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Preface to the Twenty-First Edition 

For m·er 100 ~-ears and throughout :.W previous editions, Rem­
ington.· The Scien('(? and Pmclice of Pharmacy has stood a_s the 
definitive text and 1-cference som·cc of all aspects of the science 
and pra tice of phannac~·. In this new edition, you will find a 
text that is practice-oriented while maintnining its tradition ­
alh· reliable coYerage of scientific aspects . The 21'' edition 
k~ps pace with the changes in pharmacy curriculum and pro­
fessional plrnrmac~, practice in general. 

In the years since the first publication of Remington's 
Pharmoceuticnl Sci<mces. there have been many changes in 
the field of pharmacy and pharmacy practice. Although this 
edition of Remington maintains the general philosophy of pre­
,;ous editions. se,·eral changes have been made to present 
fresh and new information and to take advantage of the 
adrnnces made in recent years . Each section of the book has 
been critically reviewed and revised to refl ect the emerging 
trends in the field. The overall organization of the book is the 
same as the previous editions. 

The biggest change in the 21st edition is in the Pharmacy 
Practice section. This section has been reorganized and 
expanded to reflect the changing realities of comtemporary 
practice. The integration of new scientific information into clin­
ical practice is often difficult. and one of the key purposes of this 
section is to help clinicians translate these scientific advances 
into clinical practice and care of patients. This section brings 
the reader up to date on the latest trends and approaches. New 
chapters have been added that cover the a reas of: 

• The application of ethical principles to practice dilemmas 
• tatistics applied to pharmacy practice 
• Technology and automaiion 
• Professional communication 
• Medication errors 
• Re-engineering pharmacy practice 
• ~1anagement of special risk medicines 
• Special ization of pharmacy practice 
• Disease state management 
• Emergency patient care 
• Wound care 

The Pharmaceutical and Medicinal Agents section is the 
most very useful part of ihe book in terms of core drug infor­
mation. For this <edition, we've added more than 100 new drug 
monograph , and the previou~ly existing material has been up-

dated. We rea li ze that this is a section that is nearly impossible 
to keep current, and we've tried to include as many new drugs 
as possible. Beca use of space constraints, we were limi ted to the 
most important or most widely used drugs. 

Another significant addi t ion to th is edi t ion is the expansion 
of the Phannacodynamics a.nd Pharm.acokinetics section to in­
clude the new, growing area of Pharmacogenomics. This chap­
ter highlights many of the important advances including: prac­
tica l applications and technological considerations, molecular 
diagnostics for optimi zing drug therapy, a nd pharmacoge­
nomics and drug development. 

Many people were involved in creating this edition. I am 
grateful to all the Section Editors and authors for their skillful 
review of the literature and for incorporating their own unique 
perspectives and experience into their chapters. With this edi­
tion, we welcome five new Section Editors . They represent a 
wide geographic diversity and spectrum of experience. We also 
have approximately 100 new authors who represent over 32 
universities as well as positions in governmental agencies and 
private industry. 

I also gratefully acknowledge the extensive contributions of 
the authors and Section Editors of previous editions of Reming­
ton for laying the foundation for the current volume. I recognize 
that we all stand upon the shoulders of giants and are sup­
ported by those leaders who taught and inspired many previous 
generations. 

I especially thank Alfonso R Gennaro, PhD for bis continued 
support. Dr. Gennaro was Remington editor for the past four 
editions. No one is more familiar with Remington than be is. Dr. 
Gennaro has been instrumental in the creation and review of 
the drug monographs. Ensuring scientific accuracy is critical in 
a book such as Remington, and be bas been very generous with 
his time and expertise in this area. 

A heartfelt thanks also goes to Mr. John Hoover, author and 
indexer, who has been involved with Remington since the 1960s 
and has provided editorial guidance at every step of the process. 

It is a pleasure and honor to work on a book with such a long 
and rich tradition . 

Randy Hendrickson 
Editor 
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Basic Phannacokinetics and 
Pharmacodynamics 
Raymond E Galinsky, PharmD 
Craig K Svensson, PharmD, PhD 

Thegoalofpharmacotherapy is to provide optimal drug therapy 
in t~e treatment or prevention of disease. A major barrier to the 
~ch1evementofthis goal is the large variability in pharmacolog-
1cal effect that is observed following drug administration (Fig 
5_8-l), 1 The ability to implement drug therapy in a safe and ra­
tional manner necessitates an understanding of the factors that 
cause this variability. One of the most important factors is the 
concentration of drug that is achieved at the site of action. 

