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WHY CLINICAL PHARMACOKINETICS? 

Those patients who suffer from chronic ailments such as diabetes and epilepsy may have 
to take drugs every day for the rest of their lives. At the other exb·eme are those who take 
a single dose of a drug to relieve ao occasional headache. The duration of drug therapy i'> 
usually between these exhemes. The manner in which a drug is taken is called a dosage 
regim.en. Both the duration of drug therapy and the dosage regimen depend on the ther-
apeutic objectives, which may be either the cure, the mitigation, or the prevention of 
disease. Because all drugs exhibit undesirable effects, such as drowsiness, dryness of the 
mouth, gastrointestinal irritation, nausea, and hypotension, successful drug therapy is 
achieved by optimally balancing the desirable and the undesirable effects. To achieve op-
timal therapy, the appropliate "drug of choice" must be selected. This decision implies an 
accurate diagnosis of the disease, a knowledge of the clinical state of the patient, and a 
sound understanding of the pharmacotherapeutic management of the djsease. Then the 
questions How much? How often? and How long? must be answered. The question Hm.v 
much? recognizes that the magnitudes of the therapeutic and toxic responses m·e functions 
of the dose given. The question How often? recognizes the importance of time, in that the 
magnitude of the effect eventually declines with time following a single dose of drug. The 
question How long? recognizes that a cost (in terms of side effects, toxicity, economics) is 
incurred with continuous drug administration. In practice, these questions cannot be di-
vorced from one m1other. For example, the convenience of giving a larger dose less fre-
quently may be more than offset by an increased incidence of toxicity. 

In the past, the answers to many important therapeutic questions were obtained by tlial 
and error. The dose, interval between doses, and route of administration were selected, 
and the patient's progress followed. The desired effect and any signs of toxicity were care-
fully noted, and if necessary, the dosage regimen was adjusted empirically until an accept-
able balance between the desired effect and toxicity was achieved. Eventually, after con-
siderable expe1irn.entation on a large number of patients, reasonable dosage regimens \·Ver e 

established (Table 1-1), but not without some regimens producing excessive toxicity or 
proving ineflective. Moreover, the above empirical approach left many questions unan-
S\Vered. Why, for example, docs tetracycline have to be given every 6 to 8 hours to be 
effective, while digoxin can be given once daily? Why must oxytocin be infused intrave-
nously? vVhy is morphine more effective given intramuscularly than when given orally? 
Furthermore, this empirical approach contributes little, if anything, toward establishing a 
safe, effective dosage regimen of another drug. That is, our basic understanding of drugs 
has not been increased. 

To overcome some of the limitations of the empirical approach and to answer some of 
the questions raised, it is necessary to delve further into the events that follow drug ad-
ministration. In vitro and in vivo studies show that the magnitude of the response is a 
function of the concentration of drug in the fluid batl1ing the site(s) of action. From these 
observations the suggestion might be made that tl1e therapeutic objective can be achieved 
by maintaining an adequate concentration of drug at the site(s) of action for the duration 
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2 WHY CLINICAL PHARMACOKINETICS? CHAPTER l 

of therapy. However, rarely is a drug placed at its site of action. IndeP.d, most drugs are 

given orally, and yet they act in the brain, on the heart, at the neuromuscular junction, or 

elsewhere. A drug must therefore move from the site of administration to the site of action. 

Simultaneously, however, the drug distributes to all other tissues including those organs, 

notably the liver and the kidneys, that eliminate it from the body. 

Figure 1-1 illustrates the events occurring after a dose of drug is administered orally. 

The rate at which drug initially enters the body exceeds its rate of elimination; the con-

centrations of drug in blood and other tissues rise, often sufficiently high to elicit the desired 

therapeutic effects and sometimes even to produce toxicity. Eventually, the rate of drug 

elimination exceeds the rate of its absorption, and tl1ereafter, the concentration of dmg in 

both blood and tissues declines and the effect(s) subsides. To administer drugs optimally, 

d1erefore, knowledge is needed not only of the rnecbanisms of drug absorption, distribu-

tion, and elimination but also of the kinetics of these processes, that is, pharmacokinetics. 

The application of pharmacokinetic principles to tl1e therapeutic management of patients 

is clinical pharmacokinetics. 

Table 1-1. Empirically Derived Usual Adult Dosage Regimens of Some 

Representative Drugs Before the Introduction of Clinical Pharmacokineticsa 

DRUG INDICA TED USE ROUTE DOSAGE REGIMEN 

Tetracycline Treatment of Infections Oral 250 mg every 6-8 hr 

Digoxin Amelioration of congestive Oral 1.5-2 mg initially over 24 

cardiac failure hr, thereafter 0.25-0.5 
mg once a day 

O xytocin Induction and maintenance Intravenous 0.2-4 milliunits/min by 

of labor infusion 

Morphine sulfate Relief of severe pain lntramuscula· 1 0 mg when needed 

Oral Not recommended because 
of reduced effectiveness 

"Token from American Medical Association: Drug Evoluolions. 2nd Ed .• Publishers Science Group, Acton, 11/\A, 1973. 

Fig. 1-l. Pla~ma concentration of 

theophylline in a subjectfollowing an 

oral dose of a 600-mg controlled-re-

lease formulation. Before the peak is 
reached, the rate of absorption ex-

ceeds that of e limination. At the 

peak, the two rates arc eCJual; the re-
after, the rate of elimination exceed~ 

that of absorption. (Redrawn f1·om 
Sauter, R., Steinijans, V.W., D iletti, 
E., Bt'l lu.n, A., and Sch ulz, H.U.: 

P resentation of results in b ioequival-

ence studies. Int . J. Clin. Pharmacal. 
Ther. Toxicol., 30:57-30, 1992.) 
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CHAPTER l W HY CLINICAL PrARMACOKINETICS? 3 

The events following drug administration can be divided into two phases, a pharnwco-
kinetic phase, in which the adjustable elements of dose, dosage form, frequency, and route 
of administration are related to drug level-time relationships in the body, and a pharnw-
codynarnic phase, in which the concentration of drug at the site (s) of action is related to 
the magnitude of the effect(s) produced (Fig. l-2). Once both of these phases have been 
defined, a dosage regimen can be designed to achieve the therapeutic objective. Despite 
the greater amount of information required with this approach, it has seveml advantages 
over the empilical approach. First, and most obvious, distinction can be made between 
pharmacok:inetic and pharmacodynamic causes of an unusual drug response. Second, the 
basic concepts of pharmacokinetics are common to all drugs; information gained about the 
pharmacokinetics of one drug can help in anticipating the pharmacokinetics of another. 
Third, understanding the pharmacokinetics of a drug often explains the manner of its use; 
occasionally such an understanding has saved a drug that otherwise may have been dis-
carded or has suggested a more appropriate dosage regimen. Lastly, knovving the phar-
macokinetics of a drug aids the clinician in anticipating the optimal dosage regimen for an 
individual patient and in predicting what may happen when a dosage regimen is changed. 

A basic tenet of clinical pharmacokinetics is that the magnitudes of both the desired 
response and toxicity are functions of the drug concentration at the site(s) of action. Ac-
cordingly, therapeutic failure results when either the concentration is too low, giving in-
effective therapy, or is too high, producing unacceptable toxicity. Betw·een these limits of 
concentration lies a region associated with therapeutic success; this region may be regarded 
as a "therapeutic window." Rarely can the concentration of the drug at the site of action 
be measured directly; instead the concentration is measured at an alternative and more 
accessible site, the plasma. 

Based on the foregoing considerations, an optimal dosage regimen might be defined as 
one that maintains the plasma concentration of a drug within the therapeutic window. For 
many dmgs, this therapeutic objective is met by giving an initial dose to achieve a plasma 
concentration witllin the therapeutic window and then maintaining this concentration by 
replacing the amount of drug lost with time. One popular and convenient means of main-
tenance is to give a dose at discrete time intervals. Figure l-3 illustrates the basic features 
associated with this approach by depicting the concentrations that follow the administration 
of two regimens, A and B. The dosing interval is the same but the dose given in regimen 
B is twice that given in regimen A. Because some drug always remains in the body from 
preceding doses, accumulation occurs until, within a dosing interval, the amount lost equals 
the dose given; a characteristic saw-toothed plateau is then achieved. \Vith regimen A, 

Pharmacokinetics 

Dosage 
Regimen 

+ 
l 
I 

Plasma 
Concen-
tration 

I I 
I / -------------

Pharmacodynamics 

,...-------
I Site I 
I of Effects I 
I Action I 
[ ________ 

+ l 
I 
I l 
I / ...... ___________ _ 

Fig. 1-2. An approach to tbe design of a dosage regimen. The pharmacokinetics and the pharmacodynamics of 
the dmg are first defined. Then, either the plasma drug concentration-time data or the effects produced are used 
via pharmacokinetics as a feedback (dashed lines) to rttoclil)r the dosage regimen to achieve optimal therapy. 
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4 WHY CUNICAL PHARMACOKINETICS? CHAPTER l 

several doses had to be given before drug accumulation was sufficient to produce a ther-

apeutic concentration. Had therapy been stopped before then, the drug might have been 

thought ineffective and perhaps abandoned prematw-ely. Alternatively, larger doses might 

have been tried, e.g., regimen B. Although a therapeutic response would have been 

achieved fairly promptly, toxicity would have ensued with continued adminisb·ation when 

the concentration exceeded the upper limit of the therapeutic window. 

The synthetic antimala1ial agent, quinacrine, developed during World vVar II to substi-

tute for the relatively scarce quinine, is an example. Quinacline was either inefTective 

acutely against malalia or eventually produced unacceptable toxicity when a dosing rate 

sufficiently high to be eflective acutely vvas maintained. Only after its phannacokinetics 

had been defined was this drug used successfully. Quinacrine is eliminated slowly and 

accumulates extensively with repeated daily administration. The answer was to give large 

doses over the first few days to rapidly achieve tl1erapeutic success, followed by small daily 

doses to maintain the plasma concenb·ation within the therapeutic window. 

The plateau situation in Fig. l-3 shows that both the width of the therapeutic window 

and the speed of drug elimination govern the size of the maintenance dose and the fre-

quency of administration. \Vhen the window is nan-ow and tl1e dmg is eliminated rapidly, 

small doses must be given often to achieve therapeutic success. Both cyclosporine and 

digoxin have a narrow therapeutic window, but because cyclosporine is eliminated much 

more rapidly than digoxin, it has to be given more frequently. Oxytocin is an extreme 

example; it also has a narrow therapeutic window but is eliminated within minutes. The 

only means of adequately ensuring a therapeutic concentration of oxytocin therefore is to 

infuse it at a precise and constant rate directly into the blood. This degree of control is not 

possible with other modes of administration. Besides, had oxytocin been given orally, this 

polypeptide hormone would have been destroyed by the proteolytic enzymes in the gas-

trointestinal fluids. Morphine, given orally, is also destroyed substantially before entering 

the general circulation, but for a reason different from that of oxytocin. Morphine is ex-

tensively metaLollL.ed on passage through the liver, an organ lying between thP- gastroin-

testinal tract and tb.e general circulation. 
Awareness of the benefits of understanding pharmacokinetics and concentration-re-

sponse relationships has led in recent years to the extensive application of such information 

by the pharmaceutical industry to drug design, selection, and development. For example, 

a potent compound found to be poorly and unreliably absorbed and intended for oral 

administration may be shelved in favor of a somewhat less potent but more extensively and 

reliably absorbed compound. Also, many of the basic processes controlling both pharma-

cokinetics and response are similar across mammalian species such that data can be ex-

b"apolated froin animals to predict quantitatively the likely behavior in humans. This quan-

F ig. 1-3. When a drug is given in 
a fixed dose and at fixed lime inter-
vals (denoted by the arrows), it ac-
cumulates within the body until a 
plateau is reached. With mgimen A, 
therapeutic success is achjeved al-
though not initially. With regimen B, 
th.e therapeutic objective is acllievcd 
more quickly, but the plasma drug 
concentration is ulti111ately too high. 
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CHAPTER 1 WHY CLINICAL PHARMACOKINETICS? 5 

titative framework improves the chances of selecting not only the most prmmsmg 
compounds but also the correct range of safe doses to first test in humans. Incorporation 
of a pharmacokinetic element vvith these early Phase I studies, usually in healthy subjects, 
together with assessment of any side effects produced, helps to define candidate dosage 
forms and regimens for evaluation in Phase II studies conducted in a small number of 
patients. These Phase II studies are aimed at defining the most likely safe and efficacious 
dosage regimens for use in the subsequent larger Phase III clinical trials, often involving 
many thousands of patients. Ultimately, some compounds prove to be of sufficient benefit 
and safety to be approved for a particular clinical indication by drug regulatory authorities. 
Even then the drug undergoes virtually continuous postmarketing surveillance to further 
refine its pharmacotherapeutic profile . This sequence of events in drug development and 
evaluation is depicted schematically in Fig. 1-4. 

Figure 1- 5 illustrates an important problem identified dming drug development and 
therapy, variability. There is a wide range of daily dose requirements of the oral antico-

PRECLINICAL 
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Fig. l-4. The development and subsequent marketing of a drug. The prehmnan data helps to identify promising 
compounds and to suggest usefill doses for testing in humans. Phases I, II, and III of human assessment generally 
correspond to the first administration to hmnaus, early evaluation in selected patients, and the hu·ger trials, 
respectively. l)hannacokinetic (P K) and pharmacodynamic (PD ) data gathered during all phases of drug devel-
opment help to efficiently define safe and effective dosage regimens for optimal individual use. l'ostrnarketing 
smveillance helps to refine the PK/PD information. 
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6 WHY CUNICAL PHARMACOKINETICS? CHAPTER I 

agulant warfm·in needed to produce a similar prothrombin time (an index of blood coag-
ulability). Sources of vruiability in drug response include the patient's age, weight, degree 
of obesity, type and degree of severity of the disease, the patient's genetic makeup, other 
drugs concurrently administered, and environmental factors. The result is that a standard 
dosage regimen of a drug may prove therapeutic in some patients, ineffective in otl1ers, 
and toxic in still others. The need to adjust the dosage regimen of a drug for an individual 
patient is evident; this need is clearly greatest for drugs that have a narrow therapeutic 
window, that exhibit a steep concentration- response curve, and that are critical to drug 
therapy. Examples arc digoxin, used to treat some cardiac disorders; phenytoin, used to 
prevent epileptic convulsions; theophylline, used to diminish chronic airway resistance in 
asthmatics; and cyclosporine, an immunosuppressant used in organ transplantation. \Vitl1 
these drugs, and with many others, variability in pharmacokinetics is a major source of total 
variability in drug response. 

It is becoming increasingly common to gain as much information on vru·iabiJity as pos-
sible during drug development by gathering, albeit }jmited, individual plasma concentration 
and response data in a large population of patients during Phase III cliillcal trials. Attempts 
are then made to account for this variability in terms of such patient characte1istics as age 
and weight. These population phannacokinetic/pharmacodynamic studies form a basis for 
dosage regimen recommendations in clinical practice. 

Coadministration of several drugs to a patient, prevalent in clinical practice, can pose 
problems. Although the response produced by each drug alone may be predictable, that 
produced by the combination may be less certain and occasionally unpredictable. Keto-
conazole, for example, devoid of immunosuppressant activity, potentiates the effect of 
cyclosporine. Possible causes of this kind of effect are many. In this instance, as in many 
others, the interaction involves a change in pharmacokinetics. Some drugs stimulate drug-

Fig. 1- 6. Although the average plateau plasma 
concentration of phenytoin tends to increase with 
t.he dosing rate, there is considerable variation in 
the individual values. (One mg!L = 3.97 J.1M.) (Re-
drawn from Lund, L.: EH'ects of phenytoin in pa-
tients with epilepsy in relation to its concentration 
in plasma. In Biological Effects ofDmgs in Hclation 
to Their Plasma Concentration. Edited by D.S. Da-
vies and B.N.C. Prichard, Macmillan, London and 
Basingstoke, 1973, pp. 227- 238.) c:: 
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CHAPTER l WHY CLINICAL PHARMACOKINETICS2 7 

metabolizing enzymes and hasten drug loss; others inhibit these enzymes and slow elimi-
nation. Still others interfere with drug absorption. Such interactions are graded; the change 
in the pharmacokinetics of a drug varies continuously vv:ith the plasma concentration of the 
interacting drug and hence with time. Indeed, given in sufficiently high doses, almost any 
drug can interact with another. It is always a question of degree. Understanding the quan-
titative elements of interactions ensures the more rational use of drugs tl1at may need to 
be coadministered. 

Figure l-6 illustrates a situation in which monitoring of the drug concentration may be 
beneficial. Over the narrow range of the daily dose of the antiepileptic drug phenytoin, the 
plateau plasma drug concentration varies markedly within tl1.e patient population. Yet the 
therapeutic window of phenytoin is narrow, 7 to 20 mg/L; beyond 20 mg/L, the frequency 
and the degree of toxicity increase progressively witl1 concentration. Here again, pharma-
cokinetics is the major source of variability. A pragmatic approach to this problem would 
be to adjust the dosage until the desired objective is achieved. Contwl on a dosage basis 
alone, however, has proved difficult. Control is achieved more readily and accurately when 
plasma drug concentration data and the pharmacokinetics of tl1e drug are known. 

Dmg selection and therapy have traditionally been based solely on observations of the 
effects produced. In this chapter, the application of pharmacokinetic principles to decision 
making in drug therapy has been illustrated. Both approaches are needed to achieve optimal 
drug therapy. This book emphasizes the pharmacoki.nctic approach. It begins with a con-
sideration ofldnetic concepts basic to pharmacokinetics and ends with a section containing 
selected topics. 
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BASIC CONSIDERATIONS 

OBJECTIVES 
The reader w ill be able to: 

l . Define the following terms: 
Pharmacokinetics, intravascular and extravascular administration, absorption, d ispo-
sition, distribution, metabol ism, excretion, first-pass effect, enterohepatic cycling, com-
partment 

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

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

Pharmacokinetics has many useful applications that stem from basic concepts. These con-
cepts are developed in this section of the book. This chapter specifically defines terms and 
describes a basic model for drug absorption and disposition. 

ANATOMIC AND PHYSIOLOGIC CONSIDERATIONS 
Measurement of a drug in the body is limited usually to blood or plasma. Nonetheless, the 
information obtained has proved very useful. Such usefulness can be ex-plained by anatomic 
and physiologic features that affect a drug following its administration. 

Blood or plasma, in addition to being a practical and convenient site of measurement, 
is the most logical one for determining drug in the body. Blood receives drug from the site 
of' administration as well as carries it to all the organs, including those in which the drug 
acts and those in which it is eliminated. This movement of drug is depicted schematically 
in Fig. 2-1. This scheme forms a basis for physiologic 1nodeling in pharrnacoki·netics. Such 
modeling has applications not only in clinical pharmacokinetics but in drug development, 
veterinary medicine, and in assessing risk associated with exposures to environrnental and 
occupational substances. 

Sites of Administration 

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

Extravascular modes of administration include the oral, sublinguaL buccal, intranms-
cular, subcutaneous, dermal, pulmonary, and rectal routes. To enter the blood, drug ad-

11 
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12 BASIC CONSIDERATIONS CHAPTER2 

ministered extravascularly must be absorbed: No absorption step is required when a drug 
is administered intravascularly. 

Drug may also be administered regionally, e.g., into the pleural or peritoneal cavities or 
into the cerebrospinal fluid. Regional administration includes intra-arterial injection into 
the vesselleadin.g to a tissue to be treated, e.g., one containing a cancerous tumor. It is a 
potential means of gaining a selective therapeutic advantage. This advantage, in comparison 
with other routes of administration, comes about by increasing drug exposure locally, where 
it is needed, and decreasing or producing little or no change in exposure throughout the 
rest of the body, where it is not wanted. 

Disposition 

Once absorbed, a drug is distributed to the various organs of the body. Distribution is 
influenced by how well each organ is perfused with blood, organ size, binding of drug 
within blood and in tissues, and permeability of tissue membranes. 

The two principal organs of elimination, the liver and the kidneys, are shown separately 
in Fig. 2-l. The kidneys are the primary site for excretion of the chemically unaltered, or 
unchanged, drug. The liver is the usual organ for drug metabolism; however, the kidneys 
and other organs can also play an important metabolic role for certain drugs. The metab-
olites so formed are either further metabolized or excreted unchanged. The liver may also 
secrete unchanged drug into the bile. The lungs are, or may be, an important route for 

Fig. 2-1. Once absorbed from any of the many sites 
of administration, drug is conveyed by blood to aU sites 
within the body including the eliminating organs. Sites 
of admiojstration include: a, artery; b, periphe ral vein; 
c, muscle and subcutaneous tissue; d, lung; and e, gas-
lrointestiual tract. The dark- and light-colored lines 
V\~th arrows refer to the mass movement of dm g in 
blood and in bile, respective ly. The movemc11t of vir-
tually any drug can be followed from site of adininis-
tration to site of elimination. 
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CHAPTER 2 BASIC CONSIDERATIONS 13 

eliminating volatile substances, for example, gaseous anesthetics. Another potential route 
of eHmination is via a mother's milk. Although an insignificant route of elimination in the 
mother, drug in the milk may be consumed in sufficient quantity to affect the suckling 
infant. 

CHEMICAL PURITY AND ANALYTIC SPECIFICITY 

A general statement needs to be made about the chemical purity of prescribed medicines 
and the specificity of chemical assays. 

