerance is seen after intranasal adminis­

tration of cocaine when related to degree of 

euphoria experienced in volunteers. 

/From van Dyke et aJ. 1978.) 

Plasma concentration 

Figure 19-25. Counterclockwise hysteresis loop 

indicating equilibration delay between plasma 

concentration and the effect site producing the 

effect. 

jFrom Holford and Sheiner, 1981.) 
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effect. For example, warfarin inhibits hepatic synthesis of clotting factors ll, VTI, IX, 
and X, but prothrombin time is measured as a surrogate for warfarin activity and 
clotting factor concentration. 

To predict the time cour e of drug response using a pharmacodynamic model, 
a mathematical expression is developed to d scribe 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 dmg 
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 compartment in which 
a drug equilibrates from the central compartment by a first-ord r rate constant kie• 
There is no back diffusion of drug away from the effect compartment, thereby sim­
plifying the complexity of the equations. This model was applied successfully to mon­
itor the pharmacologic effects of the drug trimazo in (Meredith et al, 1983). 

The pharmacokinetics of trimazosin are described as a two-compartment open 
model with conversion to a metabolite by a first-order rate constant kiro• The phar­
macokinetics of the metabolite are d scribed by a one compartment model with a 
first-order elimination constant kroo, The drug effect may be described by two phar­
macodynamic models, either model A or B. Model A assumes that the drug effect 
in the effect compartment is produced by the drug only. Model B assumes that 
both the drug and a metabolite produce drug effect (Fig. 19-26). 

The following equation describes the pharmacokinetics and pharmacodynamics 
of the drug: 

GP = A[•' - Be-h1 
(19.25) 

where Gp is the concentration of the drug in the central compartment. 

A B 
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k
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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 C.n is the concentration of the metabolite in the body, Vm is th volume of 
distribution of the metabolite, ½ is the volume of the central compartment of the 
body, k1 rn is the first-order constant for converting drug to metabolite, kn,0 is the 
elimination rate constant of the metabolite, A and Bare two-compartment model 
coefficients for the drug (see Chapter 4), and k10 is the elimination rate constant 
of the drug. 

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

(19.27) 

where V., is volume of the effect compartment and keq 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 Md is the sensitivity slope to the dmg (ie, the effect per unit of drug concen­
tration in the effect compartment). The parameters Md, i, and /leq 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). 

BV.k;mkeq
1n e-bl 

+ ------------

v
m 

(b - kmo) (b - keqrn) 

+---------
(b - kmo) (keq

m - kmo) 

(19.30) 
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Figure 19-27. Diagram showing the agreement between recorded hypotensive effect (solid line) 

and hypotensive effect as projected by model 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 Md, Mm, � ke
q
, 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, for a dose of 
a drug, the drug cone ntration 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 thi case, Meredith and 
associates (1983) demonstrated that both the drug and the metabolite formed in 
the body may affect the time cours of the pharmacologic action of the drug in 
the body. 

Simulation of In-Vitro Phannacodynamic 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 vivo. Gupta et al (1993) discussed the factors that affect the shape 
of the re ponse curve. In the simplest case, pharmacokinetic equations are developed 
to calculate Gp, the drug concentration, and �. the metabolite concentration. To 
estimate the pharmacologic £feet due to both the drug and active metabolite, the 
potency of the drug is defined as P, the pot ncy of the metabolite is Pm, and 
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A B C 
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Figure I 9-28. Simulated in-vitro pharmacodynamic response versus concentration ICI contributed 

by a drug and a metabolite. Potency of parent drug and metabolite are equal, but (Al km0 = large, 

(BJ kmo = medium, and ICJ kmo = small.

(From Gupta et al, 1993. with permission.) 

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

(19.32) 

The hape of hystere is simulated is very dependent on Pm and kmo, the rate con­
stant of metabolite limination. If limo is given a high, medium, or low value, the 
effect on the hape of the hysteresis loop is changed dramatically, as hown in 
Figure 19-28. A temporal ffect cau es a counterclockwise loop. In the case of a 
metabolite that acts as an antagonist, the hysteresis loop is clockwi e. The more 
elaborate feature of an Err.ax mod I wer simulated by Gupta et al (1993) in their 
paper. 

l�I CLINICAL EXAMPLE ____ -- �- -

Lorazepam Pharmacodynamics-Example of an 
In-Vivo Hysteresis Loop 

Many drugs that act on the central nervous sy terns (C S) have a lag time before 
the tissue and th pla ma are equilibrated with drug. The pharmacokinetics of lo­
razepam after oral ab orption were fitted to a two-compartment model with lag 
time. Lorazepam wa studied becau e the drug accounts for all the activity, such 
that the counterclockwise response profile may be attribut cl to equilibration rather 
than to metabolism (Gupta et al, 1990). 

Th description of the plasma drug concentration , '4,, 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 
hysteresis. 
(from Gupta et al, 1990, with permission.) 

described by a sigmoid E
n
,ax. model similar to Equation 19.15, except that the base­

line et£ ct is also included. Gupta et al (1990) monitored three pharmacodynamic 
effects due to lorazepam. The monitored pharmacodynamic effects were mental 
impairment processes evaluated by the cognitive and psychomotor performance of 
the ubjects, including (A) subcritical tracking, (B) sway open (a measurement of 
gross body movements), and (C) digital symbol substitution. When the time course 
of each effect was plotted versus plasma drug concentration, a counterclockwise 
loop was observed (Fig. 19-29). When the same pharmacodynamic responses were 
plotted versus lorazepam concentration in the effect compartment accounting for 
the equilibration lag, a classical sigmoid relation was observed (Fig. 19-30). The ob­
servation howed that the temporal response of many drugs may be the result of 
pharmacodynamic and distributional factors interacting with each other. Thus, a 
model with an effect compartment can more fully help to understand the time 
course of th drug response. 
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Figure 19-30. Plot of responses to lorazepam versus effect compartment concentration showing sigmoid 
relationship between effect and concentration without hysteresis. 
IFrom Gupta et al, 1990, with permission.) 
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I? I FREQ11ENTLY ASKED Q11ESTIONS

1. Explain why doubling the dose of a drug does not double the pharmacodynamic
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 and
the tissue compartment?

!�I LEARNING Q11ESTIONS

I. 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 proportionaJ to the log plasma drug
concentration.

c. 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 ba ed on pharrnacodynamic considerations.

Figure 19-31 . Graph of pharmacologic response E

as a function of time for the same drug in patients 

with normal fAJ and uremic fB) kidney function. 

respectively. 

Cl> 

u 

B 
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4. How are the parameters AUC and leer used in pharmacodynamic models?

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

6. ame 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?
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