THE CRITICAL NATURE OF THE 
CONCENTRATION VERSUS EFFECT 
RELATIONSHIP 

The qu~ntitative response to a drug depends highly on the con-
centration of d t th . f . . . can t . rug a e site o action. In most situations, one 
Rat~o ~antify drug concentration at the actual site of action. 
bl _er, rug concentra tions are measured in an easily accessi­
ti;ns;ie 1~ft is believed ~o be in equilibrium with the site of ac­
a gcX:f

1 
ood 0 ~ one of its components). Figure 58-22 provides 

Partic~a~rtratio_n_ of a drug whose pharmacological effect is 
lllero Y _sens1t1ve to changes in blood concentrntion. Nu­
ical n~ studies have been published that substantiate the crit­
variet ufred of the concentration-effect rela tionship for a wide 

Yo rugs 
It is recogn • • d 

designin r _ ize now that drug thE'rapy may be optimized by 
nccessa g /gim~ns that nccount for t he concentration ofa drug 
ever th ry ? achieve a de:sirl'd pharmacological response. How­
COnc~ntr~ .1s ofien s ignificant difficulty in achieving s uch target 
doseor:: ion~. In P~r~icular. it often is observed that ifa fixed 
concentr ;ug IS admm1stcrcd ton group of individuals, the drug 
Ple, the n 10k measun•d in plasma can vary widely. For exam-
1:roup of~i co_ncentrntion of 6-mercaptopurine achieved in a 
sholl'n • r · patients who n•l'eivl'd a s tandard l mg/m2 dose is 
"i:lrnL.1~ ~gure 58-3.3 The concentrations ranged from Oto 660 
concentra~· en_ togoth~r, t his suggests that variability in drug 
lhere rnn ~on 19 _a ~ 8Jor source of variability in drug effect, and 
als 1n th yd 8 11 significant degree of variability among individu-

A ba e_ rug concentra t ions produced by a given dose of drug. 
Cl,ntrattc underst11nding of tho fnctoi-s that control drug con­
of drugs~; ,f

1
~ l~o s ite of nclion is impor tant fol' the opti11111I us~ 

lifl1t8, wt . h ~ 18 the area of study rcft,1-red to as phar111ac~k1• 
di•tnbu/c 18 Lho s tudy ol'tho t ime course of dnig nbsorptllln, 