Over the years, a major thrust of the pharmaceutical industry has been to produce 
therapeutic agents that are not only as safe and eflective as possible but also arc well 
characte1izcd to ensure reproducible quaHties. The majority of administered drugs today 
are therefore essentially pure mate1ials, and coupled with specific analytic techniques for 
their determination in biologic :Buids, definitive information about their pharmacokinetics 
can be gained. However, a large number of drug substances are not single chemical entities 
but rather mixtures. This particularly appHcs to stereoisomers and proteins. The most 
common stcrcoisomers found together in medicines are optical isomers, or compounds for 
which their structures are mirror images; the drug substance is usually a racemate, a 50:.50 
mixture of the R- and S-isomers. Some dmg substances contain geometric isomers, and 
still others, especially proteins of high molecular weight derived from natural products or 
through fermentation, may be a mixture of structurally related, but chemically distinct, 
compounds. Each chemical entity within the drug substance can have a different phar-
macologic, toxicologic, and pharmacokjnetic profile. Sometimes these differences are small 
and inconsequential, other times the differences can be therapeutically important. For 
example, dextroamphetamine (S-isomer) is a potent central nervous stimulant, whereas the 
R-enantiomer is almost devoid of such activity. Despite such differences, many commonly 
employed chemical assays do not distinguish between stereoisomers. Obviously, under 
these circumstances, attempting to quantifY the various processes and to relate plasma 
concentration to response has many problems with no simple solutions. Notwithstanding 
these problems, specific information about each chemical entity should be sought whenever 
possible. Increasingly, stereoisomers are being produced as single chemical entities, such 
as S-naproxyn, which avoid these problems. In contrast, many new protein and polypeptide 
drugs are being introduced that may, in many instances, lack purity. F mthermore, these 
substances arc often measured by assays that lack specificity. 

An added problem exists following drug administration, namely, the formation of me-
tabolites. To be of value, an analytic procedure must distinguish between drug and mctab-
olite(s). Today, most assays have this desired specificity, except for some of those used to 
measure many proteins and polypeptides. 

A potential problem exists vvhen using radiolabeled drugs. Incorporation of one or more 
radionuclides, usually HC and :1H, into the molecular structure allows for simple and ready 
detection within a complex biolobric milieu, but not necessarily of the administered dmg. 
Complete recovery of all of a radiolabeled dose in urine, following oral drug administration, 
is useful in identifying the ultimate location of drug-related material but may provide Httle 
to no information about the drug. For example, almost all of an orally administered drug 
may have been destroyed in the gastrointestinal. tract, from which the degradation products 
enter the body and are eventualfy excreted in urine. A basic lesson is learned here. Distin-
guish carefully between drug and metabolite(s). Many metabolites are of interest, especially 
if they are active or toxic. Each chemical entity must be considered separately for kinetic 
data to be meaningful. 

AMN1082 
Amneal Pharmaceuticals LLC v. Alkermes Pharma Ireland Limited 

IPR2018-00943



14 BASIC CONSIDERATIONS CHAPTER 2 

DEFINITIONS 
Although the processes of absorption and elimination are descriptive and their meanings 

are apparent at first glance, it is only within the context of experimental observation that 

they can be quantified (Chaps. 3, 4, and 6). General definitions of the processes follow. 

Absorption 
AbsOJption is defined as the process by which unchanged drug proceeds from site of ad-

ministration to site of measurement within the body. To illustrate why absorption is defined 

in this way, consider the events depicted in Fig. 2-2 as a drug, given orally, moves from 

the site of adminish·ation to the general circulation. There are several possible sites ofloss. 

One site is the gasb·ointestinal lurrJen where decomposition may occur. Suppose, however, 

that a drug survives destruction in the lumen only to be completely metabolized by enzymes 

as it passes through the membranes of the gash·ointestinal tract. One would ask, Is the 

drug absorbed? Even though the drug leaves the gastrointestinal h·act, it would not be 

detected in the general circulation. Hence, the drug is not absorbed systemically. Taking 

this argument one step further, Is the drug absorbed if all of the orally administered drug 

were to pass through the membranes of the gasb·ointestinal tract into the portal vein only 

to be metabolized completely on passing tlu·ough the liver? In an experiment performed 

in vitro in which the passage of a drug across the intestinal membranes is studied separately, 

the answer would be positive. If, however, as is common, blood or plasma in an arm vein 

is the site of measurement, then, because no drug would be detected, the answer would 

be negative. Indeed, loss at any site prior to the site of measurement conb·ibutes to a 

decrease in the systemic absorption. The gastrointestinal tissues and the liver, in particular, 

are often sites of elimination. The requirement for an orally administered drug to pass 

through these tissues, prior to reaching the site of measurement, makes the extent of 

Gut Wall 

Metabolism 

To Feces 

Portal 
Vein 

Liver 

To Site of 
Measurement 

Fig. 2-2. A drug, given a~ a solid, encounters several haniers and sites of loss in it~ sequential movement duru1g 

gastrointestinal absorption. Incomplete dissolution or metabolism in the gt1t lumen or by enzymes in the gut wall 

is a cauBe of poor absorption. Removal of drug as it first passes through tl 1e liver further reduces absorption. 
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absorption dependent on elimination. The loss as drug passes, for the first time, through 
sites of elimination, such as the gastrointestinal membranes and the liver, during absorption 
is lulovm as the first-pass effect. 

Absorption is not resbicted to oral administration. It occurs as well following intramus-
cular, subcutaneous, and other extravascular routes of administration. Monitoring intact 
drug in blood or plasma offers a useful means of assessing the entry of drug into the systemic 
circulation. 

Disposition 

As absorption and elimination of drugs are interrelated for physiologic and anatomic rea-
sons, so too are distribution and elimination. Once absorbed, a drug is delivered simulta-
neously by arterial blood to all tissues, including organs of elimination. Distinguishing 
between elimination and distribution as a cause for a decline in concentration in blood or 
plasma is often difficult. Disposition is the term used to embrace both processes. Dispo-
sition may be defined as all the processes that occur subsequent to the absorption of a 
drug. By definition, the components of disposition are distribution and elimination. 

Distribution. Distribution is the process of reversible transfer of a drug to and from 
the site of measurement, usually the blood or plasma. An example is distribution between 
blood and musde. The pathway for return of drug need not be the same as that leaving 
the circulation. For example, drug may be excreted in the bile, stored in and released from 
the gallbladder, transit into the small intestine, and be reabsorbed into the circulation. By 
doing so, the drug completes a cycle, the enterohepatic cycle (see Fig. 2-1). If all the drug 
is reabsorbed in this manner, biliary secretion is not a route of elimination; the cycling is 
then a component of distribution. The situation is analogous to one in which water is 
pumped from one reservoir into another, only to drain back into the miginal reservoir. 
Biliary secretion is truly a route of eli:rnjnation only to the extent that the drug fails to be 
reabsorbed. This failure may result from decomposition in the intestine, poor absorption 
characteristics, or other complications. Unchanged drug in bHe that is neither reabsorbed 
nor decomposed in the intestinal tract is eventually excreted in the feces. 

Elimination. Elimination is the irreversible loss of dmg from the site of measurement. 
Elimination occurs by two processes, excretion and metabolism. Excretion is the irrevers-
ible loss of chemically unchanged drug. Metabolism is the conversion of one chemical 
species to another. Occasionally, metabolites are converted back to the drug. As with en-
terohepatic cycling, this metabolic interconversion is a route of elirnination only to the 
extent that the metabolite is excreted or otherwise irreversibly lost from the body. 

BASIC MODEL FOR DRUG ABSORPTION AND DISPOSITION 

The complexities of human anatomy and physiology would appear to make it difficult, if 
not impossible, to model how the body handles a drug. Perhaps sm1nisingly then, it is a 
simple pharmacok:i.netic model, depicted in Fig. 2-3 which has proved useful in many 
applications and is emphasized throughout much of this book More complex models arc 
necessary to describe the pharmacokinetics of some drugs. Examples of such models are 
described in Chaps. 10, 19, and22. 

The boxes in Fig. 2-3 represent compartments that logically fall into two classes, transfer 
and chemicaL The site of administration, the body, and excreta are clearly different places. 
Each place may be referred to as a location or transfer compartment. In contrast, metab-
olism involves a chemical conversion; the metabolite in the body and in excreta are there-
fore in compartments that differ chemically from the drug. 
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The model is based 011 amounts of drug and metabolite. However, the amounts of drug 
and metabolite can only be measured in urine directly. The total amount of drug metab-
olized includes metabolites in, as well as eliminated from, the body. The amount in the 
body is usually determined from measurement of the blood or plasma concentration. Es-
timates of drug in the absorption compartment are also usually made indirectly from either 
blood or mine data. Drug at the absorption site includes that which is never absorbed, for 
example, drug that is ultimately decornposed i11 the gastrointesti11al tract or lost in the feces 
after oral administration. 

The model is readily visua]jzed from mass balance considerations. The dose is accounted 
for at any one time by the molar amount of substance in each of the compartments: 

Amount of 
Dose = drug at + 

absorption site 

Amount 
of drug + 
in body 

Amount 
of drug + 
excreted 

Amount of 
metabolite + 

in body 

Amount of 
metabolite 
eliminated 

The mass balance of drug and related material with tim.e is shown in Fig. 2- 4. Since the 
sum of the molar amou11ts of drug in trallSfer a11d chemical compartments is equal to the 
dose, the sum of the rates of cha!lge of the drug in these compartments must be equal to 
zero so that: 

Rote of change of _ Rote of Rote of 
drug in body - absorption elimination 2 

The relationships expressed in Eqs. l and 2 apply under all circumstances, regardless of 
the nature of the absorption and ehmination processes. They are particularly useful in 
developing more complex models for quantifying drug absorption and disposition. PhaT-
macokinetics is the quantitation of the time course of a drug and its metabolites in the body 

Drug at 
Absorption Site 

Drug in 
Body 

j 

Metabolite 
in Body 

Excreted 
Drug 

Eliminated 
Metabolite 

Fig. 2---3. A drug is simultaneously absorbed into the body and eliminated from it by excretion and metabolism. 
The processes of absorption, excretion, and metabolism are indicated with arrows and the compartments with 
boxes. The compartments represent different locations and difierent chemical species (color = rnetabolite). 
Metabolite elimination may occur by further metabolism (not shown) or excretion. 
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16 

Fig. 2-4. Time course of drug and me-
tabolite in each of the compartments 
shown in Fig. 2-3. The amount in each 
compartment is expresseu as a percentage 
of the dose administered. In this example, 
all the dose is absorbed. 

and the development of appropriate models to desclibe observations and predict outcomes 
in other situations. 

STUDY PROBLEMS 

(Answers to Study Problems are in Appendix II.) 

1. Define tl1e terms listed in the first objective at the beginning of this chapter. 
2. B1iefly state why an analytical method that does not distinguish between R- and S-i-

sorners can lead to problems in the interpretation of plasma data following adminis-
tration of a racemic mixture. 

3. Using Figs. 2-3 and 2--4, speculate on how an assay that measures the sum of drug 
and inactive metabolite might influence a correlation between plasma concentration 
and therapeutic response. 

4. Follovving oral administration of a drug labeled with a radioactive atom, all of the 
radioactivity is recovered in mine. Can one conclude that the drug is completely ab-
sorbed? 

5. Answer each of the following questions, which relate to Fig. 2--4 and Eqs. 1 and 2. 
a. Does a 100% recovery of unchanged drug in mine following oral administration 

indicate that drug is completely absorbed and not metabolized? 
b. ·when does drug in body reach a peak following administration of an oral dose? 
c. Can the amount of drug absorbed up to a given time be determined? 
d. \ iVhen is rate of change of drug in body equal to rate of drug elimination? 
e . When does rate of change of drug in body approach rate of absorption? 
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INTRAVENOUS DOS E 

OBJECTIVES 
The reader w ill be able to: 

1 . Define the meaning of half-life, elimination rote constant, first-order process, volume of distri-
bution, clearance, renal clearance, and fraction excreted unchanged. 

2. Estimate the values of half-life, elimination rote constant, volume of d istribution, and clearance 
from plasma or blood concentrations of a drug following on intravenous dose. 

3 . Estimate the values of half-life, elimination rate constant, and fraction excreted unchanged 
from urinary excretion data following on intravenous dose. 

4. Estimate the value of the renal clearance of a drug from combined plasma and urine data . 
5. Calculate the concentration of drug in the plasma and the amount of d rug in the body w ith 

time following on intravenous dose, given values for the phormacokinetic parameters. 

Administering a drug intravascularly ensures that all of the dose enters the general circu-
lation. By rapid injection, elevated concenb·ations of drug in the blood can be promptly 
achieved; by infusion at a controlled rate, a constant concentration can be maintained. With 
no other route of administration can blood concentration be as promptly and efficiently 
controlled. Of the tvvo intravascular routes, the intravenous ( i. v.) one is tl1e most frequently 
employed. Intra-arterial administration, which has greater inherent manipulative dangers, 
is reserved for situations in which drug localization in a specific organ or tissue is desired. 

The disposition characteristics of a drug are defined by analyzing the temporal changes 
of drug and metabolites in blood, plasma, and occasionally urine following i.v. administra-
tion. 

How this information is obtained following a rapid injection of the drug forms the basis 
of this chapter. The remaining chapter in this section deals wi.th events following an extra-
vascular dose. The pharmacokinetic information so derived forms a basis for making rational 
decisions in tl1erapeutics, the subject of subsequent sections. 

DISPOSITION VIEWED FROM PLASMA 
Several methods are employed for graphically displaying plasma concentration-time data. 
One common method, shown with theophylline in Fig. 3- lA, is to plot concentration 
against time on regular (Cartesian) graph paper. Depicted in this manner, the plasma 
concentration is observed to fall rapidly immediately after a 500-mg bolus, in this case from 
approximately 29 to 18 mg!L witl1in 30 min. Thereafter, the rate of decline becomes much 
slower, taking almost another 4 hrs before the concentration falls 50% to 9 mg!L. Another 
method of display is a plot of the same data on semilogarithmic paper (Fig. 3- l B). The 
time scale is the same as before, but now tl1e ordinate (concentration) scale is logarithmic. 

18 
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Notice the sharp break at about 1 hr when the plasma concentration is about 16 mg!L. 
Before this time, the fall is rapid. Thereafter, the decline is slower and, on this semiJoga-
rithmic plot, appears to continue linearly. The early phase is commonly called the distl"i-
bution phase and the latter, the elimination phase. This distinction is sometimes not clear-
cut, an aspect more completely discussed in Chap. 19, Distribution Kinetics. 

Distribution Phase 
The distribution ph asP. is so eallP.cl hP-r.nnse distribution primarily determines the early rapid 
decline in plasma concentration. For theophylline, distribution is extremely rapid and oc-
curs significantly even by the time of the fust measmement, 5 min. This must be so because 
the amount of theophylline in plasma at the end of this period is only 99 mg. This value is 
calculated by multiplying the highest plasma concentration, 33 mg!L, by the plasma volume, 
3 L. The majority, 401 mg or 80% of the total (500 mg) dose, must have already left the 
plasma and been dishibuted into other tissues. Among these tissues are the liver and the 
kidneys, which also clear drug from the body. However, although some drug is eliminated 
dming the early moments, the fraction of the administered dose lost during the distribution 
phase is small for theophylline and many other drugs. 

Elimination Phase 
During the distribution phase, changes in the concentration of drug in plasma reflect pri-
marily movement of drug within, rather than loss from, the body. However, with time, 
distribution equilibrium of drug in tissue with that in plasma is established in more and 
more tissues, and eventually, changes in plasma concentration reflect a proportional change 
in the concentrations of drug in all other tissues and, hence, in the amount of drug in the 
body. During this proportionality phase, the body acts kinetically as a single container or 
compartment. As decline of the plasma concentration is now due only to elimination of 
drug from the body, this phase is often called the elimination phase. 

Elimination Half-Life. The elimination phase is characterized by two parameters, the 
elimination half-life (t 112) and the apparent volurne of distribution (V). The elimination half-

A B 
40 100 

co- <U-c:::2 30 c:::2 = Cl = Cl >..E >.. E-. ' = __. • = __.co ·····• c::l.c • c::l.ccu ·····•·····•····· Oo 20 • 0 0 c.:> 10 <U ·- ~:;:;<I) = +-' ........ 
I-~ • 1-~Cl ·····•·····•······• cu_. • cu_.o 
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0 1 
0 2 4 6 8 0 2 4 6 8 
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Fig. 3-l. A. Plasma concentration of theophylline with time after a 500-mg i.v. bolus injection into a 70-kg 
patient. B. The data in A are reclisplayed as a semi1ogarithmic plot. Note the short disttibution phase (1 mg/L = 
5.5 !lM). (Modified from the data of Mitenko, P.A., and Ogilvie, R.I.: Pharmacokinetics of intravenous theoph-
ylline. Clin. Pharmacal. Ther., 14:509-513, 1973.) 
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life is the time taken for the plasma concentration, as well as the amount of the drug in 
the body, to fall by one-half. The half-life of theophylline, determined by the time taken 
to fall from 16 to 8 mg!L, is 5.0 hrs (Fig. 3-1B). This is the same time that it takes for the 
concentration to tall from 12 to 6 mg!L. In other words, for theophylline at the dose 
administered, the elimination half-Hfe is independent of the amount of drug in the body. 
It follows, therefore, that less dn1g is eliminated in each succeeding half-life. Initially there 
are 500 mg in the body. After 1 half-life (5 hr), 250 mg remain. After 2 half-lives (10 hr), 
125 mg remain, and after 3 half-lives (15 hr), 62.5 mg remain. In practice, all the drug 
(97%) may be regarded as having been eliminated by 5 half-lives (25 hr). 

Volume of Distribution. The concentration in plasma achieved after distribution is 
complete is a function of dose and extent of distri.bution of drug into tissues. This extent 
of distribution can be determined by relating the concentration obtained with a known 
amount of drug in the body. This is analogous to the determination of the volume of a 
reservoir by ruviding the amount of dye added to it by the resultant concentration, after 
thorough mixing. The volume measured is, in effect, a dilution space. 

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

V= A/C 
Volume of Amount in body 
distribution = Plasma drug concentration 

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

Calculation of volume of distribution requires that distribution equilibrium be achieved 
between drug in tissues and that in plasma. The amount of drug in the body is known 
immediately after an i.v. bolus; it is the dose administered. However, distribution equilib-
rium has not yet been achieved. An estimate is needed of the plasma concentration that 
would have resulted had all drug spontaneously distributed into its final volume of distri-
bution. To do this, use is made of the linear decline during the elimination phase seen in 
the semilogarithmi.c plot (Fig. 3- 1B). 

Decline in plasma concentration dming the elimination phase can be characterized hy 
the linear equation 

In C = In C(O) - kt 2 

where k is the slope of the line in Fig. 3-1B and C(O) is the concentration one would 
determine from this equation at zero time. The negative sign aJ.ises because concentration 
declines vvith time. The term C(O) is an extrapolated value and is an estimate of the con-
centration which when multiplied by the volume term, V, accounts for the dose adminis-
tered, i.e., 

Dose = V · C(O) 3 

In the example with theophylline, C(O) is 18 mg/L. Siuc~:; 500 mg was administered to 
the patient, the volume of dish·ibution of theophylline is 28 L. Knowing the volume of 
distribution, the amount in the body can now be estimated at any time during the elimi-
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nation phase. For example, when the concentration of theophylline in plasma is 5 mgiL, 
there are 140 mg in the body. 

Volume of dishibution is a direct measure of the ell.i:ent of distribution. It rarely, how-
ever, corresponds to a real volume, such as plasma volume (.3 L), extracellular water (16 
L), or total body water (42 L). Drug distribution may be to any one or a combination of 
the tissues and fluids of the body. Furthermore, binding to tissue components may be so 
great that the volume of dish·ibution is many times the total body size. 

To appreciate the effect of tissue binding, consider the distribution of 100 mg of a drug 
in a 1-L system composed of water ancllO g of activated charcoal, and vvhere 99% of drug 
is adsorbed onto the charcoal. \iVhen the charcoal has settled, the concentration of drug in 
the aqueous phase would be 1 mg/L; thus, 100 L of the aqueous phase would be required 
to account for all the drug in the system, a volume much greater th<:m that of the total 
system. Volumes of distribution for selected drugs are shown in Fig. 3-2. The causes for 
this wide range of values are discussed in Chap. 10, Disbibution. 

First-Order Elimination. Why the elimination for theophylline (and for most other 
drugs) is linear when displayed semilogarithmically can be appreciated as follows. Taking 
the antilogarithm of both sides of Eq. 2 yields 

C = C{O} · e- kt 4 

And multiplying both sides by V, gives 

A = Dose· e-kt 5 

since C · V and C(O) · V are the amount in the body and the dose administered, respec-
tively. Equations 4 and 5 enable the concentration and amount in the body at any time to 
be estimated. When decline in the plasma concentration or amount in tl1e body can be 
described by a single exponential term as given by Eqs. 4 and 5, it is said to be 
(mono)exponenti.al. Since the elimination half-life (t112) is the time taken for the concen-
tration and the amount in the body to fall by one-half, e .g. , from C(O) to 1/2 C(O), it follows 
from Eq. 4 that: 

0.5 = e-k·t112 

or, on inversion 

Taking the natural logarithm of both sides, 

k · t112 = In 2 = 0.693 

one obtains the impmtant relationship, 

0.693 
tl /2 = - k-

6 

7 

Although the constant k is in the exponent in Eq. 4 and can be calculated from Eq. 7, its 
meaning may be better understood by examining the rate at which the amount in the body, 
A, is changing \:vith time. This is obtained by differentiating Eq .. 5, 
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the rate of reaction is proportional to the amount present, ru·c known as first-order proc-
esses. The proportionality constant is known as the first-order rate constant with dimensions 
of time- 1

. Because k characterizes the elimination process, it is known as the elimination 
rate constant. Since the rate constant can also be defined by rearranging Eq. 9 to yield 

k = Rate of elimination 
Amount in body 

10 

the elimination rate constant may simply he regarded as the fractional rate of drug renwval. 
For example, since the half-life of theophylline is 5 hr, the value of its elimination rate 
constant is 0.14 hr- 1. Hence, the speed of the elimination process of theophylline can be 
characterized either by its half-life, 5 hr, or by saying that the fractional rate of elimination 
is 0.14 (or 14%) of the drug in the body per hour. 