ion, metabolism, nnd oliminntion. 

~~~LiONCENTRATION VERSUS TIME 
Iii r 00tl (orit8c h t 
'"'lllentJ umponcmts, plnsmn or S l' rllll\) rnprcsonts l t' 11\0~ 

Y 811111Pic•d Ouicl 11s<'d to chnrac·tN·izo tho phnru111l'Oki-

netics of drugs. Drug concentration in the blood is the sum of 
several processes (Fig 58-4).4 Initially, visual characterization 
of the processes controlling the concentration of drug in the 
blood can be made by constructing a drug concentration versus 
time profile (ie, a plot of drug concentration in the blood venus 
time). As can be seen from Figure 58-5, several useful pieces of 
information can be derived from such a profile. For example, 
the time at which the peak concentration occurs can be approx• 
imated and the peak concentration quantified. lfthe minimum 
,concentration needed to maintain a desired effect is known, the 
onset and duration of effect also can be approximated. While 
useful information can be drawn casually from a simple graph 
as depicted in Figure 58-5, a more rigorous description of the 
pharmacokioetics of a drug is necessary to achieve the accuracy 
in dosage regimen design required for the safe and effective use 
of drugs. This higher degree of accuracy necessitates the devel­
opment of mathematical models for describing the time course 
-0f absorption, distribution, metabolism, and elimination. 

PHARMACOKINETIC MODELS 
One of the primary objectives of pharmacokinetic models i:. to 
develop a quantitative method to describe the relationship of 
drug concentration or nmount in the bod_v as a function of time. 
The complexity of the pharmacokinetic model will vary with the 
route of administration, the extent and duration of distribution 
into various body fluids and tissues, the processes of elimina­
tion, and the intended applicatio11 of the pharmacokinetic 
model. Often, numerous potential mathematical models exist 
for a particular drug. In such cases, the simplest model that will 
adcqu11tely nnd m,curatt'~\' describe the pharmacokinetics of the 
drug is the model that should be cho,;en. 

There are a wide variety of potential uses for pharmacoki-
netic models, which i1lclude 

I. Pr.'<liction of drug ronet'ntrntion in blood/plasma or tissue. 
2. C'akulntioll of a do.s:.1g~ regimi"'n. 
3. Qmunit:itive ac<sessm~nt of the effect of disease on drug disposi­

tion. 
4. El11l'id,1tion of tho ml'<'hanism of di~e.1s~induet'<I alterations in 

dt'ug dispos<itio11. 
5. o._,i.,rmination ofth,• mt'<:hanism for drug-drug ioti,'rsclions. 
6. Pn'lhl·tion of drug ,-onc,,,ntrntion ,·ersus effect relationships. 

Tht're tn e three primnry types of phnrmacokinetic models: com­
pnrtnll'ntnl, noncompnrtmental, and physiological. 

Compal'tnwntal models describe the pharmacokinetics of 
drug disposition by grouping body tissues that are kinetically 
i ndi~tinguishnblo nnd describe the transfer of drug between 
body tissues in tel'ms of rate constants. 

1171 
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Figure 58-1. Decrease m blood glucose m 97 subJect5 30 min after an in­
travenous dose of 1 g of tolbutam1de Note the large vanab1hty observed 
after the equivalent dose was administered m this group (Data from 
Swerdloff RS. et al Diabetes 1967. 16 .161) 

Noncompartmental models describe the pharmacokinetics 
of drug disposition using time- and concentration-averaged pa­
rameterS. 

Physiological models attempt to describe drug disposition in 
terms of realistic physiological parameters, such as blood flow 
and tissue-partition coefficients. 

2 

Patient A PalienlB Patient C 

I I I f,1-r ~1---,,---.-I 1----,---,--, 

0.2 0.5 0.8 0.2 0.5 0.8 0.2 0.!'i 
Pethidine concentration C ..,_g/ mLJ 

figure 58-2. 8lood-peth1d,ne concentratton-<epon!oe curvr,s for three 1n­

dov1dual patients, 11\ustratmg a typical range m interpat1ent responses 
(from Edwafds DJ, et al G,n Pharm;;cok1net 1982, 7.421 ) 

! 
"i 
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] 
E ::s z 

2 

0 
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n 
100 200 300 400 500 600 700 
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Figure 58-3. D1stnbut1on of peak 6-mercaptopunne concentra11on1 
achieved In a group of 20 patients receIvIng an oral dose of 1 mgfm1 

(Data from Sulh H, et al Clin Pharmacol Ther 1986, 40 604 ) 

RATES AND ORDERS OF REACTIONS 
Many phannacokinetic models use parameters that are analo­