Fraction of Dose Remaining. Another view of the kinetics of drug elimination may 
be gained by examining how the fraction of the dose remaining in the body (A/Dose) varies 
vvith time. By reference to Eq. 5, 

Fraction of dose A - kt ---- e 
remaining in the body - Dose - 1 1 

The fraction of the dose remaining is, therefore, given bye - kt. Sometimes, it is useful to 
express time relative to the half-life. The value of doing so is seen by letting n be the 
number of half-lives elapsed after a bolus dose (n = tlt 112) . Then, ask = 0.693/t112, 

Fraction of dose = e -kt = e - 0.693n 

remaining in the body 
12 

Since e-0·693 = 1/ 2, it follows that 

Fraction of dose _ 1 / ) n 
remaining in the body - ( 2 

13 

Thus, 1/ 2 or 50% of the dose remains after 1 half-life, and 1/ 4 (1/2 X 1/ 2) or 25% remains 
after 2 half-lives, and so on. 

Total Clearance. Just as the parameter volume of distiibution is needed to relate 
concentration to amount in the body, so there is a need to have a parameter to relate 
concentration to rate of drug elimination. Clearance (total), denoted by CL, is that pro-
portionality factor. Thus, 

Rate of elimination = CL · Concentration 14 

The units of clearance, like those of flow, are volume per unit time. For example, if the 
clearance value is l l)hr, then at a concenb·ation of l mg!L, the rate of drug elimination 
is l mglhr. Ordinarily, as the concentration of a drug increases, so does its rate of elimj-
nation; clearance remains the same. From Eq. 9, rate of elimination = k · A. Since A = 
V · C; from Eq. 1, it follows that 

Rate of elimination = k · V · C 15 

Comparison of Eqs. 14 and 15 leads to the relationship 
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Clearance = k · V 16 

Using Eq. 16, the (total) clearance of theophylline is calculated to be 4 Uhr or 67 mUmin. 
So that at a plasma concentration of 1 mg!L, e.g., the rate of elimination of theophylline 
from the body is 4 mg/hr. 

Clearance and Elimination Half-life. It is more common to refer to the half-life 
rather than to the elimination rate constant of a drug. Recall that t 112 = 0.693/k, so that 
half-life is related to clearance by: 

0.693 · Volume of distribution 
11/2 = Clearance 

17 

Equation 17 is purposely arranged in the above manner to stress that half-life (and elimi-
nation rate constant) reflects rather than controls volume of distribution and clearance, two 
independent parameters. To show the application of Eq. 17, consider the use of creatinine, 
a product of muscle catabolism, as a marker of renal function. Creatinine has a clearance 
of 7.2 Uhr and is evenly disbibuted throughout the 42 L of total body water. As e:>..pected 
by calculation using Eq. 17, its half-life is 4 hr. Inulin, a polysaccharide also used to assess 
renal function, has the same clearance as creatinine. However, inulin has a half-life of only 
1.5 hr because it is restricted to the 16 L of extracellular water. 

Clearance, Area, and Volume of Distribution. Thus far, clearance has been esti-
m.ated from half-life and volume of distribution. Clearance can be better estimated in 
another way. By rearranging Eq. 14, it can be seen that during a small interval of time, dt, 

Amount eliminated in interval dt = Clearance · C · dt 18 

where the product C · dt is the corresponding small area under the plasma concentration-
time curve. For example, if the clearance of a drug is 1 Umin and the area under the cw-ve 
between 60 and 61 min is 1 mg-min!L, then the amount of dmg eliminated in that minute 
is 1 mg. The total amount of drug eventually eliminated, which for an i.v. bolus equals the 
dose administered, is assessed by adding up or integrating the amounts eliminated in each 
time interval, from time zero to infinite time, and therefore, 

Dose = CL · AUC 19 

where AUG is the total area under the concentration-time curve. Thus, once AUC is known 
(Appendix I-A), clearance is readily calculated. Note that there is no need to ]mow the half-
life or volume of distribution to calculate dearance. Furthermore, this calculation of clear-
ance is independent of the shape of the concentration-time proRle. 

The relationship between area and elimination can be applied at any time following drug 
administration, as illustrated in Fig. 3-.3. Thus, multiplying the area up to a given time, 
[AUC(o, t)] by clearance gives the amount of drug that has been eliminated up to that time. 
Alternatively, when the area is expressed as a fraction of the total AUC, one obtains the 
fraction of the dose elin1inated. And the fraction of the total area beyond a given time is a 
measure of the fraction of dose remaining to be eliminated. For example, in the case of 
theophylline, by 3 .6 hr the area is 40% of the total AUC, and hence 40% of the administered 
500-mg dose, or 200 mg, has been eliminated from the body; 300 mg has yet to be ebm-
inated. 

Volume of dishibution (V) is used to relate plasma concentration to amount of drug in 
the body during the elimination phase. Often the value obtained by extrapolation (Eq. 3) 
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is a reasonable estimate of this volume term. Occasionally, when extensive elimination 
occurs in the distribution phase, it is not. The best method of calculating volume of dis-
tribution is to divide clearance by elimination rate constant 

V = CL = Dose 
k AUC · k 20 

Unlike extrapolation, this method of estimating Vis not restricted to the i.v. bolus situation 
but can be used under a variety of conditions, e.g., long-term i.v. infusions. Consequently, 
the value of V, estimated using Eq. 20, is applied throughout the remainder of this book, 
although other volume terms are examined in Chap. 19, Distribution Kinetics. 

RENAL CLEARANCE 
Elimination occurs by renal excretion and extrarenal pathways, usually hepatic metabolism. 
Not only is renal excretion an irnp01tant route of elimination for many drugs, but useful 
pharmacokinetic information can be obtained fi·om analysis of urinary data. CentnJ to this 
analysis is the concept of renal clea-rance. 

Analogous to total clearance, renal clearance (CLH) is de£ned as the proportionality 
term betv.recn minru:y excretion rate and plasma concentration: 

Excretion rate = CLR · C 21 

Renal clearance, like total clearance, has units of Bow, usually milliliters/minute or liters/ 
hour. 

Practical problems mise, however, in estimating renal clearance. Urine is collected over 
a finite period, e.g., 4 hr, during which the plasma concentration is changing continuously. 
Shortening the collection period reduces the change in plasma concentration but increases 
the uncertainty in the estimate of excretion rate owing to incomplete bladder emptying. 
This is especially b·ue for urine collection intervals of less than 15 min. Lengthening the 
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Fig. 3-3. A linear plot of the same 
plasma concentration-time data for 
theophylline as displayed in Fig. 
3-lA. The area up to 3.6 hr is 40% 
of the total AUG indicating that 40% 
of the dose administered has been 
eliminated by then. The area beyond 
3.6 hr represents the 60% of admin-
iste red theophylline remaining to be 
elimimlted. 
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collection interval, to avoid the problem of incomplete emptying, requires a modified ap-
proach for the estimation of renal clearance. This approach is analogous to that taken with 
total clearance. By rearranging Eq. 21, during a very small interval of time, dt, 

Amount excreted = CLR · C · dt 22 

where C · dt is the corresponding small area under the plasma drug concentration-time 
curve. The urine collection interval (denoted by dt) is composed of many such very small 
increments of time, and the amount of drug excreted in a collection interval is the sum of 
the amounts excreted in each of these small increments of time, that is, 

Amount excreted in _ CL . [AUC "th" . t I] 
II t. . t 1 - R w1 m m erva 

co ec 10n m erva 
23 

The problem in calculating renal clearance therefore rests with estimating the A UC 

\vithin the time interval (see Appendix 1- A). The average plasma drug concentration during 
the collection interval is given by ((AUC within interval)/dt). This average plasma concen-
tration is neither the value at the beginning nor at the end of the collection time but at 
some intermediate point. By assuming that the plasma concentration changes linearly with 
time, the appropriate concentration is that at the midpoint of the collection interval. Be-
cause the plasma concentration of drug is in fact changing exponentially \vith time, this 
assumption of linear change is reasonable only when loss during the interval is small. In 
practice, the interval should be less than an elimination half-life. 

Extending Eq. 23 over all time inte1vals, from zero to infinity, one obtains the useful 
relationship 

R I I _ Total amount excreted unchanged 
ena c earance - AUC 24 

where AUC is the total area under the plasma drug concentration-time curve. To apply 
Eq. 24, care must be tal<en to ensure that all urine is collected and for a sufficient period 
of time to gain a good estimate of the total amount excreted unchanged. In practice, the 
period of time must be at least 5 to 6 elimination half-lives of the drug (see Appendix 1- B). 
Thus, if the half-life of a drug is in the order of a few hours, no practical difficulties exist 
in ensuring urine collections taken over an adequate period of time. Severe difficulties ·with 
compliance in urine collection occur, however, for drugs such as phenobarbital \'\lith a half-
life of about a week, since all urine formed over a period of at least 1 month must be 
collected. 

DISPOSITION VIEWED FROM URINE ONLY 

Lack of sufficiently sensitive analytic techniques can and previously has prevented measure-
ment of the concentration of many drugs in plasma. In the absence of plasma measure-
ments, neither volume of distribution nor clearance can be determined. NonP.theless, usefili 
information can still be obtained from urine data alone, when such is necessary. 

Elimination Half-Life 
The elimination half-life of the reversible cholinesterase inhibitor, galanthamine, can be 
estimated from urine data. The approach is to plot the average excretion rate against the 
midpoint of the collection time semilogarithmically and, from the slope of the straight line, 
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obtain an estimate of the half-life. Intuitively, the approach is easy to see. Assuming that 
renal clearance is constant, the urinmy excretion rate is proportional to plasma concentra-
tion, and plotting minary excretion rate against time is like plotting plasma concentration 
against time. The half-life is then taken as the time for the urinary excretion rate (or plasma 
concentration) to fall by one-half. For galanthamine this is approximately 6 hr in a healthy 
subject (Fig. 3-4). Conversely, when a straight line is obtained by plotting the urinary 
excretion rate against the midpoint time, constancy of renal clearance is inferred. The need 
for using midpoint time follows from the previous discussion; the measured minary excre-
tion rate reflects the average plasma concentration during the collection interval. Formal 
proof of the foregoing discussion is given in Appendix I- B. 

Renal Excretion as a Fraction of Total Elimination 
An important pharmacokinetic parameter is the fraction of the amount ente1ing the general 
circulation that is excreted unchanged,fe. It is a quantitative measure of the contribution 
of renal excretion to overall drug elimination. Knowing.fe aids in establishing appropriate 
moclifications in the usual dosage regimen of a drug for patients with varying degrees of 
renal function. Among drugs, the value ofje ranges between 0 and 1.0. 'Vhen the value is 
low, excretion is a minor pathway of drug elimination. Occasionally, renal excretion is the 
only route of elimination, in which case the value ofje is 1.0. By definition the difference, 
1 - fe , is the fraction of the amount entering the circulation that is eliminated by extrarenal 
mechanisms, usually metabolism. 

An estimate of fe is most readily obtained from cumulative urinary excretion data fol-
lowing i.v. administration, since by definition. 

Total drug 
fe = excreted unchanged 

Dose 
25 

In practice, care should always be taken to ensure complete urinary recove1y (i.e. , collect 
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urine for at least 5 elimination half-lives). In the case of galanthamine,fe is approximately 

0.25 in subjects with normal renal function. At any instant, the fractionfe may be defined 

as the ratio of the rate of excretion to the rate of elimination, 

~ _ Rate of excretion 

e - Rate of elimination 

Appropriately substituting for numerator and denominator in Eq. 26, it is seen that 

26 

~ - CLR . c - CLR 
e- CL · C - CL 

27 

Thus,fe may also be defined and estimated as the ratio of renal and total clearances. This 

is particularly useful in those situations in which total urine collection is not possible. 

In practice, estimates of CL and CLR are obtained directly, whereas extrarenal clearance 

is determined by difference. Thus, extrarenal clearance is (1 - f e) · CL. 

ESTIMATION OF PHARMACOKINETIC PARAMETERS 

To appreciate how tl1e phannacokinetic parameters defirung disposition are estimated, 

consider the plasma and urine data in Table 3-1 obtained following an i.v. bolus dose of 

50 mg of a drug. 

Table 3-1. Plasma ancl Urine Data Obtained Following an i.v. Bolus Dose 

OBSERVATION 
TREATMENT OF DATA 

PlASoiM DATA URINE DATA 
CONCENT~A- AMOUNT 

TIME INT~RVAI. TION OF EXCRETED CUMUlATIVE 

CONCEN· OF COllEC VOLUME UNCHANGED AOC WITHIN IN TlME AMOUNT 

T1ME TRATION TION OF URINE DRUG IN U<INE TIME INTERVAl INTERVAl EXCRmD 

lhr) lmg/ l) lhr} lml } (mg/1.1 (rng-hr/l} (rng) (mg) 

1 2.0 0- 2 120 133 4.00 16.0 16.0 

3 1. 13 2-4 180 50 2.26 9.0 25.0 

5 0.70 4-6 89 63 1.40 5.6 30.6 

7 0.43 6-8 340 10 0.86 3.4 34.0 

10 0.20 8-12 178 18 0.80 3.2 37.2 

18 0.025 12-24 950 2 0.43 1.9 39.1 

Plasma Data Alone 
A plot of plasma concentration versus time indicate:; that the values are dropping progres-

sively, but only after the data are plotted semilogarithmically (Fig. 3-5) can the half-life 

and elimination rate constant be readily determined. The half-life, taken as the time for 

the concenb·ation to fall in half (e.g., from 1.0 to 0.5 mg!L or 0.2 to 0.1 mg!L), is 2.8 hr, 

so that k is 0.25 hr- 1. Clearance is determined by dividing do:;e by AUC. The total AUG, 

estimated using the trapezoidal rule (Appendix I- A), is 10.2 mg-hr/L and when divided 

into the dose yields a value of 4.9 Uhr for clearance. Volume of disb·ibution, estimated 

from CL!k (Eq. 20), is therefore 19.6 L. This value is vi1tually identical to that calculated 

by dividing dose by the intercept concenb·ation at zero time, because no distinct distribution 

phase is apparent. 

Plasma and Urine Data 

Both plasma and urine data are required to estimate renal clearance. This parameter can 

be obtained from the slope of a plot of the amount excreted within a collection interval 
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against AUG within the same time interval (Fig. 3-6). The straight line implies that renal 
clearance is constant and independent of plasma concenb·ation. The slope of the line in-
dicates that the renal clearance of this drug is 4llhr. Essentially the same value is obtained 
by multiplying total clearance (5.0 llhr) by fe (0.78) (cf. Eq. 27). The cumulative amount 
excreted is 39.1 rng, so the fraction of the dose excreted unchanged,fe, is 39.1 mgl50 mg, 
or 0.78. 

Urine Data Alone 
The elimination half-life of the drug can be obtained from either excretion rate or cumu-
lative excretion data. The appropiiate methods are dealt with in Appendix 1-B. 
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Fig. 3-5. Sernilogarithmic plot of the plasma con-
centration-time data given in Table 3-1. 
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Fig. 3-6. The amount excreted is directly 
proportional to the AUC measured over the 
urine collection interval. Renal clearance L~ 
given hy the slope of the line. Data from 
Table .'3-l. 
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A Question of Precision 

Had you, the reader, plotted the same data and calculated the pharrnacokinetic parameters, 

you may have obtained answers that differ from those given. This is not unusual and will 

occur in many cases when you check your answers to the problems at the end of each 

chapter against those given in Appendix II. The reason lies in differences in the drawing 

of a line thwugh data, after they have been plotted, and in rounding-off numbers. I11 

addition, all measurements have E:n·ors assodated with analvtic methods, conditions of 
" 

storage, and handling of samples prior to analysis. 
Also, had the study just considered been repeated subsequently in the same individual, 

the estimated half-life may have been 3.1 hr instead of 2.8 hr. For almost all cBnical 

situations, this degree of intraindividual variation is acceptable. To reflect the acceptable 5 

to 10% variation, most answers here and tlu-oughout the remainder of the book arc only 

given to two or tlu-ee significant places. 
In this chapter, many symbols are defined, as it is the first time that they are used. These 

symbols are reused repeatedly throughout the book To avoid continually redefining them 

in every chapter and to facilitate reference to them, the Definitions of Symbols appear just 

before Chapter 1. Some infrequently used symbols that occur only in one chapter may not 

be included in the Definitions. 

Measurement Fluid 

So far, the pharmacokinetics of the drug within the body have been defined with reference 

to drug in plasma. Sometimes the reference is drug in semm or whole blood. The major 

difference benveen plasma and serum is the removal of fl.brinogcn in the latter case by 

clotting of blood, and as most drugs do not bind to fibrinogen, no difference between the 

concentrations of drug in plasma and serum is expected. Consequently, tlu-oughout the 

book the term plasma is taken to include serum. 
Within blood, drug can bind to many constituents including plasma proteins and blood 

cells. Drug concentrations in whole blood and plasma can differ, thereby yielding different 

values for many pharmacokinetic parameters, an aspect discussed in some depth subse-

quently in the book (particularly Chap. 11, Elimination, and Chap. 12, Integration \~7itb 

Kinetics). Accordingly, unlike serum and plasma, blood and plasma cannot be considered 

to be equivalent, although for many applications in pharmacokinetics, the difference is 

relatively unimportant. Because of ease of clinical analysis, most measurements are made 

in plasma, rather tl1an in blood. · 
Strictly speaking, one should use the terminology concentration of drug in plasma (or 

blood, or plasma water). For expediency, in much of this chapter and throughout the rest 

of the book, this phrase is often shortened to plasma (or blood) drug concentration. Indeed, 

this is sometimes even further shortenr~o to plasma. concentration (or blood concentration) 

in many contexts in which concentration of a drug js understood. Sinlilarly, the phrase 

anwunt in body refers to the amount of drug in the body. 

Use of Computers 

Today computers are used to ~malyze pharmacokinetic data and make predictions. Based 

upon statistical critelia, the pharrnacokinetic parameter values are adjusted to give the best 

fit of the appropriate equation to the experimental data. This approach not only provides 

the best estimate of parameters but also increases one's confidence in tl1em. Also, appli-

cation of the same computer program results in the same answers independent of the 

operator. This consistency cannot be achieved by fitting graphical data by eye. Moreover, 

unlike an exponential equation, tl1ere are many situations in pharmacokinetics that require 
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equations that cannot be linearized. Then, obtaining a best fit by eye becomes virtuaTiy impossible. This limitation does not arise using a computer; any equation can be fitted directly to the experimental data. Nonetheless, a great deal about data is learned by dis-playing them graphically. One gains a feeling for the quality of the data and the equation that is most likely to describe them appropliately. The parameter values obtained by eye also generally serve as suitable starting values in a computer program. Because of the great benefits to learning pharmacokinetics gained by plotting data, tl1is element is inc01porated into many problems throughout the book 

EFFECT OF DOSE 
An adjustment in dose is often necessary to. achieve optimal drug tl1erapy. Adjustment is made more readily when the values of the pharmacokinetic parameters of a drug do not vary with dose or with concenb·ation. The possibility for a change with dose exists, however, for many reasons, and these are dealt with in Chap. 22 under the title of Dose and Time Dependencies. Throughout the majority of the book, however, pharmacolcinetic parame-ters are assumed not to change with either dose or time. 

STUDY PROBLEMS 
(Answers to Study Problems are in Appendix ll.) l. Given that the disposition kinetics of a dmg is described by a one-compartment model, which one(s) of the following statements is correct? The half-life of a drug following therapeutic doses in humans is 4 lu-, therefore, a. The elimination rate constant of this drug is 0.173 hr- 1

. b. It tal(es 16 hr for 87.5% of an i.v. bolus dose to be eliminated. c. It takes twice as long to eliminate 0.375 g following a 0.5-g bolus dose as it docs to eliminate 0.5 g following a 1-g dose. 
d. Complete urine collection up to 12 hr is needed to provide a good estimate of the ultimate amount of drug excreted unchanged. e . The fraction of the administered dose eliminated by a given time is independent of the size of the dose. 

2. Calculate the following: 
a. The fraction of an i.v. dose remaining in tl1e body at 3 hr, when the half-life is 6 hr. b. The half-life of a drug, when 18% of the dose remains in the body 4 hr after an i.v. bolus dose. 

3. Prepare a sem.ilogarithmic plot of the following pJasma concentration-time relation-ship: 

C = 0.9 e - 0 .347t 

where C is in mg!L and time is in hours. 4. A drug that displays one-comparbnent disposition kinetics is administered as a single bolus dose. Depicted in the left-band graph of Fig. 3-7 are the plasma concentrations of drug observed initially (10 mg!L) and 60 min later (2.5 mg!L). Depicted in the right-hand graph of Fig. 3-7 is the totaJ urinary excretion of unchanged drug (Aeoo = 60 mg]. Complete the figure by drawing continuous lines that depict the fall of drug concentration in plasma and the accumulation of drug in urine with time. 5. From 0 to 3 hr after a 50-mg i.v. bolus dose of dn1g, the AUG is 5.1 mg-hr!L. The total AUG is 22.4 mg-lu/L and the cumulative amount excreted unchanged, Ae"", is 11 mg. a. What percent of the administered dose remains in the body as drug at 3 hr? 
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T~ 4 

EXTRAVASCULAR DOSE 

OBJECTIVES 

The reader will be able to: 

1. Describe the characteristics of, and the d ifferences between, first-order and zero-order ab-

sorption processes. 

2. Determine whether absorption or disposition rote limits drug elimination, given plasma con-

centration-time data following d ifferent dosage forms or routes of administration. 

3. Anticipate the effect of a ltering rate of ahsorption, extent of absorption, clearance, or volume 

of distribution on the plasma concentration and amount of drug in the body following extra-

vascular administration. 

4 . Estimate the bioavailability of a drug, g iven either plasma concentration or urinary excretion 

data following both extravascular and intravascular administration. 

5. Estimate the relative bioavailability of a d rug, given either plasma concentration or urinary 

excretion data following different dosage forms or routes of administration. 

6. Estimate the renal clearance of a drug from plasma concentration and urinary excretion 

data following extravascular administration. 

For systemically acting drugs, absorption is a prerequisite for therapeutic activity when 

they are admiillstered extravascularly. The factors that influence drug abs01ption are con-

sidered in Chap. 9, Absorption. In this chapter the following aspects are examined: the 

impact of rate and extent of absorption on both plasma concenb·ation and amount of drug 

in the body; the effect of alterations in absorption and disposition on body level-time 

relationships; and the methods used to assess pharmacokinetic p arameters from plasma 

and mina1y data following extravascular administration. 

The term bioavailability is commonly applied to both rate and extent of drug input into 

the systemic circulation. Throughout this book the term will be limited to the extent of 

drug input and can be considered as the fraction, or percent, of the administered dose 

absorbed intact. 

KINETICS OF ABSORPTION 

The oral absorption of drugs often approximates first-order kinetics, especially when given 

in solution. The same holds true for the absorption of dmgs from many other extravascular 

sites including subcutaneous tissue and muscle. Under tbese circumstances, absorption is 

characterized by an absorption rate constant, ka, and a corresponding half-life. The half-

lives for the absorption of dmgs administered orally in solution or in a rapidly disintegrating 

dosage form usually range from 15 min to 1 hr. Occasionally, they are longer. 

34 
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Sometimes, a drug is absorbed at essentially a constant rate. The absorption kinetics are 
then called zero order. Differences between zero-order and first-order kinetics are illus-
trated in Fig. 4-1. For zero-order absorption, a plot of amount remaining to be absorbed 
against time yields a straight hue, the slope of which is the rate of absorption (Fig. 4-IA). 
Recall from Chap. 3 that the fractional rate of decline is constant for a first-order process; 
the amount declines hnearly with time when plotted sernilogarithmically. In contrast, for 
a zero-order absorption process, the fractional rate increases \llrith time, because the rate 
is constant but the amount remaining decreases. This is reflected in an ever-increasing 
gradient with time in a semilogarithmic plot of the amount remaining to be absorbed (Fig. 
4-IB). A graphical method of examining the kinetics of absorption from plasma data fol-
lowing extravascular administration is given in Appendix 1-C. 

For the remainder of this chapter, and for much of the book, absorption is assumed to 
be first order. If absorption is zero order, then the equations developed in Chap. 6 (Con-
stant-Rate Regimens) apply. 

A. Regular Plot B. Semilogarithmic Plot 
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Fig. 4-1. A compa1ison of 7.ero-order and lirst-order absorption processes. Depicted are: A, regular and B, 
semilogarithmic plots of the percent remaining to be ah~orhed against time. 

BODY LEVEL-TIME RELATIONSHIPS 

Comparison With an Intravenous Dose 

Absorption delays and reduces the magnitude of the peak compared to that seen follO\IIfing 
an equal i.v. bo.lus dose. These effects are portrayed for aspirin in Fig. 4-2. The rise and 
fall of the drug concentration in plasma are best understood by remembering (Chap. 2, 
Eq. 2, p. 16) that at any time 

dA dAa k· A dt dt 
Rate of Rate of Rate of 
change of absorption elimination 
drug in 
body 
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where Aa is the amount of drug at the absorption site remaining to be absorbed. When 

absorption occurs by a first-order process, the rate of absorption is given by k.a ·Aa. 

Initially, with all drug at the absorption site and none in the body, rate of absorption is 

maximal and rate of elimination is zero. Thereafter, as drug is absorbed, its rate of absorp-

tion decreases, whereas its rate of elimination increases. ConsP-quently, the difference be-

tween the two rates diminishes. However, as long as the rate of absorption exceeds that of 

elimination the plasma concentration continues to rise. Eventually, a time t ,-nax• is reached 

when the rate of elimination matches the rate of absmption; th.e concentration is then at 

a maximum, Cmax· Subsequently, tl1e rate of elimination exceeds the rate of absorption and 

the plasma concentration declines. 
The peak plasma concentration is always lower following extravascular administration 

than fue initial value following an equal i.v. bolus dose. In the former case, at the peak 

time some drug remains at the absorption site and some has been eliminated, while the 

entire dose is in the body immediately following the i.v. dose. Beyond the peak time, the 

plasma concentration exceeds that following i.v. administration of the same dose because 

of the continual entry of drug into the body. 

Frequently, the rising portion of the plasma concentration-time curve is called the ab-

sorption phase and the declining portion, the elimination phase. As will be seen, this de-

scription may be misleading. Also, if bioavailability is low, the drug concentration may 

remain lower than that observed after i.v. administration at all times. 

Lag time, the delay between drug administration and the beginning of absorption, may 

be particularly important v;rhen a rapid onset of effect is desired. The lag time can be 

anywhere from a few minutes to many hours. Long lag times have been observed following 

ingestion of enteric-coated tablets. The coating is resistant to the gastric environment, thus 

protecting an acid-labile drug or preventing gastric irritation by a drug. Factors contributing 

to the lag time are the delay in emptying the product from the stomach and tl1e time taken 

for the protective coating to dissolve or to swell and release the inner contents into the 

intestinal fluids. Once absorption begins, however, it may be as rapid as with uncoated 

tablets. Clearly, enteric-coated products should not be used when a prompt and predictable 

response is desired. A method for estimating lag time is discussed in Appendix I- C. 

Bioavailability and area are also important factors. As discussed more fully in Chaps. 7 

and 9, the completeness of absorption is of p1ima:ry importance in therapeutic situations. 
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Fig. 4-2. Aspirin (650 mg) wa~ administered as an intravenous holus (• ) and as an oral solution (o) on separate 

occasions to the same individual. Absmption causes a delay and a lowering of the peak concentration (l mgiL = 

5.5 ~M). (Modified from the data of Rowland, M., Riegelman, S., Harris, P . A., and Sholkoff, S.D.: Absorption 

kinetics of aspiriJ1 in man following oral administration of an aqueous solution. J. Pharm. Sci., 67:379-385, 1972. 

Adapted with permission of the copylight owner.) 
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The bioavailability, F, is proportional to the total area under the plasma concentration-time 
curve (AUC) inespective of its shape. This must be so. Recall from Chap. 3 that: 

Total amount eliminated = Clearance · AUC 

but the total amount eliminated is the amount absorbed, F · Dose, therefore: 

F · Dose = Clearance· AUC 
Amount 
absorbed 

Total amount 
eliminated 

Thus, knovving dose, clearance, and area, bioavailability may be determined. 

Changing Dose 

2 

3 

Unless absorption haJf-life or bioavailability is altered, increasing the dose produces a pro-
portional increase in plasma concenb-ation at all times. The value of t 11Wx remains unchan-
ged, but cmax increases proportionally with dose .. 

Changing Absorption Kinetics 
Alterations in either absorption or disposition produce changes in the time profiles of the 
amount in the body and the plasma concentration. Tlus point is illusb·atcd by the three 
situations depicted in the semilogmithmic plots of Fig. 4-3 involving only a change in the 
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Fig. 4-3. A slowing (from left to right) of dmg decline at the absorption site (lower graphs) delays the attainment 
and decreases the magnitude of the peak plasma drug concentration (top graphs). In Cases A and B (bottom two 
graphs), absorption (black line) is a faster process than elimination (colored line). In Case C (third graph on 
bottom), absorption (black line) rate limits elimination so that decline of drug in p lasma reflects absorption rather 
than elimination; because there is a net e limination of dmg dLLring the decline phase, the rate of elimination is 
slightly greater than the rate of absorption. In all three cases, bioavailability is 1.0 and clearance is unchanged. 
Consequently, the areas under the phasma concentration-time curves (corresponding linear plots of the top three 
graph;;) are identical. The AUCs of the linear plots of the rate data are also equal because tl1e integral of the rate 
of absorption, amount absorbed, equals the integral of the rat e of elimination, amount eliminated. 
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absorption half-life. All other factors (bioavailability, clearance, and volume of distribution 
and hence elimination half-life) remain constant. 

In Case A, the most common situation, absorption half-life is much shorter than elim-
ination half-life. In this case, by the time the peak is reached, most of the drug has been 
absorbed and little has been eliminated. Thereafter, decline of drug in the body is deter-
mined primarily by the disposition of the drug, that is, disposition is the rate-limiti·ng step. 
The half-life estimated from the decline phase is, therefore, the elimination half-life. 

In Case B, absorption half-life i.s longer than in Case A but still shorter than elimination 
half-life. The peak occurs later because it takes longer for the amount in the body to reach 
the value at which rate of elimination matches rate of absorption; the Cmax is lower because 
less drug has been absorbed by that time. Even so, absorption is still essentially complete 
before the majority of drug has been eliminated. Consequently, disposition remains the 
rate-limiting step, and the terminal half-life remains the elimination half-life. 

Absorption Rate-Limited Elimination 
Occasionally, absorption half-life is much longer than elimination half-life, and Case C 
prevails (Fig. 4- 3). The peak occurs later and is lower than in the two previous cases. The 
half-life of decline of drug in the body no'vv corresponds to the absorption half-life. During 
the rise to the peak, the rate of elimination increases and eventually, at the peak, equals 
the rate of absorpti.on. However, in contrast to the previous situations, absorption is so slow 
that much of the drug remains to be absorbed well beyond the peak time. The drug is 
either at the absorption site or has been eliminated; little is in the body. In fact, during the 
decline phase, the drug is eliminated as fast as it is absorbed. Absorption is now the rate-
limiting step. Under these circumstances, since the rate of elimination essentially matches 
the rate of absorption, the following approximation ( =) can be written 

that is, 

k ·A = ka · Aa 
Rate of Rate of 
elimination absorption 

moun a .. A t 
(
k ) Amount 

in bod = T · remammg to 
Y be absorbed 

4 

5 

Accordingly, amount in the body (and plasma concentration) during the decline phase 
is directly proportional to the amount remaining to be absorbed. For example, when 
amount remaining to be absorbed falls by one-half, so does amount in body. However, the 
time for this to occur is the absorption half-life. 

Absorption influences the kinetics of dmg in the body; but what of the AUC? Because 
bioavailability and clearance were held constant, it follows from Eq. 3 that the AUC must 
be the same for Cases A, B, and C. 

Distinguishing Absorption From Disposition Rate-Limited Elimination 
Although disposition generally is rate-limiting, the preceding discussion suggests that cau-
tion may need to be exercised in interpreting the meaning of half-life determined from the 
decline phase following extravascular administration. Confusion is avoided if the drug is 
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also given intravenously. In practice, however, i.v. dosage forms of many drugs do not exist 
for clinical use. Distinguishing between absorption and disposition rate-limitations is 
achieved by altering the absorption kinetics of the drug. This is most readily accomplished 
by giving the drug either in different dosage forms or by different routes. To illusb·ate this 
point, consider data for theophylline and penicillin G. 

Food and water influence the oral absorption kinetics of theophylline but not the half-
life of the decline phase (Fig. 4--4). Here then, disposition rate-limits theophylline elimi-
nation. In contrast, for peniciWn, with a very short elimination half-life, intramuscular (i.m. ) 
absorption can become rate-limiting by formulation of a sparingly soluble salt (Fig. 4-5). 

Changing Disposition Kinetics 
What happens to the plasma concentration-time profile of a drug when the absorption 
kinetics remain constant, but modifications in disposition occur? When clearance is re-
duced, but bioavailabiJity remains constant, the AUG must increase; so must both the time 
and magnitude of the peak concentration. These events are depicted in Fig. 4-6. With a 
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Fig. 4-4. Two tablets, each containing 130 mg 
theophylline, were taken by 6 healthy volunteers un-
der various conditions. Absorption of theophylline 
was rnost rapid when the table ts were dissolved in 
500 mL of water anu taken on an empty stomach 
(D). Taking the tablets with 20 mL of water on an 
empty stomach (0) resulted in slower abso11Jtion 
than taking them witl1 the same volu me of waler im-
meuiate ly following a standardized high carbohy-
ch·ate meal (• ). Despite differences in rates of ab-
sorption, however, the termint-Ll haH~life was tl1e 
same (6.3 hours) and, therefore, jt is the elirnination 
half-life of Lheophyllb1e (1 m!VL = 5.5 !lM). (Mod-
ified fmm Welling, P.G., Lyons, L.L.: Craig, Y.l .A., 
and Trochta, G.A.: Influence of diet and fluid on 
bioavailability of theophylline. Clln. Pharmacal. 
Ther., 7:475-480, 1975.) 

Fig. 4-5. Penicillin G (3 mglkg) was adminis-
tered intramuscularly to the sarnc individual on 
different occasions as an aqueous solution (l.M.) 
and as procaine penicillin in oil (P-I.M.) and in oil 
\\~th aluminum monostearate (AP-I.M.). The dif~ 
fering rates of dedine of the plasma concentration 
of penicillin G point to an absorption rate-limita-
tion when this antibiotic is given as the procaine 
salt in oil. Distinction between rate-limited ab-
SOiption and rate-limited disposition following in-
tramuscular administration of the aqueous solution 
can only be made by giving penicillin G ino·ave-
nously. (1 mg/L = 3.0 !lM). ( Modi fied fro m 
Marsh. D.F.: Outline of Fundamental Phannacol-
ogy. Charles C. Thomas, Springfield, IL, 1951.) 
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Fig. 4-6. A twofold reduc.:tion in clearance in-

creases the area 1mUe r the plasma concentra-

tion-time (colored line, top graph ) t\vofolu corn-

pared to lhat of the control (black line) afte r a 

single extravascu lar dose. 'With no chan ge in <tb-
sorpt ion k inetics (a11tl hence ahsorptioll nllc 

profile with time) (colored li ne, bottom graph), 

the rate of elimination (colored line , bottom 

graph) is ohserved to be lower at first but to 

become greater than that of the control (black 

Jjne, bottom graph), as the area under the cor-

responding linear plots of these rate cwves must 

be ctp;al to the dose (sec Fig. 4-3). The de-

crc;t.~e in clearance causes the peak concentra-

tion lo be greater and to occur at a later time 

(only slightly diffe rent here). Tbc peak t ime oc-

curs when the rate of elimincltion eCJuals the nlte 

of absorption (bottom graph ). The t erminal 

slope .reAects the increased elimination half-life. 
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reduction in clearance and, hence, elimination rate constant, a greater amount of drug 

must be absorbed, and tl1e plasma concentration must be greater prior to the time when 

the rate of elimination equals the rate of absorption. 
As shown in Fig. 4-7, the events are diHercnt when an increased volume of distribution 

is responsible for a longer elimination half-life. Under these circumstances the AUG is the 

same if bioavailability and clearance are unchanged. The peak occurs later and is lower, 

l10':"ever. \Vith a larger volume of distribution, more drug must be absorbed before the 

plasma concenh·ation reaches a value at which the rate of elimination (CL · C) equals the 

rate of absorption; the absorption rate is lower then and so is the plasma concentration. 

Predicting Changes in Peak 

Quahtative changes in Cnw.'t and t,wx are difficult to predict when absorption or disposition 

is altered. To facilitate this prediction, a memory aid has been found to be useful. The 

basic p1inciple of the method (Fig. 4-8) is simple; absorption increases and elimination 

decreases the amount of drug in the body. The faster the absorption process (measured 

by absorption rate constant), the greater is the slope of t~e absorption line, and the con-

verse. The faster the elimination process (elimination rate constant), the steeper is tJ1e 

decline of the elimination li.ne. 
If absorption rate constant is increased, the new point of intersection indicates that peak 

amount is increased and that it occurs at an earlier time. If elimination rate constant is 

increased, the new point of intersection occurs at an earlier time, hut at a lower amount. 

The graph is designed for predicting changes in tmax and peak ammmt in the body. It 

applies as well to Cmax with the exception of when volume of distribution is altered. An 
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Fig. 4-7. A twofold increase in the volume of 
distribution causes a 1:\vofold increa5e in the 
e limination half- life and delays the time at 
which the peak plasma concentration occurs 
(colored line, top graph) compared to the con-
t rol observation (black line) after a single extra-
va~cular dose. With no change in clearance, are<t 
(under linear concentration-time plot) is un-
changed and peak concentration is thereby re-
duced. Because of a lower concentration, rate 
of elimination is initially slowed (colored line, 
bottom graph), but since the amount eliminated 
i.s thP- same (the dose), rate of e limination evcn-
htally is greater than that of the conh·ol (black 
liuc, bottom graph). 
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Fig. 4-8. Memory aid to assess changes in peak 
time and peak amount in the body after extravas-
cular administration of a single dose when ab-
sorption or disposition is altered. The relative 
peak time and the relative peak amount are in-
dicated by the intersection of the absorption and 
elimination lines (A) with slopes representing the 
absorption and elimination rate constants, respec-
tively. The predictions for an increased absorp-
tion rate constant (colored dashed line and point 
B) and an increased elimination rate constant (col-
ored dotted line and point C) are shown. (Modi-
fied from 0ie, S. and Tozer, T.N.: A memory aid 
to assess changes in peak time and peak concen-
tration with alteration in drug absorption or dis-
position. Am. J. Pharm. Ed., 46:154- 155, 1982.) 

increase in volume of distribution causes a decrease in peak concentration, and the con-
verse, as explained under Changing Disposition Kinetics. Specific relationships for esti-
mating the values of Cmm· and t,,wx when absorption and disposition are first-order are given 
in Appendix I-C. 

ASSESSMENT OF PHARMACOKINETIC PARAMETERS 
How some parameter values are estimated following extravascular administration can be 
appreciated by considering both the plasma concentration-time curves in Fig. 4-9, obtained 
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following i.m. and oral administrations of 500 mg of a drug, and the additional information 

in Table 4-1. 

Plasma Data Alone 

Bioavailahility. Supplemental data from i.v. administration allow calculation ofbioavail-

abili ty, F. The total AUG following exb·avascular administration is divided by the area 

following an i.v. bolus, appropriately correcting for dose. The basis for this calculation, 

which assumes that clearance renwins constant, is as follows: 

Intravenous (i.v.) dose 

Dosei.v. = Clearance · AUCi.v. 6 

Exb·avascular (e.v.) dose 

Fe.v. · Dosee.v. = Clearance · AUCe.v. 7 

which upon division yields 

F = (AUCe v) (Dose; v-) 
e.v. AUC. Dose 1.v. e.v. 

8 

For example, appropriately substituting the area measurements in Table 4-1 into Eq. 8 

Fig. 4-9. A .500-mg dose is given intramuseularly 
(....__.) and orally (O· · ·O) to the same subject on 
separate occasions. The drug is less bioavailable and 
is absorbed more slowly from the gastrointestinal 
tract. A parallel decline, however, implies that dis-
position is rate-limiting in hath instances. 
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Table 4-1 . Data Obtained Following Administration of 500 mg of a Drug in 
Solution by Different ~outes 

PlASMA. DATA URINE DATA 

HALF-LIFE; CUMUlATIVE AMOUNT 
AUC DECAY PHASE EXCRETED UNCHANGED 

ROUTE (mg·hr/l) (min) (mg) 

Intravenous 7.6 190 152 
Intramuscular 7.4 185 147 
Oral 3.5 193 70 

·a. 

6 
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indicates that the bioavailability of the i.m. dose is 97%. Virtually all drtg injected into 
muscle is absorbed systemically. In conh·ast, only 46% is bioavailable when drug is given 
orally in solution. 

An alternative method of estimating bioavailability, which gives the same answer, is to 
substihtte the value for clearance directly into Eq. 7. Clearance can be estimated from 
blood (or plasma) data following either an i.v. bolus dose or a constant-rate i.v. infusion 
(Chap. 6). 

Relative hioavailability is determined when there are no i.v. data. Cost, stability, solu-
bility limitations, and potential hazards are major reasons for the lack of an i.v. preparation. 
Relative bioavailabilityis determined by comparing diflerent dosage forms, different routes 
of administration, or diHerent conditions (e.g., diet, disease state). As vvith the calculation 
of bioavailability, clearance is assumed to be constant. 

Thus, taking the general case: 

Dosage form A 

Dosage form B 

So that, 

FA· DoseA = Clearance· AUCA 
Amount 
absorbed 

Total amount 
eliminated 

F8 · Dose8 = Clearance · AUC8 

Relative FA (AUCA)(Dosea) 
bioavailability = F8 = AUC8 DoseA 

9 

10 

11 

The reference dosage form chosen is usually the one vvith the highest bioavailability, that 
is, the one having the highest area-to-dose ratio. In the example considered, this is the i.m. 
dose; the relative bioavailability of the oral dose is then 46%. If only two oral doses had 
been compared, they may have been equaHy, albeit poorly, bioavailable. It should be noted 
that all the preceding relationships hold, irrespective of route of administration, rate of 
absorption, or shape of the curve. Constancy of clearance is the only requirement. 