gous to rate constants in chemical kinetics. For example, 
consider the case of a drug (D) that is metabolized to a metabo­
lite (M). 

D ~M 

This reaction may be described as a function of either the dis­
appearance of the drug or as a function of the appearance of the 
metabolite. If the amount of the drug that is converted to a 
metabolite is a constant with respect to time, the reaction is 
said to be zero-order and is expressed as 

- dD 
di"° =ko 

(1) 

where~ is the zero-order rate constant with units of mass per 
ti me (eg, mg/min). A plot of the time-course of the amount of the 
drug in the body that is conver ted to a metabolite by zero-order 
kinetics is shown in Figure 58-6. Integration of Equation I 
yields an equation for a straight line, which describes the 
an1ount of the drug in the body at any t ime(/): 

Amount, = - /1of + Amount, 0 = - hot + Dose (2I 

Zero-order rate processes typically are found when on enzyn1e 
or transport system becomes saturated and the rote process be· 
comes constant and cannot he increased by increases in the con· 
centration of substrate. Zero-order rate processes ore typical uf 
constant-rate intravenous infusions and prolonged- release 
dosage forms. 

If the amount of the drug in the body is converted to 1 

metabolite at a rate that is a conswntfrac/ion of the amount of 
the drug in the body, the conversion of/) to M is said to ht' 1 

first-order reaction dcscri bed by 

11/J 
-• - kO ,// 

L3l 
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Figure 58-4. Diagram 1llustrat1ng the factors that influence onset, duration, and intensity of drug effects Note that the drug must dissolve before be­
uig absorbed and that It passes across many l1po1d barriers and some metabolizing systems before reaching the site of actJon (From Barr WH. Am J 
Pflarrn Educ 1968, 52 958 ) 
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fMJure 58-5. Hypothet1Cdl plot of drug-concentration data after oral ad­
rr r,.1tratt0n of a drug 

where k is the first-order rate constant expressed in units of re­
ciprocal time (eg, min - 1) . Rearrangement of Equation 3 leads to 

dD D = -kdt (4) 

and integration of t.h.is expression yields 

ri <W 
Jo D - In D "' -kl + In D0 l5 ) 

where In is the natural logarithm. This equation also can be ex­
pressed in the e;,cponential form 

D,=Dr,e At (6) 

Graphically, the integrated form usually is expressed in terms 
oflog10 rather than in natural logarithms (see Fig 58-6): 

- kt 
log D = 2_30J + log D0 l 7) 

ANAL VTICAL CONSIDERATIONS 
Aoy discussion of pharmacokinetics presumes that the drug 
conrentmtions nm be d,•termined with a high degree of accu­
mcv and precision. One of the most frequent cu uses of high vari­
nbiiity in phnnnacokinetic parameters is poor data resulting 
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Zero-order 

(DJ Slope =--k0 

Time 

First-order 

Log[D) 

TimP. 

Figure 58-6. Plots illustrating a zero-order and a first-order reaction. 

~ ~precise analytical procedures. Evalua'tion of pharma­
cokinetic: ~~ta in the literature must begin with an asscssmen_t 
of the validity of the assay used under the conditions in which 
th~ study ~~. conducted. An assay must be tested for speci• 
ficrty, 8eDS1t1V1ty, reproducibility, stability, and accuracy. Be· 
cause drug metabolites are frequently present in the fluid to be 
~eas~ ~dare similar in structure to the parent compound, 
differentiation of drug from any putative metabolites must be 
ensured. 

INSTANTANEOUS INPUT WITH 
INSTANTANEOUS DISTRIBUTION 
1?3e ~J>?Sition of a drug from its site of administration and its 
distribution and elimination from the body occurs via the vas­
cular llystem. Most drugs are low-molecular-weight compounds 
?f suffici~t lipopbilicity that they are able to distribut.e readily 
mto the mtra- and extracellular fluid compartments in the 
body. The t.ran.sfeT of drug &om the circulation to these fluid 
compartments and then into tissues is called distribution. The 
~~cokinetic parameter uolrune of duitrib.ution is a propor­
uooality constant that relates drug concentration in a reference 
iluid, typically plasma, to the amount of drug distributed 
throughout the body. 

Volwne or disuibution CV,.,) 
ArnoWJl of drug m body (D .,) (8) 

Drug concent.ral1on (Cp) 

Drugs thatdu.1.ributewidely to tis8ues wiJJ have large volumes 
of distribution and low plasma concentrations relative to the dose 
administered, whereas drugs that are highly bound to plasma 
proteins (eg, warfarin, phenylbut.azone) or do not readily enter 
cells (eg, amikacio ) will have low volumes of distribution a nd high 
plasma concentrations relative to the administered dose. 

0je and Tou,r6 have developed 11 physiological model for ex• 
pre.ssion of the apparent volume of diJrtribution which takes 
into account the extracelJular water, including' plasma• and 
protein-binding of the drug in b<ith plasma and tissue. For an 
average 70-kg male, total body water is about 4-2 L, of which 3 
L is plasma and 12 ~ i_s extracellular fl.uid space. Moreover, 
55-oO'?c of the albumin m the extracellular space is found out­
side of plasma. Thus, for drugs that are largely bound to albu• 
min, the apparent volume of distribution can be expressed as 

Vo,. 1 +Sf.-+ Vr ~J (9) 

where/. is the fraction of the drug in plaE;ma that is unbound 
(ofl;en referred to as the free fraction), f ur is the free fraction of 
drug in tissue, and Vr is the volume of intracellular ti.Jlaue wa­
ter. Equation 9 can be simplified further to 

V0 = 1 +Bf.+ 21 ~J (10) 

This model has been extremely useful in predicting t?e magni• 
t ude of changes in the apparent volume of distri~ut1on due:" 
alterations in (1) plasma protein binding, (2) t~sue pr;~1

~ 

b' ding and (3) the volume of extracellular and mtrace !d 
n':d. F~r example, if a drug di stributes into extrace~lul~ fl~ n 
but not intracellular fluid, t he appare nt volume of d1stnbullo 
can be expressed as 

Vv =7+Bf., (11) 

L d d - pon the extent and will vary between 7 and 15 , epen tng u d 
Of P·1asma protein binding to albumin. For. such a compoun_ • 

f .,, -b t · alterations m with a relatively small volume o wstr1 u 10n, . 1 the plasma protein binding will not produce pro:rtiona 
changes in the apparent volume of distribution, Inde , ~s t: 

Ported by Williams et al,6 the free fraction ~f tolbuta%m1 ,e .1 
• • 'th • h s s by 28 ,rom lasma increases m patient-~ w1 ctrr o 1 . . ! n in· b 068 to 0 087 yet the apparent volume of d1stnbuho 

1 , • . • 0 1 - 0 164 I)kg Converse Y, creases less than 10%, from - n to • • 1 body 
drugs with a volume of distribution ~re?ter th~ tota teins 
water indicate drug distribution and btnding to tissre pro be 
and other cellular com ponents. Such compounds 8_ so m~!rge 
bound highly to plasma protems. With drugs haVI~; 8

. of 
volume of distribu t ion (> 50- 100 L), the co~tr\::t"and 
plasma and extracellular water space can be ign • 

Equation 3 simplifies to 

Vn=27f[:,I 
tf:,r 

(12) 

V olume• Vd 

odel 11.e 
Figure 58-7. The open one-compartment pharmacok1net,c JTl of in-

amount of the drug dose (DJ that enters the body Is D, , In the case of ex• 
travenous inJect1on, this ,s the entire dose, whereas in the ca:ed ~ith 
travascutar adm1n1stra11on, some fracuon of the dose (F) is abt°' of d,i· 
a rate constant of k •. The compartment has an apparent vo urn;hte.e , 
tnbuuon (V,,) into wh1Ch drug d1stnbutes ins1an1aneously to a; v,,t~ 1 
conc.entrauon of c,, Drug Is elIm111ated from 1he compartmen e,,p1ted 
rate constant k,~. Du Is the amount excreted into u11ne, feces, b,le, 
air, sweat, milk, etc, 0,,, Is the amount of drug me\abolized 
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Figure 58-8. Ehminat,on curve of average blood levels of theophylhne 1n 
1~ human SUbJects after intravenous adm1n1strat1on of 0 5 g amino­
~~:·ne per 70 kg to each (Data from Truitt EB Jr et al / Pharmacol Exp 
"lrl 1950, 100 309.) ' • 

Changes in the plasma or plasma-free fraction will produce pro­
:rtwnal changes i~ the apparent volume of distribution. For 
su ample, 8 . twofold increase in the free fraction of drug in tis­
tw:rfi•r, will decrea~e the ~pparent volume of distribution by 

d. ~ss drug w1.II be distributed to tissue reflected by an 
Increase m plasm • ' a concentrations. The volume necessary to ac-
count for the total f d • . h L -- amount o rug m the body will appear to 
ave =n decreased. 

Once a drug is • th 1 • • by th bl d . m e vascl_' ar system, it 1s transported 
. 

1
e . 00 to tissues where it can be eliminated from the 

c1rcu ahon by d" 
1
• ' b t' • . tissue ,_s n u ion into tissue, metabolism by the 

th ' or excretion from the tissue (see Fig 58-4) All of 

Eaeshe processes lower the plasma concentration ~f drug 