Fraction Eliminated. Based on the relationship between area and amount eliminated 
presented in Chap. 3, AUC up to a given time, for example, tmax> reflects the amount 
_eliminated up to that time (see Fig. 4-10). The area beyond tmax reflects the amount 
remaining to be eliminated. The latter area represents drug in the body if absorption is 
fast compared to elimination, because absorption is essentially finished. Conversely, it ap-
proximates ammmt remaining to be absorbed if absorption is rate-limiting. 

Other Pharmacokinetic Parameters. Given only extravascular data, it is sometimes 
difficult to estimate pharmacokinetic parameters. Indeed, no pharmacokinetic parameter 
can be determined confidently fi-om observations following only a single oral dose. Con-
sider: Area can be calculated without knowing bioavailability, but clearance cannot. Simi-
larly, although a half-life can be ascribed to the decay phase, without knowing whether 
absorption or disposition is rate-limiting, the value cannot be assigned to either absorption 
or elimination. ' 'Vithout knowing any of the foregoing parameters, the volume of distri-
bution clearly cannot be calculated. 
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Fortunately, there is a sufficient body of data to determine at least the elimination half-

life of most drugs. Failure of food, dosage form, and, in the example in Fig. 4-7, route of 

administration to affect the terminal half-life indicate that this must be the elimination half-

life. Also, a drug is often fully bioavailable (F = l ) from i.m. or subcutaneous sites. Hence, 

clearance can be calculated knowing area (Eq. 3), and the volume of distJibution can be 

estimated once the elimination half-life is lmown. Consider, for example, just the i.m. data 

in Table 4-l. Clearance, obtained by dividing dose (500 mg) by AUC (7.4 mg-hr/L), is 1.1 

lJmin. Dividing clearance by the elimination rate constant (0.693/l 85 min) gives the vol-

ume of distribution, in this case 300 L. 
Previously, a range of likely absorption half-lives was quoted. The values were estimated 

indirectly from plasma concentration-time data. Direct measurements of absorption ki-

netics are impossible because plasma is the site of measurement for both absorption and 

disposition. To calculate the kinetics of absorption, a method must therefore be devised to 

separate these two processes. Two relatively simple methods for achieving this separation 

are discussed in Appendix I-C. 

Urine Data Alone 
Given only urine data, neither c1earance nor volume of dismhution can be calculated. If 

renal clearance of drug is constant, rate of drug excretion is proportional to its plasma 

concentration, and under these circumstances, theoretically, excretion rate data can be 

treated in a manner similar to that for p lasma data. In practice, during the first collection 

of mine, usually l or 2 hr after drug administration, absorption of many well-absorbed 

drugs is virtually finished. A shorter collection interval is needed to characterize absorption 

kinetics but is impractical because of incomplete emptying of the bladder and an inability 

of a subject to produce a mine sample on demand so frequently. U1inary excretion rate 

data are then often of little use in estimating absorption kinetics. 

Cumulative wine data can be used to estimate bioavailability. The method requires that 

the value ofje remains constant. Recall from Chap. 3 thatfe is the ratio of the total amount 

excreted unchanged (Ae"',) to the total amount absorbed. 

Fig. 4-10. The AUC up lo t 171ax, the 
time of occurrence of the highest concen-
tration, C maP relative to the total AUC 
represents the amount eliminated at t11w x 

relative to the total amount ultimately 
culllinatcd (see Fig. 3-3). 
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fe = Ae, 
F ·Dose 

Then, using the subscripts A and B to denote two treahrl8nts, it follows that 

which upon division gives: 

F8 · Dose8 

Amount 
absorbed 

= Ae"',8/fe 
Total amount 
eliminated 

45 

12 

13 

14 

15 

The ratio of the dose-normalized cumulative amount excreted unchanged is therefore the 
ratio of the bioavailabilities. vVhen Dose B is given intravenously, the ratio is the bioavail-
ability of the drug. Otherwise the ratio gives the relative bioavailability. For example, from 
the cumulative urinary excretion data in Table 4-1, it is apparent that the i.m. dose is 
almost completely bioavailable; the corresponding value for the oral dose is only 46% [(70 
mg/152 mg) X 100]. Notice that, as expected iffe is constant, this value is the same as tl1at 
estimated from plasma data. 

Urine data alone can be pmticularly useful for estimating bioavailability when the frac-
tion excreted unchanged approaches l. Under tl1is condition, changes in renal clearance 
(and hence total clearance) affect AUG, but not the amount excreted, which is a diTect 
measure of amount absorbed. The major problem here is in ensming complete urine 
collection until virtually all the absorbed drug has been excreted. 

Plasma and Urine Data 

The renal clearance of a drug can be estimated when both plasma and urine data exist. 
The approach is identical to that taken for an i.v. dose (Chap. 3). Since no knowledge of 
bioavailability is required, the estimate of renal clearance fi·om combined plasma and urine 
data folJO\¥ing extravascular administration is as accurate as that obtained following i.v. drug 
adminish·ation. 

BIOEQU I VALENCE 

Laws mandate that new drug products be safe and effective. If a new product of a drug 
has the same molar dose and is of similar formulation to one already shown to be safe and 
effective, such laws allow marketing of the new product if it shows bioequivalence, i.e ., 
similar efficacy and safety. The major concern is switchability, the ability of a patient to 
exchange one product for the other. Two products are considered to be bioequivalent if 
the concentration-time profiles are so similar that they are unlikely to produce clinica.lly 
relevant differences in either therapeutic or adverse effects. The common measures used 
to assess differences in absorption are AUC, Cmax> and t,w:r· 
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In practice, C nwx and t rruzx are estimated from the highest concentration measured and 
the time of its occurrence. As the plasma concentration-time curve is quite flat near the 
peak and because of assay variability, the value of tnwx chosen may not be a good repre-
sentation of the actual value. Furthermore, the accuracy of the tmax estimate is limited by 
samples being obtained only at discrete times. 

Bioequivalence testing usually arises when a patent on an innovator's drug expires. Other 
manufacturers may then wish to market the same formulation of the drug. Formulations 
that are bioequivalent with that of the innovator and bearing the generic name of the drug 
are called generic products. Bioequivalence testing is also performed during the course of 
development of new drugs, when a fonnulation is changed, or when the site or method of 
manufacture is altered. 

STUDY PROBLEMS 

(Answers to Study Problems are in Appendix II.) 

1. Identify each of the statements below that are correct (see Fig. 4-8). For the one, or 
more, that is not correct, state why it is not or supply a qualification. 
a. All other parameters remaining unchanged, the slower the absorption process, the 

higher is the peak plasma concentration after a single oral dose. 
b. After a single oral dose, an increase in bioavailability causes the peak time to shorten. 
c. For a given drug in a subject, AUG is proportional to the amount of drug absorbed. 
d . If ka < < k, then the terminal slope of the plasma concentration versus time cmve 

reflects absorption, not elimination. 
2. Graffner et al. (Graffner, C., Johnsson, G., and Sjogren, J.: Pharmacokinetics of pro-

cainamide intravenously and orally as conventional and slow-release tablets. Clin. Phar-
macol. Ther., 17:414-423, l975), in evaluating different dosage forms of procainamide, 
obtained the following A UC and cumulative urine excretion data listed in Table 4-2. 

Table4-2. 
DOSE AUC AMOUNT EXCRETED 

ROUTE (mg) (mg-hr/l) (0-48 hr) (mg) 

i.v. 500 13.1 332 
Oral 

Formulation 1 1000 20.9 586 
Formulation 2 1000 19.9 554 

a. Estimate both bioavailability and relative hioavailahility of formulation 2 from both 
plasma and urine data. What are the assumptions made in your calculations? 

b. The half-life of procainamide found in this study was 2. 7 hr. Was the urine collected 
over a long enough time interval to obtain a good estimate of the cumulative amount 
excreted at infinite time? 

c. Does renal clearance of procainamide vary much among the three treatments? 
3. Depicted in Fig. 4-i l are curves of plasma concentration and amount in the body with 

time following the oral ingestion of a single dose of a drug. First draw five pairs of 
curves identical to those in Fig. 4-11. Then, draw another curve on each pair of these 
curves that shows the effect of each of the follO\ving alterations in pharmacokinetic 
parameters. In each case, the dose administered and all other parameters (among F, 
ka, V, and CL) remain unchanged. 
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THERAPEUTIC RESPONSE AND TOXICITY 

OBJECTIVES 

The reader will be able to: 

l. Explain why effect (desired or toxic) of a drug is often better correlated with plasma con-
centration than with dose. 

2. Define the terms: graded response, oil-or-none response, therapeutic concentration range, 
uti lily curve, and tolerance. 

3. List the range of plasma concentrations associated with therapy for any of the drugs given 
in Table 5-2. 

4. Discuss briefly situations in which poor plasma drug concentration-response relationships 
are likely to occur. 

5. Explain briefly w hy modalily of administration of a given daily dose can affect therapeutic 
outcome. 

The rational design of safe and efficacious dosage regimens is now examined. In this section, 
fundamental aspects of dosage regimens are covered plimariJy from the point of vi.ew of 
b·eating a patient population with a given disease. It is realized, of course, that individuals 
vary in their responses to drugs, and subsequently, in Section Four, focus is turned toward 
tl1e establishment of dosage regimens in individual patients. 

A therapeutic dosage regimen is basically derived from the kinds of information shown 
in Table 5- l. One consideration includes those factors that relate to both efficacy and 
safety of the drug, that is, its pharmacodynamics and toxicology. Another consideration is 
hmv the body acts on the drug and its dosage form, the essence of pharmacokinetics. A 
third consideration is tl1at of tl1e clinical state of the patient and his or her total therapeutic 
regimen. A fourth category includes all other factors such as genetic differences, tolerance, 
and drug interactions. All of these determinants are, of course, interrelated and interde-
pendent. 

Dosage regimens arc designed to produce a therapeutic objective. This objective may 
be achieved by various moda)jties of drug administration, extending from a single occasional 
dose to continuous and constant input. An example of the former is the use of aspirin to 
heat an occasional headache; the continuous i.v. infusion of heparin to maintain a desired 
degree of anticoagulation is an example of the latter. More commonly, drugs are admin-
istered repeatedly in discrete doses. The frequency and duration vary with tl1e condition 
being h eated. Some drugs are administered relatively infrequently, producing large fluc-
tuations in the plasma concentration. Reasons for this approach include the development 
of tolerance to the drug aud the need to produce high concentrations for short periods of 
time, as occurs in some antibiotic and anticancer chemotherapies. In other situations, main-
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54 THERAPEUTIC RESPONSE AND TOXICITY CHAPTER 5 

tenance of a relatively constant concentration of drug is needed. In all cases, attempts are 

made to minimize undesirable and toxic effects and prevent ineffective therapy. 

Evidence exists that response is often better correlated with plasma concentration than 

with dose administered. Accordingly, it would seem to be most appropriate to apply phar-

macokinetic principles to the design of dosage regimens. Thus, given pharmacok:inetic data 

following a single dose, the plasma concentration or amount of drug in the body following 

~my dosing scheme can be estimated. Ultimately, however, the value of a dosage regimen 

must be assessed by the therapeutic and toxic responses produced. Pharmacokinetics fa-

cilitates the achievement of an appropriate dosage regimen and serves as a useful means 

of evaluating existing dosage regin1ens. 
In this chapter, various elements of the concentration- response relationship are ex-

plored. Principles for attaining and maintaining a therapeutic level of drug in the body are 

discussed in the subsequent two chapters of this section. 

RESPONSE AND CONCENTRATION 

Response may be as vague ac; a general feeling of improvement or as precise as a lowering 

of the diastolic blood pressure by 30 rnm 1-Ig. 
Information relating concenb·ation to response is obtained at three levels: in vitro ex-

periments, animal studies, and investigations in human volunteers and patients. The lac;t 

level is the most relevant to human drug therapy but, tmfortunately, only limited infor-

mation is often obtainable here about the nature of the drug-receptor interaction. In vit-ro 

experiments, which include studies of the action of drugs on enzymes, receptors, micro-

organisms, and isolated tissues and organs, serve this pmpose best. However, in isolating 

the vm·iables, many of the complex interrelationships that exist in vivo are destroyed. An-

imal studies bridge much of the gap between in vitro experimentation and human inves-

tigation. Studies i.n animals introduce both the variable time, witll all that it connotes, and 

Table 5-1. Determinants of a Dosage Regimen 

Therapeutic window 
Side effects 
Toxicity 
Concentration-response relationships 

Dosage 
Regimen 

CLINIC/II FACTORS 

STATE OF PATIENT 

Age, w e ight 
Condition being treated 
Existence of other disease states 

MANAGEMENT 
OF THERAPY 

Multiple drug therapy 
Convenience of regimen 
Compliance of patient 

Absorption 
Distribution 
Metabolism 
Excretion 

CTJ-'FR F.A "TOt1S 

Route of administration 
Dosage form 
Tole ranee-dependence 
Pharmacogenetics-idiosyncrasy 
Drug interadions 
Cost 
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CHAPTER 5 THERAPEUTIC RESPONSE AND TOXICITY 55 

the clements of absorption and disposition as wel1 as the feedback control systems that 
operate to maintain homeostasis. Animal studies are often most useful for evaluating the 
pharmacologic spectrum of activity of a potential therapeutic agent and for determining 
aspects of its toxicity profile. Irrespective of the level of information, however, the conclu-
sion is the same: A n 'llationship, although sometimes complex, exists between the concen-
tration of active agent at the site of measurement and the response. 

The majolity of drugs used clinically act reversibly in that the effect is reversed upon 
reducing concentration at the site of action. Many responses produced are graded, so called 
because the magnitude of the response can be scaled or graded. An example of a graded 
response, shown in Fig. 5-1, is the improvement of pulmonary function produced by the 
bronchodilator terbutaline, after its s.c. administration. The intensity of the response varies 
with the drug concentration in plasma. Many other pharmacologic and toxic responses do 
not occur on a continuous basis; these are known as quantal or all-or-none responses. An 
obvious but extreme example io; death. Another is the suppression of an arrhythmia. The 
arrhythmia either is or is not suppressed. Sometimes, a limit is set on a graded response 
below which an effect is said not to occur clinically. For example, a potentially toxic effect 
of antihypertensive therapy is an excessive lowe1ing of blood pressure. The lowcJing of 
blood pressure produced by the antihypertensive agents is a graded response, but hypo-
tensive toxicity is said to occur only if the blood pressure falls to too low a value. Here the 
clinical endpoint is ali-or-none, but the phannacologic response is graded. 

Returning to terhntaline, Fig. 5- 1 is a plot of tJ1e forced expiratory volume in 1 second, 
a measure of pulmonary function, aga1nst plasma concenb·ation. The plot is charactelistic 
of most graded response curves. A nearly linear relationship between the intensity of re-
sponse and the concentration at low concentrations and a tendency to reach a maximal 
response at high concentrations are apparent. 

Unlike a graded response, the correlation between a quantal response and concentration 
is explored by examining the frequency of the event '"'id1 concentration. This is illustrated 
in Fig. 5-2 by a plot of frequency of the suppression of ventricular arrhythmias as a function 
of the plasma concentration of d1e antiarrhythmic agent proca1namidc. In most patients 

3.5 • Fig. 5- l. The mean forced expi-
• • ratory volume in l second (FEV1) 

increases with t he mean plasma • • concentration at preselected times in CD 
3.25 • E 10 patients given 0.75 mg of terbu-:::J 

o- • taline subcutaneously. The improve->:::::!.. ment in pulmonary funct ion in-2:'-o 
creases with plasma concentration 0 c 

+-' 0 3 but appears to approach a limiting C1:l '-' .:: CD 
value. (Redrawn from Oosterhuis, ~(/.) • w ..- B., Braat, P., Roos, C.M.J. , and Van -oC 
Boxtel, C.J.: Pharmacokinetic-phar-CD'-

'-' 
macodynamic modeling of terbuta-...... 2.75 0 

LL line bronchodilation in asthma. CLin. 
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Fig. 5- 2. The eoncenlration of procainarnide was 
determined in over 3000 plasma samples obtained 
from 291 patients receiving this drug for the t reat-
ment of cardiae arrhythmias. The frequency, ex-
pressed as a pereent of the number of plasma sam-
ples with which a scJlJm concentration correlates 
~vith effective therapy, increases with each inte1val 
o[ increasing concentration. The Vllluc above each 
bar refers to the number of samples within the re-
spective <.:oncentration range (1 mg (hase)/L = 4.3 
~M). (from Koch-Weser, J.: ln Pharmacology and 
the F uture: Problems in Tl•e rapy. Edited hy G.T. 
Okita and C.H. Archcson. Karger, Basel, 1973, Vol. 
3, pp. 69---85.) 
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the arrhythmias are suppressed at concentrations of 2 to 8 mg!L. However, this belies the 
entire picture. 

THERAPEUTIC PLASMA CONCENTRATION RANGE 

Figure 5-3 shows the percent of those patients who did not respond to procainarnide, those 
who responded, those who exhibited minor side effects, and those who exhibited serious 
toxicity. Side effects were considered minor when cessation of the drug was unnecessary 
and serious when disturbances of cardiovascular function or other adverse effects neces-
sitated discontinuation of the drug. It should be noted in particular that serious toxicity 
begins to appear above 8 mg!L and occurs v\~th increasing frequency at higher concentra-
tions. Above 16 mg!L, the toxic effects may prove fatal. From these data, it can be con-
cluded that the range of plasma concentrations of proca:inamide associated with effective 
therapy and without undue toxicity is 4 to 8 mg!L. This range is commonly known as the 
therapeutic concentration range of the drug. 

Clearly, not all patients receiving procainamidc for the treatment of ventricular arrhyth-
mias need plasma concentrations between 4 and 8 mg!L. In a few, the arrhythmias are 
suppressed at concentrations below 4 mg/L; in others, toxicity occurs before efficacy, and 
for them procainamide is certainly not the drug of choice. Thus, a therapeutic concentration 
is m.ost appropriately defined in terms of an individual patient's requirement. Usually, this 
information is unknown, and on initiating therapy, the therapeutic concentration must be 
estimated from consideration of the probability of therapeutic success within the typical 
patient population. 

Also shown in Fig. 5- 3 is a curve that represents the frequency of therapeutic effective-
ness, i.e., the frequency of effective therapy minus the frequency of all toxic effects. This 
may be an inappropriate means of estimating the concentration at which therapeutic suc-
cess is most probable. Perhaps the minor toxic effects should not be weighted equally 
against the desired response. Obviously, the major toxic effects should be given more 
weight. These are considerations requiring judgment. 
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Therapeutic Window 
Let us expand philosophically on this concept of weighting developed for procainarnide 
using the information in Fig. 5-3, adding hypersensitivity and assigning values to the re-
sponses according to our best judgment. Figure 5--4 shows the probabilities of the re-
sponses, plus that of hypersensitivity, each weighted by a judgmental factor versus the 
logarithm of the plasma concentration. The factor is negative for undesirable effects and 
positive for desirable effects. On algebraically adding the weighted probabilities, a utility 
curve is obtained that simply shows the chance of therapeutic success as a function of the 
plasma concentration. Both low and high concenh·ations have a negative utility; i.e., at 
these concentrations, the drug is potentially more harmful than helpful. There is an optimal 
concentration (8 rng/L) at which therapeutic success is most likely, and there is a range of 
concentrations (about 4 to 10 mg!L) within which the chances of successful therapy are 
high. This is the therapeutic window or therapeutic concent1·ation range. Precise limits, of 
course, arc not definable, particularly considering the subjective nature of the utility curve. 
Each drug produces its mvn peculiar responses, and the weighting assigned to these re-
sponses differ, but both the incidence of the drug effects and the relative importance of 
each effect must he evaluated to determine the therapeutic concentration range. 

There are problems associated with the acquisition of the incidence of the various re-
sponses. For example, the procainamide data were obtained in patients who were some-
times titrated with the drug. That is, the dosage was adjusted when the patient had not 
adequately responded or when toxicity was present. However, patients even on the usual 
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Fig. 5-3. Schematic representation of the frequency of ineffective therapy, effective therapy, minor si<lc effects, 
serious tmdcity, and "therapeutic effectiveness" with plasma concentration of procainamidc in patients receiving 
this drug for the treatment of arrhythmjas. Therapeutic effectiveness is defined arbitrarily as the difference in the 
frequency between effective therapy and toxic eHects; the therapeutic effectiveness (colored line) of p rocainamide 
reaches a peak of 8 mg!L (l mg!L = 4.3 ~-tM). (Adapted from the data of Koch-Weser, J.: In Pharmacology and 
the Future: Prohlems in Therapy. Edited by G.T. Oldta and C.H. Archeson. Karger, Basel, 1973, Vol. 3, pp. 
69-85.) 
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dosage show a wide range of concentrations, leading one to question if selection of patients 
showing toxicity might have occurred. To avoid this bias, each of the patients should he 
titrated through all the responses. This is, of course, ethically unacceptable. Our informa-
tion on toxicity must come from the patient who, for one reason or another, exhibits toxicity 
because the drug concentration is excessive or who has an unusual response at a low 
concentration. 

Desired Effect 
+ 1 

~ +0.5 Utility Curve 
:0 
<'13 
.0 
0 .... 
a.. 0 "0 
(J.) Hypersensitivity -.s::::. 
Cl 
(J.) s 

- 0.5 Serious 
Toxicity 

-1 
0.1 0.3 1.0 3 10 30 100 

Plasma Drug Concentration (hlg/L) 

Fig. 5-4. Schematic diagram of the weighted probabilities of responses versus the plasma concentration of a 
drug. The probabilities from Fig. 5-3 (plus a hypothetiCal hypersensitivity reaction) are weighted by the follow-
ing factors: desired effect, 1; hypersensitivity, -5; minor toxicity, -1; serious toxicity, -5. The algebraic sum of 
the weighted probabilities is the utility curve (colored line). According to this scheme, the highest weighted 
probability of therapeutic success occurs at 8 mgiL, and concentrations below 2 mg!L and above 12 mg!L are 
potentially more harmful than beneficial. 