c separate proc b d - • constant d th ess may e escnbed by a first-order rate 

lion is th an e overall change in the plasma concentra-

ord e net effect of all of these parallel competing first-
er processes. ' ' 
Intravenous i • . f f neous d" t 'b . nJec ion ° a drug that has nearly instanta-

by an 18 n ution and first-order elimination can be described 
haves ope_nf _one-compartment model (Fig 58-7). The body be-

as 1 1t were a h compart omogen<'ous compartment. In the one-
ment model a· t ' b • -sider d . • is n ut,on is very rnpid and can be con-

e mstanta cl • intravenous d . n_eous . an 1s, th<:'refore, ignored. After 
uponcnt'all 8 mm,s!ration Lhe plasma concentration declines 

1 Y according to 

C = Cl/' " (13) 
where Co is the i ·r I • ination m 13 con<·rnt rat1011 and>-. is the overall elim-
lhoophy[~~~! c?nstn_nt. Such 11n <'xponential elimination of 
Accord' given intravenously, is Rhown in Figure 58-8 7 

tc-d on ~ng ~f Equation 13, if the' dnta of Figure 58-8 are plot-
plot . ehnH og paper, a straight line should result and such a 

ts s own • F' • tainec] f m 'igure 58-9. Several derived data ca.n be ob-
lation 

1 
~m a plot ~f log conc<'nlrntion versus time. Extrnpo­

ortticai° zero time (ie, tho y-intl'rcept) gives an estimated the­
appare ~onc

1
entration in plasma at time zero from which the 

ply d ~d_vo ume of distribution ( Y0 ) can be e~timuted by sim-
LVJ ing the dos b C 1 • • • ii(.cause 'th ~ . Y . O· t is a theoretical concentrullon 

ilant nei er the 1n;ect1on nor distribution arc actually in-
aneous. • 

Tho half-life of d • h • • h ~mount ordr . n rug is t e tune rl'qu1rcd to rl'duco t e 
For 

8 
fi ug in the body or tho plasma concentration by 50%. 

Ptndc •
1
rsl-ordcr pr~ccss, the hulf-lifo is constant and is inclo• 

lor pl n_ of the slnrtmg vuluo of t ho amount of drug in the body 
~rmts~ia ~?nccntrntion). Tho plnsmn hnlf-lifo, t 1/'l , can be clo­
ll,ni,( net du ectly from tho gmph or from the <'li111i1111tion rnte 

an ' I. or k,.1, by mcnns of tho rclntionship 
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0.693 0.693 
t1,2•-A-•7,; (14) 

Al shown, the half-life ill related inversely to the elim.inatioo 
rate constant. When the elimination rate eomtant, I.,, ill deter· 
mined from the slope of the concentration veJ'IUS time plot, one 
must keep in mind that the data need to be plotted on a~ 
scale. From Figure 58-9, the It,, is determined to be 0.22 hr- • 
This is the instantaneous rate constant and indicates that 22'1> 
of the theophylline in the body is lost per hour. The rate con­
stant for elimination (see Fig 58-7) is shown without reference 
to the route of elimination. It must be recognized that le., 
represents the overall elimination by all competing, parallel 
pathways and is equal to the sum of the rate constants that de­
fine the various simultaneous (ie, parallel) contributory p~ 
cesses (eg, metabolism, renal excretion, or biliary secretion). 
Thus, the overall rate constant, Ir.., == lr.1 + lc2 + /c3 + - • • lc_v, 
where lr.1 + lr.2 + lr.3 + .. . lr.,v are the rate constants of the sepa­
rate contributory processes. 

Half-life is a clinically useful pharmacokinetic parameter in 
tbat it indicates when the next dose of a drug needs to be ad­
ministered and is therefore helpful in designing an optimal dos­
ing regimen. The half-Life also is useful in determining 

1. The fluctuation of plasma concentrations betwttn doses; 
2. The time required to reach steady-state equilibrium after begin­

ning continuou.s drug administration; and 
3. The persistence of drug in the system once drug administration 

bas ceased. 

Under some conditions, it is not possible to obtain plasma con­
centration data over sufficient time to obtain accurate esti­
mates oi the half-life for designing dosage regimens. The elim­
ination rate constant, and hence the half-life, may be 
estimated from the excretion rate of unchanged drug. Because 
the first-order elimination rate constant is independent of the 
amount of drug in the body, the instantaneous excretion rate, 
dD. I dt is directly proportional to the total amount of drug in 
the body. 

(15) 

where DB and Du are the amount of drug in the body at time 
zero and the amount of drug excreted in the urine. respe<:tively, 
and k, is the urinary excretion rate constant. A plot of log 
dD.ldt versus time yields a straight line with slope of - k, fl.3. 
One also may estimate the half-life from urinary excretion data 
using the cumulative amount of drug excreted (sigma-minus) 
method. Using this approach 

0.1 .._.__.__.._L.......JL.......JL.......JL..-.__~ 

0 2345678910 
Hours 

Figure 58-9. Semdog plot of the el1m1nat1on curve in Figure 58-8. Note 
the log scale of the ordinate. 
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(16) 

1z.11.,, represents the fraction of the drug in the body that even­
tually is excreted in urine as unchanged drag and Du"' repre­
sents the total amount of unchanged drug excreted in urine. A 
plot at the log of the amount of drug remaining to be excreted 
CD,,2-D.hersustimeyieldsaslopeequal to-Ir., /2.303. This 
method requires c:ollecting urine for at least 6 to 8 half-lives to 
achieve an accurate measure of D,, •. 

For a drug eliminated by first-order kinetics, the elimination 
rate constant.~. can be expressed as the fraction of the volume 
of distribution that is presented to an eliminating organ and 
cleared of drug per unit time (clearance) relative to the total vol­
ume of distribution, VD· Thus, k,1 represents the fractional re­
moval rate of drug from the system, and the elimination rate 
constant can be expressed in terms of clearance and volume of 
distribution: 

Clearance 
Vn = Elmunation-ra1e constant (k.,) (17) 

As written in Equation 17, the elimination rate constant (and 
hence, plasma half.life) is a dependent parameter that, by it­
self, is not always the most reliable indicator of drug removal 
from the body. Disease or altered physiology (eg, aging, preg­
nancy) can alter protein binding, thereby affecting the appar­
ent volume of distribution, or alter organ function, thereby af. 
fec:ting clearance, but these changes may not be reflected by 
changes in the half-life. For example, the volume of distribu­
tion may be altered due to changes in tissue or plasma protein 
binding, independent of specific organ function (clearance). In 
this instance, the half-life of a drug may be changed, but 
clearance could remain constant. Although a useful parame­
ter, one must always bear in mind that half-life is a dependent 
or derived parameter that does not reliably reflect irreversible 
removal of drug from the body. A more accurate way to ex­
press half-life (Equation 14) therefore is 

(18) 

Clearance is the most useful pharmaco.kinetic indicator of irre­
versible Joss of drug from the body and refers to a volume of 
fluid from wbkh drug appears to be removed in a given amount 
of time. Clearance also can be expressed as the quotient of over­
all rate of elimination of a drug relative to the drug concentra­
tion at a particular organ of elimination, 

Ral.e of elinunalk>n 
Clearance = -,.----­

Concem.rauon 
(19) 

and, if time-averaged .over the time course of plasma concen­
trations, drug clearance can be expressed as 

C 
Amount uf drug r<-movcd 

lea.ranee = AUC (20) 

where AUC is the area under the concentration-vers us -time 
curv~. Total body clearance, CLr , also can be c.stimat.ed as the 
quotient of dose and area under the eoncentrat.ion-versus-time 
curve from zero to infinity. 

Do,;erv 
CLr- -= AUCt (21) 

Total body cl_earance is the sum of all the E;eparate clea r­
ances that contribute to drug elimination 

CLr = CLm:NAl. + CLu,:p.-.r1c + CLon11m (22) 

INSTANTANEOUS INPUT WITH 
NONINSTANTANEOUS DISTRIBUTION 
The one-compartment model adequately describe 
macokinetics of drugs with instantaneo118 distr"b st~he Phar. 

" d d" "b • I u ion Ho ever, ,or some compoun s, 1stn ution requires • "!'· 
time to reach equilibrium. During this time the ;ome finite 
goes distribution and elimination, and d~g concru~ un~er­
decrease rapidly. When distribution equilibrium e~ rations 
lished, the loss of drug from the body is due to eli 

19
• est~ab-

d I tt" dl" mina1on. an . p as!Da concen ra ions ec me more slowly. This bie 
nential tune-course of plasma concentrations can be desc t 
by a two-compartment model. In this model, the body ap n 
to behave as if it is coml?rised of two compartments, a c:~ 
compartment _and a p~r!ph~ral compartment. By convention, 
drug absorption (or 1I1Ject1on) and drug elimination occur 
from ~he central compartm~nt and . the peripheral compart. 
ment 1s closed and co=urucates with the environment only 
through the central compartment (Fig 58-10). The movement 