For the majority of patients, knowledge of a drug's therapeutic plasma concentration 
range and pharmacokinetics should lead to a more rapid establishment of a safe and effi-
cacious dosage regimen. However, the narrower this range, the more diffl.cult is the main-
tenance of values within it. The plasma concentration ranges associated with successful 
therapy of specific conditions are shovvn in Table 5-2 for a number of representative drugs. 

Several points are worth noting about the data in Table 5-2. First, for most of these 
drugs, the therapeutic concentration range is narrow; the upper and lower limits differ hy 
a factor of only 2 or 3. Of course, for many other drugs, this concentration range is much 
wider. Second, some drugs are used to treat several diseases, and the therapeutic plasma 
concentration range may differ with the disease. For example, a lower coucenlration of 
theophylline is needed to abolish episodes of recurring apnea in premature infants than is 
needed to substantially improve pulmonary function in patients with chronic aiJway dis-
eases. Next, the upper limit of the plasma concentration may be either, like n01triptyline, 
a result of diminishing effectiveness at higher concentrations without noticeable signs of 
increasing toxicity or, like cydospo1ine, a result of the possibility of nephrotoxicity. The 
upper limit may also be due to limiting effectiveness of the drug, as with the use of salicylic 
acid to relieve pain. Finally, toxicity may he either an extension of the pharmacologic 
property of the drug or totally dissociated from its therapeutic e±Tect. The hemorrhagic 
tendency associated with an excessive plasma concentration of the oral anticoagulant, war-
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farin, is an example of the former; the ototoxicity caused by the antibiotic gentamicin is an 
example of the latter. 

Distinction also needs to be made between the steepness of a concentration- response 
curve and the width of a therapeulic wimluw. This point is illustrated schematically in Fig. 
5-5. Figure 5- 5A shows a drug with a wide therapeutic window. The wide window occurs 
despite steep concentration-response curves for both efficacy and toxicity. Here toxicity 
occurs at concentrations well above those needed to achieve maximum desired effect. The 
normal strategy would be to ensure that all patients receive a dosage regimen that produces 
plasma concentrations that achieve maximal efficiency without toxicity. Figure 5-SB shows 
a drug with a narrow therapeutic window. The narrow window occurs despite shalJow 
concentration-response ctmres for both efficacy and toxicity. This narrowness arises be-
cause the response curves overlap well below maximal efficacy, so that it is difficult to find 
plasma concentrations that produce efficacy without some degree of hmiting toxicity. 

It is to be stressed that significant interindividual variability may occur in both the 
efficacy and toxicity response curves, leading to differences among individuals in the lo-
cation and width of the therapeutic window. This should be kept in mind when considering 
the therapeutic windows ]jsted in Table 5- 2. The values are derived from patient popula-
tions requiring the dmgs and apply to the average patient within those populations. Also, 
keep in mind that the ultimate objective is to treat each individual patient as efficaciously 
~md safely as possible and not to keep his or her plasma concentrations within the rec-

Table 5-2. Representative Drugs and Their Plasma Concentrations Usually 
Associated With Successful Therapy 

DRUG 

Acetazolamide 
Amikacin 
Amitriptyline 
Carbamazepine 
Cyclosporine 
Desipramine 
Digitoxin 
Digoxin 
Ethosuximide 
Gentamicin 
Lidocaine 
Lithium 
Nortriplyline 
Phenobarbi tal 
Phenytoin 

Procainamide 
Propranolol 
Salicylic Acid 

Theophylline 

Tobromycin 
Warfarin 
Valproic Acid 
Vancomycin 

DISEASE/CONDITION 

G laucoma 
G ram-negative infection 
Depression 
Epilepsy 
Organ transplantation 
Depression 
Cardiac dysfunction 
Cardiac dysfunction 
Epilepsy 
Gram-negative infection 
Ventricular arrhythmias 
Monic and recurrent depression 
Endogenous depression 
Epilepsy 
Epilepsy 
Ventricular arrhythmias 
Ventricular arrhythmias 
Angina 
Aches and pains 
Rheumatoid arthritis 
Rheumatic fever 
Asthma and chron ic obstructive 

airway diseases 
Apnea 
Gram-negative infection 
Thromboembolic diseases 
Epilepsy 
Penicillin-resistant infection 

0 Thir1y minutes after o 30m in infusion. 
b Parent drug plus Ndesmetloy/ metabolite. 
c Whole blood. trouglo concentration. 
d Suggested threshold concen trolion. 
0 Milliequivolents/liter. 
1 Sample obtained just before next dose. 
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0 .0006-0 002 
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2-6 

0.05-0.15 
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0.02-0.2 
20-100 
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6-20 

5-10 
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l-4 

40-100 
5-151 

pMI 

50-150 

0.43-0.90 
17-51 

0.13-0.34 
045 

0 .013 ..0.026 
0.0008-0 003 

180 540 
7-21 
4-25 

0 4-1.4" 
02-0.6 
40-120 
30-60 
30-60 
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1800-3000 
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28-55 
35- 120 

3-1 3 
280-690 
3.3-10 

AMN1082 
Amneal Pharmaceuticals LLC v. Alkermes Pharma Ireland Limited 

IPR2018-00943



60 THERAPEUTIC RESPONSE AND TOXICITY CHAPTER 5 

ommended therapeutic window. This window does serve as a useful guide, however, par-

ticularly in the absence of additional information about the individual. 

Therapeutic Correlates 
So far, plasma concentration has been assumed to he a better correlate of a drug's thera-

peutic response and toxicity, in a population of patients needing a drug, than any other 

measure. However, since doses are administered, why not use dose as a therapeutic cor-

relate? Ce1tainly, in most cases, response, plasma concentration, and amount of drug in 

the body all increase with dose. Still, plasma concenh·ation is expected to be a better 

Fig. 5-5. The \vidth of a tllerapeutic 
window depends o n the degree of 
overlap of the efficacy (black lines) and 
toxicity (colored lines) concentration-
response cwves. A, The therapeutic 
window (shaded) is wide despite steep 
concentration-re~ponse curves fo r 

both efficacy and toxicity, as ilicre is 
virtually no overlap between the two 
response cwves. B, The tllerapeutic 
~vinclow (shaded) is narrow because of 
a lugh degree of overlap between ef-
ficacy and toxicity even iliough boili 
the resp onse cunres are shallow. 
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correlate than dosage. This must be true following a single dose of drug, since with dose 
alone no account is taken of time. It may also he true for continuous drug administration 
but for a different reason. 

The objective of most drug therapy is to maintain a stable therapeutic response, usually 
by maintaining an effective plasma concentration. Figure 1-6 (Chap. 1, p. 6) shows the 
relationship between the steady-state plasrna couceutratiun and the rate of administration 
of phenytoin, expressed as the daily dose per kilogram of body weight. There are large 
intcrindividual deviations in the plasma concentration at any dosing rate; in the patient 
cohort studied, the p lasma concentration ranged from nearly 0 to 50 mg!L when the dosing 
rate is 6 mglday/kg of body weight. Had no correction been made for body weight, the 
deviations would have been even greater. In contrast, plasma concentration correlates rea-
sonably well with effect. Thus, seizures are usually effectively controlled at concentrations 
between 10 and 20 mg!L; side effects occur with increasing frequency and severity as the 
plasma concentration exceeds 20 mg!L, as shown in Fig. 5-6. The first sit,rn of toxicity is 
usually nystagmus, which appears above a concenh·ation of approximately 20 mg!L; gait 
ataxia usually appears with a concentration approaching 30 mg!L, and prolonged drowsiness 
and lethargy may be seen at concentrations in excess of 40 mg!L. 

For phenytoin, plasma concentration is a better correlate than dose dming chronic 
administration because pharmacokinetics is the major source of variability between dose 
and response. For other drugs, such a<; ampicillin, pharmacoki.netic variability within the 
patient population is relatively small, and variability in the concentration-response curve 
is large. In such cases, plasma concenlraLiou i~ lJU Letter a correlate with response than 
dose and indeed may be worse if, for example, metabolites contribute to activity and toxicity 
(see below, Additional Considerations). 

ADDITIONAL CONSIDERATIONS 
Despite the appeal, measurement of plasma concentration is relatively uncommon in clin-
ical practice (See Concentration Monitoring, Chap. 18). The major reason is the wide 
margin of safety of many drugs with direct and simple means of assessing the therapeutic 
and toxic responses. Another is that plasma concentration often correlates poorly with 
measured response. Some examples of poor correlations with explanations, where lmown, 
follow. This subject is considered further in Chap. 20, Pharmacologic Response. 
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Changes 
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Fig. 5-6. The sevelity of the untowanl effects 
of phenytoin increases in proportion to its con-
centration in plasma (l mg!L = 4.0 11M). (Mocl-
in<·!rl fmm Kntt, H ., Winters, W ., Kokenge, R. , 
and YlcDowell, F.: Diphenylhydantoin metabo-
lism, blood levels, and toxicity. Arch . Neural., 
11:642- 648, 1964. CopyTight 1964, American 
Medical Association.) 
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Active Metabolites 
Unless active metabolites are also measured, poor correlations may exist. For example, 

based on its plasma concentration, alprenolol is more active as a ~-blocker when given as 
a single oral dose than when adrninistered intravenously. This drug is highly cleared by the 

liver, and so in terms of the parent drug, the oral dose is poorly bioavailable. However, 

large amounts of metabolites, including an active species, 4-hydroxyalprenolol, are formed 

during the absorption process, which explains the apparent discrepancy. The tricyclic an-
tidepressant amitriptyline offers a second example. Its antidepressant activity correlates 

poorly with the plasma concentration of parent drug. Only when the conh·ibution of its 

active desmethyl metaboDte is also considered can useful correlations be established. Other 

examples of active metabolites and the implications with respect to their pharmacologic 
response are discussed in Chap . 21, Metabolite Kinetics. 

Chirality 
About 40% of drugs contain one or more asymmetric (chiral) centers in the molecule. For 

each center, there are two possible mirror images or enantiomers, the R- and S-forms, 

which often differ in their pharmacokinetic and pharmacodynamic properties. Because of 
difficulty and cost of separation, the majority of synthetic chiral drugs are marketed as 

racemic mixtures. Failure to use a stereospeci£c chemical assay to measure the individual 
enantiomers can therefore lead to problems when attempting to correlate plasma concen-
tration \Nith response following administration of the racemate. Even when a stereospecific 

assay is employed, it is not always easy to know how to combine the enantiomer concen-
trations to relate to response when both enantiomers contribute to activity. For example, 

although R-warfarin is less potent than S-warfarin, it can still produce fuH anticoagulation. 

Thus, response cannot be related simply to the sum of the concentrations of warfarin 
enantiomers. 

Tolerance and Acquired Resistance 
The effectiveness of a drug can diminish with continual use. Acquired resistance denotes 

the diminished sensitivity of a population of cells (microorganisms, neoplasms) to ache-
motherapeutic agent; tolerance denotes a diminished pharmacologic responsiveness to a 

drug. The degree of acquired resistance va1ies; it may be complete, thereby rendering the 

agent, e.g., an antibiotic, ineffective against a microorganism. The degree of tolerance also 
varies but is never complete. For example, within days or weeks of its repeated use, subjects 

can develop a profound tolerance but not total unresponsiveness to the phm.macologic 

effects (euphoria, sedation, respiratory depression) of morphine. Tolerance can develop 
slowly; e.g., tolerance to the central nervous system effects of ethanol takes weekc;. Toler-

ance can also occur acutely (tachyphylaxis). Thus, tolerance, expressed by a diminished 
cardiovascular responsiveness, develops within minutes follovving repetitive administration 
of many ~-phenethylamine-type sympathomimetics, such as isoproterenol. At any moment, 
a correlation might be found between the intensity of response and the plasma concentra-
tion of the drug, but the relationship varies with time. 

Single-Dose Therapy 
On e dose of aspirin can often relieve a headache, which docs not return even when all the 
drug has been eDminated . Other examples of effective single-dose therapy include the use 
of isoproterenol to relieve an acute asthmatic attack, colchicine to treat an acute gouty 
attack, nih·oglycerin to relieve acute episodes of angina, and morphine to relieve acute pain. 

Although the specific mechanism of action is often poorly understood, the overall effect is 
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known; the drug returns an out-of-balance physiologic system to within normal bouncls. 
Thereafter, feedback control systems within the body maintain homeostasis. The need for 
drug has now ended. In these instances of single-dose therapy, a correlation between eHect 
and peak plasma concentration may exist, but beyond the peak, any such correlation is 
unHkely. 

Duration Versus Intensity of Exposure 
Some chemotherapeutic agents, e.g. , methoh·exate, exhibit peculiar relationships between 
response and dose. The response observed relates more closely to the duration of dosing 
than to the actual dose used or concentrations produced. This behavior for methotrexate 
can be explained by its activity as an antimetabolite. It inhibits dihydrofolate reductase, 
thereby preventing many methylation reactions in the body. These reactions can be inhib-
ited for short periods of time, a few days, without causing irreversible damage. When the 
exposure is sufficiently prolonged, however, the damage is in-eversible and potentially 
lethal. 

Time Delays 
It often takes some time for a measured response to fully reflect a given plasma concen-
tration of drug. Until then, the continuously changing response makes <:my correlation 
between response and plasma concentration extremely difficult to establish. One source of 
the delay is the time required for equilibration to occur between dmg in plasma and that 
at the site of action, usually in a tissue. This delay may be short if the dmg enters the tissue 
rapidly; when effective, lidocaine suppresses venb·icular arrhythmias within a few minutes 
of giving a bolus dose; thiopental induces anesthesia even more quicldy. When the target 
organ resides in a slowly equilibrating tissue, the delay may be many hours. For example, 
the maximum cardiac effects of digoxin are not seen for an hour or more after admini ste1ing 
an i.v. bolus of the drug. 

Another source of delay can arise when the response monitored is an indirect measure 
of drug effect. A change in blood pressure is an indirect measme of either a change in 
peripheral resistance, in cardiac output, or in both. Plasma uric acid is another example; 
here, the direct effect is an alteration in uric acid synthesis or elimination. Yet another 
example of an indirect response is the change in the serum prothrombin complex activity 
produced by coumarin oral anticoagulants. The more direct effect of these anticoagulants 
is to inhibit synthesis of the prothrombin complex. 

The delay between attainment of a plasma concenh·ation and maximal indirect effect 
varjes. Full response in blood pressure to a change in peripheral resistance or in cardiac 
output occurs within minutes, whereas maximal response of the prothrombin complex 
activity to warfarin is not seen for 1 to 2 days after an oral dose of this anticoagulant 
(Fig. 5-7). 

Uric add and the prothrombin complex are examples of endogenous materials. Such 
materials are continuously being renewed, with the pool size reflecting the balance between 
input and loss. The impact of changes in input and loss on the ]dnetics of endogenous 
compounds and the appropriate interpretation of such data are covered in greater detail 
in Chap. 23, Turnover Concepts. 

MODALITY OF ADMINISTRATION AND THERAPEUTIC OUTCOME 
As mentioned at the beginning of this chapter, maintenance of a plasma concentration is 
not always a desirable therapeutic objective. Sometimes, a fluctuating concentration is more 
desirable. Much depends on the pharmacodynamic features of efficacy and toxicity. This 
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F ig. 5- 7. The sluggish response in the plasma 
prothro111bin complex activity to inhibition of it~ 
synthesis hy warfarin reflects the inuirect natme 
of t he measurement and the slow e limination of 
tllis cuu1plex . . Fot Lhe first 2 clays after giving a 
dose of warfarin, the complex activity steadily 
decreases. D urin g tbc first uay, the concentra-
tion of warfarin is suHlcient to almost com-
pletely block complex synthesis. As warfarin 
conccntr;ttion taUs, the syn thesis rate of the 
complex increases and by 48 llr equals the rat6 
of degradation of tl•e complex. The reafter, with 
the syntl1esis rate exceeding Lhe rate of degra-
dation, the complex activity rises and eventually, 
when all the warfarin has been eli minated, re-
b u·ns to the normal prewarfrui n steady-stale 
leveL The data points are the averages following 
the oral administration of 1.5 mg warfarin so-
dium per kg body weight i11 5 male volunteers 
(1 mg/L = 3.3 J.!M ). (F rom Naga~hima, R., 
O'Reilly, H.. A., and Levy, C. : Killc tics of phar· 
rnacologic effects in man: The anticoagulant ac-
~ion of wru-farin. C lin. Phunnacol. Ther.,l0:22-
35, 1969.) 

2 Days 

Fig. 5- 8. The influence of length-
enin,g the dosing interval on the dai ly 
dose needed to produce .50% of max-
imal efficacy in t reating pneumonia 
due to Klebsiella pnewnoniae in neu-
tropenic 1nice varies with the anti-
microbial agent. Wherea> no d1ange 
in daily dose is needed with genta-
micin (black curve), much larger 
doses of ceftazidime (colored curve) 
are needed when administe red less 
frecplCntly. (From Leggett, J.E., 
F antin , B., Ebert, S.C., Totsulca, K., 
Vogelman, 1\ ., and Craig, W.F.: 
Comparative antibiotic dose-effect 
relationships of several dosing inter-
vals in mur ine pneumonitis and 
thigh-infection models. J. I nfect. 
Dis .. 159:281-292, 1989.) 

1000 

0 
0 2 4 6 8 10 12 
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point is well illustrated with the antimicrobial agents. The purpose of antimicrobial therapy 
is the eradication of an infection with minimal toxicity. Figure 5- 8 shows major differences 
in the effect of dosing frequency on the daily dose of ceftazidime and gentamicin required 
to produce 50% of maximal efficacy in pneumonia that is due to Klebsiella rmeunwniae in 
neutropenic mice. Whereas decreasing the frequency of administration, and hence increas-
ing the degree of fluctuation in plasma conceptration, drastically diminished the efficacy 
of ceftazidime, it had minimal effect on gentamicin. The explanation lies in the different 
pharmacodynamic pm£les of these two drugs. 
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Ceftazidime, like other ~-lactam antibiotics, exhibits only minimal concentration-de-
pendent bactericidal activity, so that bacterial killing is more dependent on time above the 
minimal bactericidal concenb:ation than on the magnitude of the drug concentration. 
Greater benefit is therefore achieved with more frequent administration that minimizes 
the possibility of the plasma concentration falling too low. An additional reason for frequent 
administration is that the duration of the postantibiotic effect-whereby bacterial growth 
is suppressed for some time after intermittent e1.rposure of bacteria to the antimicrobial 
agent- is very short with the ~-lactmn antibiotics. 

In contrast to ceftazidimc, gentamicin and other aminoglycosides produce a prolonged 
post~mtibiotic e:Hect. They also exhibit marked concentration-dependent killing over a \Nide 
range of concenuations with higher values having a more pronounced e:Hect on the rate 
and extent of bactericidal activity. Accordingly, large infrequent doses of gentamicin are as 
effective and potentially more so than smaller more frequent ones. 

Although data in patients \>Vith infections, of necessity, are more variable than those 
obtained in the experimental mouse model, they do tend to bear out the findings in Fig. 
5-8. Moreover, studies indicate that the nephrotoxicity of the aminoglycosides can be re-
duced by a once-daily regimen compared to more frequent admmistration. This may e1.'Plain 
the tendency, in some quarters, to move from a thrice-daily to a once-daily administration 
of gentamicin. 

ACHIEVING THERAPEUTIC GOALS 
Chapters 6 and 7 present the basic principles for establishing and evaluating dosage regi-
mens for those drugs that show reasonably valid correlations of response with dose and 
concentration. Chapter 6 examines features of constant-rate input, while Chap. 7 examines 
the principles underlying the administration of dmg in discrete doses to attain and maintaiil 
therapeutic concentrations. Some additional complexities of the concentration-response 
relationship are addressed in Chap. 20, Pharmacologic Response. 

STUDY PROBLEMS 

(Answers to Study Problems are in Appendix 11.) 

1. Define the terms: 
a. All-or-none response. 
b. Graded response. 
c. Therapeutic \vindow. 
d. Utility curve. 
e . Tolerance. 

2. Explain why effect (desired or toxic) is often better correlated \>vith plasma concentra-
tion than with close. 

3. List and briefly discuss four situations in which poor plasma drug concentration- re-
sponse relationships arc likely to occur. 1 

4. List the plasma concenb·ation ranges commonly associated with therapeutic responses 
of cyclosporine, digoxin, gentamicin, lithium, phenobarbital, phenytoin, and theoph-
llin - ·,f I ~ J • ' ' ' y e . J • ~ s-- .. ,_, , . , .. 1 _ _ 

- I. 
5. Briefly discuss, with exmnples, two situations for which frequency of administration of 

the same daily dose affects the therapeutic outcome. 
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F ig. U-5. When hepatic metabolism follows Michaelis-Menten kinetics, the rate of metabo-lism increases (top graph) toward a maximum value, Vm, as the plasma drug concentration is increased. The concentration at which the rate is one-half the maximum is the Km value. The un-bound metabolic dearance (bottom graph) falls with increasing drug concen tration. The concen-tration at which the clearance is one-half the maximum is i:llso the Km value . The equations for the relationships are shown. 
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CHAPTER 11 
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Km 

Unbound Plasma Drug Concentration 

perfusion, plasma protein binding, and enzyme activity arc altered. One of these models, the well-stirred model, in which instantaneous and complete mixing occurs within the liver, is particularly attractive because it can readily be used to summarize these principles. Even though it may not be quantitative, the model allows one to predict those situations in which either clearance or extraction ratio is affected and the expected direction of change. The well-stirred model states that 

CL = QH · fub · CLint 
b,H QH + fub. CL. 1nt 

13 

where Q H is the hepatic blood flow; CLint is the intrinsic clearance that relates rate of metabolism to unbound concentration at the enzyme site, and fttb is the fraction unbound in plasma. The hepatic extraction ratio, CLb,HIQFJ, is then 

14 

These two equations have the desired properties at the limits. Thus, when EH ap-proaches 1.0 (the perfusion rate-limited condition), jitb · CLint is much greater than QH, 
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and clearance approaches QH (Eq. 13). Changes in CLint and fit here are not expected to 
influence CL11 and EH much. Conversely, when EH is small, QH must be much greater 
than fith · CLint· Now EH and CL11,H are approximated by fob · CL;11/QH and fitb · CL;111, 
respectively; the value of the extraction ratio depends on all three factors, whereas clearance 
depends only onfub and CLuw 

Equation 14 offers an explanation for why the extraction ratios of most drugs appear to 
be either low (EH < 0.3) or high (E11 > 0.7). Suppose, e.g., that the hepatocellular activity 
(intrinsic clearance) varied evenly from 0.01 to 100 Umin among a large group of com-
pounds, i.e., over a 10,000-fold range, and that none is bound in plasma (lith = l.O). Then 
substitution of these values into Eq. 14 shows that only those drugs with an intJinsic clear-
ance in the narrow range of 0.43 · QH to 2.3 · QH have an intermediate extraction ratio, 
i.e. values between 0.3 and 0.7. 

Strictly, as whole blood delivers drug to the liver, the fraction unbound in Eqs. 13 and 
14 should refer to that in blood, not plasma. For didactic purposes, however, here and 
throughout remainder of the book where Eqs. 13 and 14 are applied, the two terms are 
equivalent. A major discrepancy occurs when the blood-to-plasma concentration ratio is 
much greater than l. 

first-Pass Considerations 
To reach the general circulation, a drug given orally must pass through the liver yja the 
portal system. The fraction escaping elimination by the liver, F H • is the upper limit of the 
oral bioavailability. It may be calculated from the hepatic extraction ratio, EH, since 

Maximum oral bioavailability = 1 - Hepatic extraction ratio 15 

Hepatic extraction ratio can be estimated if the hepatic (blood) clearance and hepatic blood 
flow are known or can be approximated. 

For illustrative purposes, consider the following data obtained after an intravenous (i.v.) 
dose (500 mg) of a drug: Cumulative amount excreted unchanged (Ae"') = 152 mg, AUG 

= 385 mg-min/L, and the blood-to-plasma concentration ratio (C1/C) = 1.2. Exh-arenal 
elimination is assumed to occur only in the liver. The clearance (Dose/AUG) is then 1.3 
U min, and the blood clearance [ CL/( C,)C)] is 1.08 U min. The fraction excreted unchanged 
(Aea!Dose) is 0.304. Accordingly, the renal blood clearance ( fe · CL11 ) is 0.32 U min, and 
by difference, the hepatic blood clearance [(1 - Je;,CL1J is 0.76 Umin. Dividing by hepatic 
blood flow to obtain the hepatic extraction ratio, the maximum oral bioavailahility is 

16 

which, in this example, is 0.56 for a hepatic blood flow of 1.35 Umin. Being physiologically 
detenuined, no amount of pharmaceutical manipulation can improve on this value for an 
oral dosage formulation . Any drug with a high hepatic extraction ratio (see Table 11-2) has 
a low oral bioavailability. There may be other factors that limit drug reaching the portal 
vein and so further decrease bioavailability, as ue:;criLed in Chap. 9, Absorption. 

first-Pass Predictions 
The effects of changing blood flow, inhinsic clearance, or protein binding on first-pass 
extraction can be predicted using the w ell-stirred model by substituting Eq. 14 into the 
relationship F H = 1 - EH. That is, 

.. 
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17 

It should be re-emphasized that the prediction here, for changes in CLu, EH, and Fu 
with changes in Qn, CLilrt• or ftt 17, are based on modest alterations. A low extraction ratio 
drug can become a high extraetion ratio drug if CLint or ju, is increased or if Q 11 is decreased 
by a sufficiently large factor (Fig. 11-4). The p1inciples here refer to tl1e relative tendencies 
that modest changes in these factors are Ukely to produce. 

The effect on first-pass extraetion can also he visualized by regarding perfusion and 
protein binding to be in competition with enzymatic activity; perfusion and protein binding 
help to move drug through the organ, rnal<ing drug available to the general circulation, 
whereas enzyme activity removes drug from the perfusing blood. 

Consider first the case of a drug with an EH near zero, that is, QH much greater than 

fu6 · CLint· Then FH is independent of changes in QH, CLint or fub. This is not surprising 

as the extraction is so small that everything presented gets past the liver anyway. Consider 
next the condition in wl1ich fub · CLint is much greater than Qn, so that EH approaches 1.0. 
In this case, Fn = Q1/lfub · CL;,1) , that is, bioavailability is low and dependent on all three 
factors. An increase in blood How increases bioavailability by decreasing the time drug 
spends in the liver, where elimination occm s. An increase in either enzymatic activity or 
in fuh (which raises the unbound concentration for a given incoming total concentration) 

decreases bioavailability by increasing the rate of elimination for a given rate of presentation 
to the liver . 

Biliary Excretion and Enterohepatic Cycling 

Small molecular weight drugs arc found in bile; whereas protein drugs tend to be excluded. 
Drug in bile enters the intestine after storage in the gallbladder. In the intestine it rnay be 
reabsorbed to complete an enterohepatic cycle. Drug may also be metabolized in the liver, 
e.g., to a glucuronide. The glucmonide is then secreted into the intestine, where the 

~-glucuronidase enzymes of the resident flora may hydrolyze it back to the drug, which is 
then reabsorbed. Ente rohepatic cycling of drugs directly and indirectly through a metab-
olite is represented schematically in Fig. 11-6. Recall from Chap. 2 that enterohepatic 
cycling is a component of distribution not elimination. 

Any drug in bile not reabsorbed, eitl1er directly or indirectly via a metabolite, is excreted 

from the body via the feces. The efficiency of biJiary excretion can be expressed by biliary 
clearance. 

B
.
1
• I (Bile flow) · (Concentration in bile) 

1 1ory c earance = . . 
(Concentration m plasma) 

18 

~ow is a relatively steady 0.5 to 0.8 mUmin. Thus, for a drug with a concentration in 

the bile equal to or less than that in plasma, the biliary clearance is small. A drug that 
concenb·ates in the bile, however, may have a relatively high biliary clearance. Indeed, the 

bile-to-plasma concentmtion ratio can approach 1000. Therefore, biliary clearances of 500 
mUmin or higher can be achieved. Eventually, of course, biliary clearance is limited by 
hepatic; perfusion. 

Bile is not a product of filtration, but rather of secretion of bile acids and otl1er solutes. 
The pH of bile averages about 7.4. The biliary transport of drugs, however, is similar to 
active secretion in tbe kidneys (p. 172) in that it may be competitively inhibited. 

A few generalizations can be made regarding the characte1istics of a drug needed to 
ensure high biliary clearance. First, the drug must be actively secreted; separate secretory 
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mechanisms exist for acids, bases, and un-ionized compounds. Second, it must be polar, 
and, last, its moleculru· weight must exceed 250 glmolc. The latter two requirements may 
he a consequence of the apparent porous as well as lipophilic nature of bile cannaliculae. 
Both nonpolar and small molecules may be reabsorbed. These arguments do not aid in 
predicting the na:tme and specificity of the secretory mechanisms, but they do aid in pre-
dicting the likelihood of a high biliary clearance. For example, glucuronide conjugates of 
drugs are polar, ionized, pKa about 3, and have molecular vveights exceeding 300 g/mole. 
They are often highly cleared into bile. 

RENAL CLEARANCE 
When the rate of minary excretion is directly proportional to the plasma drug concentra-
tion, 

Rate of excretion = CLR · C 19 

renal clearance is constant. This constancy forms the basis for the use of urine data to 
determine the time course of a drug in the body (Chap. 3). Interpretation of urine data 
with respect to plasma concentration is clearly complicated for drugs whose renal clearance 
vades. Factors that in:Buence Tenal clearance include plasma drug concentration (see Chap. 
22, Dose and Time Dependencies), plasma protein binding, urine flow, and urine pH. How 
these factors influence renal cleru·ance is explained by the anatomy and physiology of the 
kidneys. 

The Nephron: Anatomy and Function 
The basic anatomic unit of renal function is the nephron (Fig. 11- 7). Basic components 
are the glomerulus, proximal tubule, loop of Henle, distal tubule, and collecting tubule. 
The glomerulus receives blood first and illters about 120 mL of plasma water each minute. 
The filtrate passes down the tubule. Most of the water is reabsorbed; only 1 to 2 mUmin 

Portal 
Vein 

®----@ 

Elimination of 
Drug and Metabolite 

Liver 

Bile 

Intestine 

Fig. 11-6. When a drug (D) is absorbed from 
intestine, excreted in bile, and reabsorbed from 
intestine, it has undergone enterobcpatic cycling 
(co.lored (UTOWS), a component of rustlibution. 
Similarly, when a dmg is converted to a mctubo-
lite (M) that is secreted in bile, convc1ted hack to 
drug in the intestine, and drug is reabsorbed 
(dashed arrows), the dmg has also undergone cn-
te rohepatic cycling, in this case indirectly through 
a metaholitc. 
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DISTRIBUT ION KINETICS 

OBJECTIVES 
The reader will be able to: 

1 _ State why the one-compartment model is sometimes inadequate to describe kinetic events 

within the body. 

2. Compare the sum of two exponentials with the compartment model for representing plasma 

concentration data showing distribution kinetics. 

3. Estimate clearance and the half-life of the phase associated with the maiority of elimination 

given plasma concentration-time data of a drug showing d istribution kinetics. 

4 . Define and estimate the distribution parameters: initial d ilution volume (VJI, volume during 

the terminal phase (V), and volume of distribution at steady state (Vssl· 

5. Describe the impact of distribution kinetics on the interpretation of plasma concentration-

time data following administration of a single dose. 

6_ Explain the influence of d istribution kinetics and duration of administration on the time-

courses of concentration in p lasma and amount in tissue during and after stopping a con-

stant-rate infusion. 

7. Describe how distribution kinetics influences the fluctuations of plasma and tissue levels w ith 

time during a multiple-dose reg imen. 

8. Explain how distribution kinetics can influence the interpretation of plasma concentration-

time data and terminal half-life when clearance is altered. 

The first four sections cover most of the fundamentals of pharmacokinetics. Section Five 
now expands on selected topics; it begins with chapters on distribution kinetics and phar-
macologic response. Subsequent chapters deal with metabolite kinetics, dose and time 
dependencies, turnover concepts and dialysis. These topics do not build on each other as 
extensively as do the previous topics. Notable exceptions to this statement are found in 
applications of distribution kinetic concepts in the chapters on pharmacologic response, 
turnover concepts, and dialysis. 

Portraying the body as a single compartment is appropriate for establishing the funda-
mental principles of pharmacokinetics but is an inaccurate representation of events that 
follow drug administration. A basic assumption of the concept of a one-compartment rep-
resentation of distribution is that equilibration of drug between tissues and blood occurs 
spontaneously. In reality, distribution takes time. The time required depends on tissue 
perfusion, penneabihty characteristics of tissue membranes for drug, and its partitioning 
between tissues and blood (Chap. 10). Ignoring distribution kinetics is reasonable so long 
as the error incurred is acceptable. This error becomes unacceptable when the one-com-
partment representation fails to adequately explain observations following drug adminis-

313 
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------u·ation; there is a danger of significant misinterpretation of the observations; and major 
discrepancies occur in the calculation of drug dosage. Such situations are most likely to 
arise when either substantial amounts are eliminated or response occurs before distribution 
equilibrium is achieved. This chapter deals v.Ji.th the pharmacokinetic consequence of dis-
tribution kinetics. The impact of distribution kinetics on pharmacologic response is dealt 
with in the next chapter, Pharmacologic Response. 

EVIDENCE OF DISTRIBUTION KINETICS 
Evidence of disb·ibution kinetics is usually inferred from an early rapid decline in plasma 
(blood) concentration following an i.v. bolus dose; when little drug has been eliminated, 
and from the rapid onset and decline in the pharmacologic effect of some drugs during 
this early phase. Data in Fig. 19-1, which show the concentration of thiopental in various 
tissues after an i.v. bolus dose of this preoperative general anesthetic to a dog, provide 
direct evidence of distribution kinetics. Thiopental is a small, highly lipid-soluble drug for 
which disnibution into essentially all tissues is perfusion rate-limited. The results seen with 
this drug are therefore typical of those observed with many other small lipophilic drugs. 

Notice that thiopental in liver, a highly perfused organ, reaches disbibution equilibrium 
with that in plasma by 5 min (the first observation), and thereafter, the decline in liver 
parallels that in plasma. The same holds true in other highly perfused tissues, including 
brain and kidneys. 

Redistribution of thiopental from well-perfused tissues to less well-perfused tissues, such 
as muscle and fat, primarily accounts for the subsequent dedine in plasma concentration 
over the next 3 hr; less than 20% of the dose is eliminated dming this period. Due to a 
combination of poor perfusion and high partitioning, even by 3 hr distribution equilibrium 
in adipose tissue has not been estabHshed. Analysis of the situation indicates that this does 
not occur for several more hours, at which time the majority of thiopental remaining is in 
fat. Recall: The greater the partition of a drug into fat, or into any tissue, the longer is the 
time required to achieve distribution equilibrium (Chap. 10). However, only if the ap-
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Fig. 19-l. Semilogarithmic plot of the concentration of thiopental in various tissues and plasma (colored line) 
following an i.v. bolus dose of 25 mglkg to a dog. Note the early rise and fall of thiopental in the well-perfused 
tissues (e.g., liver) and in lean muscle tissue. After 3 hr much of the drug remaining in the body is in adipose 
tissue (1 mglkg = 4.1 Jlmol!kg). (Redrawn from Brodie, B.B., Bernstein, E., and Mark, L.: The role of body fat 
in limiting the duration of action of thiopental. J. Pharmacal. Exp. Ther., 10.5:421-426, 1952. © Williams & 
WiUcins (19.52).) 
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parent volume of disbibution of a tissue (K P · V r) is a major fraction of the total volume 
of distlihution does uptake into that tissue substantiaUy affect events within plasma. With 
thiopental, ·which has an adipose-to-plasma partition coefficient of 10, fat (0.12 Ukg) con-
stitutes approximately 40% of the total volume of disbibution (2.3 Ukg). Accordingly, the 
plasma concentration of thiopental not only falls markedly, but disbibution takes many 
homs. For other drugs, distlibution may take even longer if partitioning into tissues is more 
extensive than for thiopental. ln contrast, distribution is complete within 30 min after 
administration of theophylline (Fig. 3- 1). Either theophylline does not enter poorly per-
fused tissues or if it does the partition coefficients are very low. It is impossible to distinguish 
between these two possibilities by measuring theophylline only in plasma, as events here 
may poorly reflect those that rnight occur elsewhere. 

INTRAVENOUS BOLUS DOSE 

Presentation of Data 
Sum of Exponential Terms. The early rapid and subsequent slower decline in the 

plasma concentration of aspirin in an individual subject following a 650-mg i.v. bolus dose 
(Fig. 19-2) is typical of many drugs. Had no samples been taken during the first lO min, 
the terminal linear decline of the plasma concentration when plotted on semiloga1ithmic 
graph paper would have been characterized by a monoexponential equation, and one-
compartment disposition characteristics would have been applied to aspilin. Recall: The 
monoexponential equation is C(O) · e-kt, where k is the rate constant with an associated 
half-life, given by 0.693/k, and C(O) is the anticipated initial plasma drug concentration, 
given as the intercept on the plasma concentration axis '.vhen the line is extrapolated back 
to time zero. For aspirin k is 0.050 min - I, the corresponding half-life is 14 :min, and C(O) 
is 33 mg!L. Going further, the volume of distribution [Dose/C(O)] is 20 L and clearance 
(lc · V) is 0.98 Umin. 

Notice that the early plasma concentrations are higher than those anticipated by back 
extrapolation of the terminal slope and that the earlier the time, the greater is the differ-
ence. When the difference at each sample time is plotted on the same graph, all the 
difierence values fall on another straight line, which can be characterized by a monoex-

100 
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C1e - '- tt -.. • 
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Fig. 19- 2. When displayed semilogaritlunically, 
the faU in the plasma concentration of asp irin is ini-
tially rapid but then slows after an i.v. bolus dose of 
650 mg to a subject. The decline in concentration 
(-) can be characterized by the sum of 1:\vo ex-
ponential terms: C 1e - 1' 1t (••••) and C2e - i'21 

(---) 

(1 mg!L = 5.5 j..lM ). (Redrawn from Rowland, M., 
and Riegelman, S.: Pharmacokinetics of acetyls<~li
cylic acid and saHcybc acid after intravenous admjn-
istration in man. J. Phann. Sci., 57:1313-1,'319, 19613.) 
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ponential equation, B(O)e - at, where a is the decay rate constant and B(O) is the corre-
sponding zero-time intercept. For aspirin, a = 0.23 min - l, t 112 = 3.0 min, and B(O) = 

67 mg!L. 
Because all the plasma concentrations at the later times can be fitted by one equation, 

C(O)e-kt and because at the earlier times, all the diflerence values can be fitted by another 
equation, B(O)e -at, it follows that the entire plasma drug concentration (C) versus time 
data can be fitted by the sum of tltese two exponential terms. That is 

C = B(O)e-at + C(O)e-kt 

For example, the biexponential equation C = 61e - 0·231 + 33e- o.osot, where tis time in 
minutes, adequately describes the decline in the plasma aspirin concentration follov.ring a 
650-mg bolus dose. Sometimes, when using this difference procedure, known commonly 
as the method of residuals, a sum of three and occasionally four exponential terms is re-
quired to adequately fit the observed concenh·ation-time data. Since the principles in ap-
proaching such data are tJ1e same as those used to analyze and interpret events described 
by a biexponential equation, only the simpler case is considered further in this book. 

To facilitate the discussion a more uniform set of symbols is needed. Rather than using 
the different symbols a and k, the general symbol A is used to denote tJ1e exponential 
coefficient. Thus, Eq. 1 can be reWiitten as 

2 

where the subscJipts 1 and 2 refer to the first and second exponential terms respectively, 
and C1 and C2 refer to the corresponding zero-time intercepts, or coefficients. By conven-
tion, the exponential terms are arranged in decreasing order of A. For example, in the case 
of aspirin C1 = 67 mgiL, A1 = 0.23 min- I, C2 = 33 mg!L, and A2 = 0.050 min- 1. 

WitJ1 aspirin, two exponential terms and hence t\vo phases are seen when plasma con-
centration-time data are displayed on a semilogarithmic plot. Commonly, the last phase is 
called the terminal phase. \Vith aspirin and many other drugs it is a correct description. 
Sometimes, however, there is an additional, still slower phase, indicating that distiibution 
equilib1ium has not been achieved with all tissues. The terminal phase is often missed 
because the assay procedure employed is insufficiently sensitive to measure the drug con-
centration at these later times. This certainly was the case with aminoglycosides and some 
an1ine dmgs before the advent of more sensitive assays. \1\Tith increased potency of many 
new compounds, analytical sensitivity continues to be an occasional problem in drug de-
velopment. In the subsequent discussion, the observed terminal phase is assumed to be 
correctly designated. 

At time zero the anticipated plasma concentration is, by reference to Eq. 2, equal to 
the sum of the coefficients, C1 + C2. At that time the amount in the body is the dose. 
Hence, by definition, the volume into which drug appears to disbibute initially, the initial 
dilution volume, Vv is given by 

3 

For aspirin, the anticipated initial concentration is 100 ( = 67 + 33) mg!L so that tJ1e initial 
dilution volume of aspirin is 6.5 L. 

It is important to realize that the tllTle for concentration to fall by one-half is only equal 
to a half-life during the terminal phase. Before then, the plasma concentration falls in half 
in a pe1iod of less than one terminal half-life but more than one initial half-life. This is 
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clearly evident on comparing the fall in plasma aspirin concenb·ation in the earlier moments 
with the decline of the first exponential term. 

A Compartmental Model. Although for the majority of situations in pharmacokinetics 
the desired information can be obtained directly from modification of Eq. 2, it is sometimes 
conceptually helpful to represent disposWon pictorially. Figure 19-3, a two-compartment 
model, is a common form of such a representation. Compartment 1, the initial dilution 
volume mentioned above, is also frequently called the central compartment because drug 
is administered into and distlibuted from it. As mentioned, the initial dilution volume of 
aspirin is 6.5 L; for many other drugs it is much larger. These values are clearly greater 
than the plasma volume, 3 L, and therefore this initial dilution volume must be composed 
of additional spaces into which drug dishibutes extremely rapidly. These spaces must be 
ill well-perfused tissues, which probably include liver and kidneys, the major eliminating 
organs. Elimination is therefore usually depicted ~ occurring directly and excLusively from 
the central compartment. Drug distributes between this central compartment and a pe-
ripheral compartment, composed of tissues into which drug distributes more slowly. 

Several points are worth mentioning here. First, the model is defined by the data. The 
number of compartments or pools required equals the number of exponential terms needed 
to describe the plasma concentration-time data. Thus, a three-compartment model is 
needed when the data are best fitted by a triexponential equation. Next, the model depicted 
in Fig. 19- 3, or any other model for which drug elimination is portrayed as occurring 
exclusively from the central compartment, is not unique. Three two-compartment models 
can adequately describe a biexponential plasma concenh·ation decay curve: the one de-
picted in Fig. 19- 3, one with elimination occurring fi·om both compartments, and one with 
loss occurring exclusively from the peripheral compartment. No distinction between these 
three possibilities can be made from plasma concentration-time data alone, and while the 
model depicted in Fig. 19-3 is the most favored one, based on such physiologic consid-
erations as the initial dilution volume exceeding the plasma volume, elimination can some-
times occur in tissues of the peripheral compartment. Moreover, occasionally the liver (or 
kidneys) is not part of the central compartment. For example, the initial dilution volume 
of indocyanine green, a dye used as a dynamic test of hepatic function, is only 3 L, the 
plasma volume. The major peripheral tissue, in this instance the liver, is also the primary 
site of elimination via biliary excretion. A two-compartment model, with elimination oc-
curling only from the pe1iphcral compartment, therefore best describes the disposition 
kinetics of this dye. Last, drug distribution within a compartment is not homogenous. 
Although the concentrations of drug within and among such tissues usually vary error-

Elimination 

Fig. 19-3. A two-compartment model of the 
body. Drug is administered into and climjnated 
from compmtmcnt 1 and distributes between com-
pmtments 1 and 2. Tl1e rate constants for tlte pro-
cesses arc indicated. 
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mously, tissues are lumped together into a compartment because the times to achieve 
distribution eguilibtium in each tissue are similar. 

In Fig. 19-3 movement of drug between compartments can be characterized by transfer 
rate constants, where k 12 denotes the rate constant associated with movement of drug from 
compartment 1 into compartment 2, and k2 1 is the rate constant associated with the reverse 
process. The rate constant k.10 is associated with loss of drug from compartment 1 by 
metabolism and excretion. The unit of all three rate constants i<> reciprocal time. 

Rate equations can be written for movement of amounts between the compartments 
and for dmg elimination. Following an i.v. bolus dose these equations are 

Rate of change = 
of amount of 

- k12 ·A1 k10 ·A1 + k21 ·A2 

drug in 
compartment 1 Rate of movement Rate of Rate of movement 

from compartment 1 elimination from compartment 2 
to compartment 2 to compartment 1 

Rate of change = 
of amount of 
drug in 
compartment 2 Rate of movement 

from compartment 1 
to compartment 2 

Rate of movement 
from compartment 2 
to compartment 1 

4 

5 

where A1 andA2 are the amounts of drug in compartments 1 and 2, respectively. Integration 
of these rate equations provides a biexponential equation, of the same form as Eq. 2, for 

the decline of drug from plasma, except that the coefficients and exponents are recast in 
terms of the parameters de£ning the compatt mental model. E quivalent relationships be-
tween the biexponential and two-compartment models are listed in Table 19- l. 

Table I 9-1 . Equivalent Relationships Between the Biexponential and Two-
Compartment Modelsa 

Plasma concentration 
(C) 

Cleara nce (C L) 

Initial d ilution volume (V1) 

Volume of distribution IV) 
during terminal phase (VJ 

Volume of distribution at 
steady state (V55) 

i. 1 + Jc2 

i.l . 22 

Dose/(~1 + C:;~) 
4 1 Jc2 

Dose/(C, + C2) 
CL/J.2 

0Model in which dtug is eliminated from the iniliol d ilution volume only. 

[
Dose . (k21 - ~ ~ )J e-;.11 +[Dose . (k?.l - A.2)J e- ;.21 

VI (}.2 - 4,) v, (). , - 22) 

1/2[{kl2 + k21 + kiO) + 
Jlk12 + k2 1 + k10l2 - 4k21k10] 

1 /2[(k12 + k2 1 + k10) -

Jlk1 2 + k21 + k10)2 - 4k21 k10] 

k1 2 + k21 + kw 
k21 . kiO 
v, . klo 
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Although expressing data in terms of a comparhnental model and associated parameters 
may appear to give greater insight into the data, caution should be exercised in doing so. 
Remember that the compartmental model chosen is often not unique, and one can rarely 
assit,rn a physical or physiologic meaning to the value of any of the rate constants. Accord-
ingly, much of the subsequent discussion is related to describing drug disposition by the 
sum of exponentials. However, pharmacokinetic observations are discussed in terms of the 
compartmental model when this procedure facilitates general understanding. 

Pharmacokinetic Parameters 
Clearance. Elimination occurs at all times. Just as plasma concentration is highest 

immediately following an intravenous bolus dose, so is rate of elimination (CL · C). Sub-
sequently, both plasma concentration and corresponding rate of elimination fall rapidly. 
To calculate the amount eliminated in a small unit of time, clt, recall that 

Amount eliminated within interval dt = Clearance· C · dt 6 

where C · dt is the corresponding small area under the plasma concentration-time curve 
within the interval dt. The total amount eliminated, the dose administered, is the sum of 
all the small amounts eliminated from time zero to time infinity. Therefore, 

Dose = Clearance· AUC 7 

where AUC is the total area under the plasma dmg concentration-time curve. Accord-
ingly, as with the simpler one-compartment model, clearance (CL) is most readily estimated 
by dividing Dose by AUC. The area may be determined from the trapezoidal rule (Appendix 
I-A) or, more conveniently, by realizing that the total area underlying each exponential 
term is the zero-time intercept divided by its corresponding exponential coefficient. Thus, 
the total area corresponding to Eq. 2 is given by 

AUC= cl + c 2 
21 .1..2 

Area associated Area associated 8 
with with 

initial term last term 

When inse1iing the appropriate values for the aspirin example into Eq. 8, the value ofAUC 
associated with the 650-mg dose is 951 mg-min!L, so that the total clearance of aspirin in 
the individual is 683 mUmin. Notice that clearance is considerably smaller than the value 
calculated assuming a one-compartment model, 985 mUmin. The latter is an overestimate 
of the true value, because more drug is eliminated during the attainment of distribution 
equilibrium tl1an accounted for by the last term. If instead of the first phase a later phase 
is missed, the error in estimating clearance is large only if the missed area is a major fraction 
of the total area. Obviously, given the ease of estimating total area and provided that blood 
sampling times are adequate, the true value for clearance should always be calculated. 

Volume of Distribution. One purpose of a volume term is to relate plasma concen-
tration to amount in the body. The initial dilution volume fulfills this purpose initially. 
Subsequently, however, as drug distributes into the slowly equilibrating tissues, the plasma 
concentration declines more rapidly than does the amount in the body (A). Accordingly, 
as illustrated in Fig. 19-4 the effective volume of distribution (A/C) increases with time 
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until distribution equilibrium between drug in plasma and all tissues is achieved; this occurs 

during the terminal phase. Only then does decline in all tissues parallel that in plasma and 

is propOJtionality between plasma concentration and amount in body achieved. 
The volume of distribution during the terminal phase (V) can be calculated as follows. 

Dming this phase the concentration is given by C2e -l,zt (Fig. 19-2), and correspondingly, 

Amount of drug 
in body during 
terminal phase 

9 

Hence, extrapolating back to time zero, V · C2 must be the amount needed to give a plasma 

concentration of C2, had drug spontaneously distributed into the volume, V. The amount, 

V · C2, remains to be calculated. When placed into the body, the amount, V · C2, is even-

tually matched by an equal amount eliminated. As the amount remaining to be eliminated 

is the product of clearance and area, and as C2 //..,2 is the associated area, it follows that 

or 

100 

E 10 
::I 
0 
E 
<( 

0 

V· c 2 
CL. c2 

}.2 

Amount in Amount remaining 
body to be 

eliminated 

v CL 
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Volume of Total clearance 
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Fig. 19-4. Several events occur following a single i.v. bolus dose. A, Loss of dntg from the initial dilution vo!WI1e, 

of which plasma is a part, is clue to both elimination from the body and distJibution into the more slowly equili-

brating tissues. The fall in amount of dmg in the body is therefore initially less than the fall in the amount in t he 

initial dilution volume. Only when distribution equilibrium has been achieved do the declines in the amoWits in 

the initial dilution volume and in plasma paralle l (same slope) that in the body. A, reflecting these events, the 

apparent volume of distribution (A/C) , which jnst after giving the dose equals the initial dilution volume (V1 ) , 

increases with time approaching a limiting value (V), which occms when distribution equilibrium is achieved. 
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Returning to the example of aspirin, CL = 683 mUmin and A.2 = 0.050 min - l , therefore its volume of distribution is 13.7 L. That is, if during the terminal phase the plasma con-centration is 10 mg!L, then the amount in the body is 137 mg. Since 65 mg (10 mg!L X 6.5 L) are in the initial dilution volume, the remaining 71 mg must be in the tissues with which aspilin slowly equilibrates. 
A comparison of Eq. 11 with the one that has been used in all previous chapters to define the volume of distribution (V = CL!k) shows them to be the same, recognizing the equivalence of k and A.2, the terminal exponential coefficient. 
The ratio V1 N gives an estimate of the degree of eiTor in predicting the initial plasma concentration using a one-compartment model. For example, for aspil·in, with values for V1 and V of 6.5 and 13.7 L , respectively, the error in. predi.cting initial concentrations from the plasma concentration-time data druing the terminal phase can be relatively large. The error can be even larger when predicting conditions beyond the measured final phase if a still slower one exists. This last error is only of concern if there is an appreciable accu-mulation of drug in this phase during chronic administration, a point considered subse-quently in this chapter. 

Distribution Kinetics and Elimination 
During the initial rapidly declining phase, more elimination occurs than would have been expected had distribution been spontaneous. Additional elimination is due to the particu-larly high concenh·ations of <hug presented to organs of eHmination druing this period. For many drugs this increased elimination is small and, with respect to elimination, viewing the body as a single compartment is adequate. For other dmgs, the additional elimination represents a major fraction of the administered dose, and approximating the kinetics with a one-compartment model is inappropriate. Area considerations are a basis for mal<ing this decision. 

Recall from Eq. 9 that elilnination associated with the concentrations defined by the terminal exponential term, C2e -/..2t , gives an amount equal to CL · C2 /A2 . Expressing this amount as a fraction, f 2, of the administered dose and utilizing the relationship in Eq. 8 gives 

Fraction of elimination associated = f. = C2/ A.2 
with lost exponential term 2 AUC 12 

The remaining fraction, f 1, must therefore have been eliminated as a result of concentra-tions above those expected had spontaneous distribution occurred, i.e., those concentra-tions defined by C 1 • e- /..1t. 
Applying Eq. 12 to the case of aspirin, elimination of 69% of the dose is associated with the terminal slope; the remaining 31% therefore must be associated ·with plasma concen-trations above those expected had spontaneous disbibution occurred. Although distribution kinetics cannot be ignored, the majority of aspiril1 elimination is clearly associated with events defined by the tenninal phase, which has a half-life of 14 min. Based on the same reasoning, the terminal half-life is the elimination half-life for most drugs. There are some drugs, however, for which the calculated value ofj2 is low. Gentamicin is an example. Over 98% of an i.v. bolus dose is eliminated before distribution equilibtium within the body bas been achieved. In this case, the reason lies in a penneability-lirnited disbibution of gen-tamicin into certain tissues. Clearly, for gentamicin and similar drugs, the appropriate half-life (biexponential model) defining elimination after a bolus dose is 0.693/A-1. 
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infusion is to match the net rate of movement into tissue. This rate is highest initially, when 
no drug is in tissue. However, as the tissue concentration rises toward plateau, the net 
movement into tissue progressively declines. 

AN EXTRAVASCULAR DOSE 
Often, absorpti on is slower than disb·ibution, so approximating the body as a single com-
partment after an extravascular dose is reasonable. Occasionally, it is not, as illustrated with 
digoxin in Fig. 19-11. Following oral administration, digoxin is absorbed before much 
distribution has occurred, and consequently, the distribution phase is still evident beyond 
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Fig. 19-10. Althougl• a bolus (V1 • Cd) can be giveu 
to initially achieve a desir ed plasma lidocaine concen-
tration of 4 mg!L, Cd, constant infusion nt n rate re-
quired to maintain this value (rate = CL · Cr~) fails to 
do so iu the early moments, owing to distribution ki-
netics. Note that the observed plasma concenb·ation 
(- - , A) is the sum of that associated with the bolus 
(colored solid line) (E q. 2) and that associated with the 
constant-rate infusion (colored dotted line) (Eq. 20). A 
larger bolus dose can be give n to prevent U1e concen-
tration falling below 4 mgll ., but the resulting high ini-
tial plasma concenh·atioos (-- ,B) may increase the 
chance of toxicity (l mg!L = 4.3 11M). 

Fig.l9-ll. Depictedis asemi logari.tbm.icplotof 
the mean concentration of digoxin following 0.5 mg 
administered orally (two 0.25-mg tablets, • ) aud i.v. 
(• ) to four volunteers. Because abso'l)tion is much 
faster than distribution, a biphasic curve is still seen 
after attainm.ent of the peak concentration follow-
ing the oral dose (1 mg!L = 1.3 11M). (Taken frorn 
Huffman, D .H . and AzarnoiT, J.: Absorption of 
orally given digoxin preparations. JA~lA. 222:957-
960, 1972. Cop)'light 1972, Ame1i.cun Medical As-
sociation.) 
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the peak concentration. In this situation the peak concentration and the time of its occur-
rence depend on the kinetics of both absorption and distribution and minimally on elimi-
nation. The implication of these events to drug therapy and monitoring depends on whether 
the site of action resides in a rapidly or a slowly equilibrating tissue. Digoxin distributes 
slowly into the hemt, the target organ. Accordingly, it is inappropliate to relate plasma 
concentration to effect until distribution equiubrium is achieved, 6 hr is a conservative 
estimate for this drug in most patients. Before then, response increac;es due to a rising 
cardiac concentration, even when plasma concentration is declining, rnal<ing any interpre-
tation of the plasma concentration extremely difficult (Chap. 20 p. 3.58). In contrast to 
digoxin, many drugs equilibrate rapidly with such highly perfused tissues as heart and brain; 
then plasma concentration correlates positively with response at all but the earliest times. 

As with the simple one-comparhnent model, bioavaHability is given by F = CL · AUC/ 
Dose, and relative bioavailability is estimated by comparison of AUC values following dif-
ferent formulations or routes of administration, correcting for dose. 

MULTIPLE DOSING 
The impact of disbibution l<inetics on events during multiple dosing is illustrated by the 
data in Fig. 19- 12, obtained follovving an 8-hourly i.m. regimen of gentamicin administered 
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Fig. 19-12. Depicted are semilogaritlunic plots of the levels of' gentamicin in the body occurring during and 
after i.rn. administration, 80 mg, almost every 8 hr (times indicated by arrows) to a patient for just over 8 days. 
The biphasic decline in serum concentration (e ) when administration was stopped was Jl.tteu by a model that 
asswues that gcntan1icin distributes between a slowly equilibrating compartment and a rapidly equilibrating com-
partment fi·om which elimination, entirely by renal excretion, occurs (sec Fig. 19--3). The lines arc the predicted 
concenb·ations (colored line, left-hand ordinate), the amount in the rapidly equilibrating compartment (colored 
line, Ii gbt-hanu ordinate), a value obtained by multiplying the serum concentration by the estimated initial dilution 
volume, and t he predicted amOlmt in the slowly equilibrating compartment (black line, right-hand ordinate). Little 
accumulation and large fluctuations of drug occw· in plasma and the rest of the rapidly equilibrating pool. In 
contrast, the gentamicin slowly, but extensively, accumulates in the slowly equilibrating pool during drug admirl-
istration, with little fluctuation vvith in <l dosing interva~ disappearance of drug from the slowly etluilibrating tissues 
is also slow on stopping gentamicin. D UJ'ing administration, the concentration in plasma after the Nth dose can 
be calculated fi·om the formula 

D {r[l- eN/•1<] [l - e""'·2'] } C = _M e"lt + .f e-:tu 
V I l - :l.rr J2 l -/..2T 

1 - e - e 

where DM is the maintenance Jose given every -r, t is the time since the last dose, and V1 is the initial dilution 
volume. This equation can be derived using the multiple-dosing equation (Appendix I- D ), as~u1ning instantaneous 
absmption, and the mathematical aid (p. 322) (l mg!L = 1.8 11M). (Adapted from Schentag, J.J., and Jusko, vV.J.: 
Renal clearance and tissue accumulation of gentamicin. Clin. Pharmacal. Ther., 22:364-370, 1977. Heproduced 
with permission of C.V. Mosby.) 
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ASSESSMENT OF AUC 

Several methods exist for measuring the area under the plasma concentration-time curve 

(AUG). One method, to be discussed here, is the simple numeric estimation of area by the 

trapezoidal rule. The advantage of this method is that it only requires a simple extension 

of a table of experimental data. Other methods involve either greater numeric complexity 

or fitting of an equation to the observations and then ealculating the area by integrating 

the fitted equation. 
General Case: Consider the blood concentration-time data, first two columns of Table 

A- 1, obtained following oral administration of 50 mg of a drug. What is the total AUG? 

Figure A-1 is a plot of concenb·ation against time after drug administration. If a per-

pendicular line is drawn from the concentration at 1 lu· (7 mg/L) down to the time-axis, 

then the area bounded bet-veen zero time and 1 hr is a trapezoid \v:ith an area given by 

the product of average concentration and time interval. The average concentration is ob-

truned by adding the concentrations at the beginning and end of the time interval and 

dividing by 2. Since, in the first interval, the respective concentrations are 0 and 7 mg!L 

and the time interval is l hr, it follows that: 

or, 

Area of trapezoid 
within the 
first time interval 

= 0 + 7 mg/L 
2 

Average concentration 
over the first interval 

AUC1 = 3.5 mg-hr/L 

X 1 hr 

First time 
interval 

In this example, the concentration at zero time is 0. Had the drug been given as an intra-

Table A-1 • Calculation of Total AUC Using the Trapezoidal Rule 

TIME: 
ihr) 

0 
1 
2 
3 
4 
5 
6 
7 
8 

BLOOD CONCENTRATION 
[mg/l) 

0 
7 

10 
5 
2.5 
1.25 
0.6 
0 .2 
0 

TIMf INTERVAL 
lhrl 

AV[RAGE CONCENTRATION 
(mg/LI 

3.5 
8.5 
7.5 
3.75 
1.88 
0.93 
0.4 
0.1 

AREA 
lmg-hr/L) 

3.5 
8.5 
7.5 
3.75 
1.88 
0.93 
0.4 
0. 1 

Total Area = 26.60 
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Fig. A-I. Plot of concenb-ation-Ume data of Table A-1. The dotted line is the average concentration in the fint 
interval. 

venous (i.v_) bolus, the concentration at zero time might have been the extrapolated value, 
C(O). 

The area under each time interval can be obtained in an analogous manner to that 
outlined above. The total AUG over all times is then simply given by 

Total AUC = Sum of the individual areas 

Usually, total AUG means the area under the curve from zero time to infinity. In practice, 
infinite time is taken as the time beyond which the area is insignificant. 

The calculations used to obtain the AUC, displayed in Fig. A-1, are shown in Table 
A- 1. In this example the total AUG is 26.6 mg-hr/L. 

SPECIAL CASE 
An Intravenous Bolus. When a drug is given as ani. v. bolus and the decline in plasma 

concentration is monoexponential, total AUG is calculated most rapidly hy dividing the 
extrapolated zero-time concentration (C(O)) by the elimination rate constant (k). For ex-
ample, if C(O) is 100 mg!L and k is O.llu--1, then the total AUC is 1000 mg-hr/L. 

Proof The total AUC is given by 

Total AUC = 100 

C · dt 

But C = C(O) · e - kt, and since C(O) is a constant, it follows that 
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Total AUC = C(O) foco e- kt · dt 2 

which on integrating betv.reen time zero and infinity yields 

Total AUC = C(O) [e-k10 = C(O) (0- 1] = C(O) 
- k - k k 3 

When Decline Is Logarithmic. The numeric method used to calculate A UC by the 
trapezoid rule assumes a linear relationship between observations. Frequently, especially 
during the decline of drug concentration, the fall is exponential. Then a more accurate 
method for calculating area during tl1e decline can be used, the log trapezoidal rule, as 
follows. 

Consider, for example, two consecutive observations C(t;) and C(t; + 1) at times t; and 
t; + l> respectively. These observations are related to each other by 

4 

where k; is tl1e rate constant that permits the concentration to fall exponentiaJly from G(ti) 
to G(ti + 1) in the time interval t ; + 1 - t 1, that is, M1. The value of k; is given by taking the 
logarithm on both sides of Eq. 4 and rearranging, so that 

k- = ln(C(ti)/C(ti+ 1ll 
I f:.ti 

5 

Now the AUG during the time interval/1ti, AUG;, is the difference between the total areas 
from t 1 to oo and from ti+ 1 to oo, respectively. It therefore follows from events after an i.v. 
bolus that 

AUC. = C(tJ - C(ti+ 1l 
I k. 

I 

6 

and, by appropriately substituting for k; in Eq. 6, one obtains 

7 

This calculation is then repeated for all observations that lie beyond the peak concentration. 
In practice, a large discrepancy arises benveen tl1c method above and that using the 

(linear) trapezoidal n1le only when consecutive observations differ by more than twofold. 

STUDY PROBLEMS 

l. The following data (Table A- 2) were obtained following the ingestion of 50 mg of a 
drug. 

Table A-2. 

Time (hr} 0 0.5 1.5 2 3 4 6 8 12 
Plasma concentration 

(mg/L) 0 0.38 0.6 0.73 0.85 0.95 0.94 0.87 0.66 0.37 
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