of drug between compartments following rapid intravenous 
injection with elimination from the central compartment can 
be described by 

and 

(23) 

where D2 is the amount of drug in the peripheral or tissue corn· 
partment, D1 is the amount of drug in the central compartmen1 
k21 and k 12 are the apparent firs t-order intercompartmfi~­
distribution rate constants, and h 10 or k,1 is the apparent irs 

order elimination rate constant from Compartment 1. t 
After intravenous injection of a drug that obeF ~: 

compartment pharmacokinetics, the plasma concentra 
100 

o, 
: I 

0 __ lr.,,_a_ ..... f ~ D 1 •• OUTPUT o,,, 
(t Hn11no !10f') 

C1 
; ·· 

Comportment I 
k tnl tOI corrportmtr,O c.ok1net1C 

ent pharrn3 s Ill· 
Figure 58-1 o. Diagram of open 1wo-compartrn or an in11avenOO lt,r 
modeL The amount of dose that enters the body f stantaneous fri 
Ject1on Is the entire dose, and adrn1nistrc1tion ~o~ 11 f 0. Y'i~~: lne 
amount of dose absorbed from an ex1ravascular t k some ol of 
the fraction of dose absorbed w1lh a rate con5tand~r :ate con

11
\lol 

absorbed drug enters Compartmenl 2 w11h a fir5i-0r der ,ate co01
~p,elll 

kn and 1s returned 10 Compartment 1 w11h a firs!;; Oz 1n coni~ aJld 2 
k11 o, 1s the amount of drug 111 Compartment 1, C rnpartnients dl'11~11 
2, c, and C1 afe 1he respective concen1rn11on5 111 

1 : ,th a flrsl·~ of d/llY 
<C, = CpJ. Drug ,s eltm1na1ed from Compartment I g 10 uansfe ed .,,:o 
constant, k.~ which, however 1s obscured !Jy 111e d mount ex0~

1
119 r ·e­

from Compartment 2 to Compartment 1 Du IS the ac1rnount of ~ 11~itl 
urine, feces, expired air, sweat, milk, etc; Om IS tliegreatlY, 1/, 

101 

taboltzed The relauve volumes V1 ci!Od V1 may vary 
being the larger and other times the smaller. 
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figure 58-11 R I f d • eso ution o the plasma concentration curve for prali-
oxime into I1s d1str1but1on and elimination components after Intra­

~IIOU~ administration Note that plasma concentration Is plotted on a 
m ~~tic scale. The time constant for the ehmmat1on phase Is deter­
la,'ne r~m the slope, -0 434 >.2, it Is a hybrid constant and >.2 Is not the 

obi' aeds t" (see text). Likewise. the time constant for d1stribut1on >., is 
• n rom the slope o 43 f • ' hybrid • - 4>.,, o the d1stribut1on line· >. , Is also a 

N&•·Vcoknstant (From G,bald, M, Perrier D. Pharmacokinet,cs 2nd ed 
"' or Dekker, 1982 ) ' 

clines in a com I b" sernilo P ex iexponenti al fashion. When plotted on 
elimin!tfoaph pap~r, th~ separate processes of distribution and 
11) a F' 0 can be identified by the method ofresiduals (Fig 58-
dec~y i:~h58•11 shows such a res.olu~ion of the biexponential 
From th 1 e two components of distribution and elimination 

es opes and • t ft! • • r•ntrat· C m ercepts o 1e residuals the plasma con-, ion at a t' , 
exponent' •1 ' ny ime, t , can be described as the sum of two 

1a s, namely 

where 

and 

C _ Dow(A1 - k! 1) 

I - V,(,11 - ,\! ) 

C , = Do\f'(A;1 - Ai ) 
• \',(A, - ,1 ,) 

(24) 

(25) 

(26) 

Di,tnbution i . 
fl(l1nt th r. 

8 more rnp1d than el imination, such that at some 
• o 11rst tcr • E • d lhe biolo . I m_ in quntwn 2-l, C 1eA 1t a pproaches zero an 

k·rminalgihca half-hre can bo determined from tho slope of the 
Jl aso 

0.(i !J;J 
l1 J=-;c-- (27) 

C:1,c2, ~ Il l , , , . 
c~pt8 CJ 1• id A~ ato hybrnl cons tnnts, roprcscnhng tho 1ntN'-
~hich c 'C;, and slopes, >. 1, >.2, of tho two exponrntinl phases, 
d~tu "'!Qn ° obtni1wd by co111p11lor-ntti11g tho bioxpo1wnti11l 

• 1 l e zero t ' • I c1,,1111art • 11110 mtorc1' [lt 11ncl tho volumo of tho ccntrn 
! , k lllont, V,, 1111d tho nctunl phnnnncokinotic pnra111ctors 
IL,;~g'ih 11nd k., _cnn ho dorivcd from tho hybrid rnto constants 

0 following 1·olatio1,ships. At Limo t = 0 
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(28) 

The hybrid rate constants, >.1 and >.2, c:an be defined using the 
following two equations: 

>-1>-1 = k2,k,1 (29) 

>-1 + >.1 = k12 + k21 + k., (30) 

Thus 

A,A. 
(31) k,.2-· 

k-,, 

k21 = 
C,A2 + C~A, 

A, - -'·• 
(32) 

k 12 = A1 + A.., - k,. - k,. (33) 

The reader is referred to Gibalcti and Perrier (see Bibliography) 
for a more in-depth derivation of these expressions. The slope of 
the final phase of biexponential disposition, >.2, can be related 
to the elimination-rate constant, k.i, by 

>-2 = f ck.i (34) 

where f c is the fraction of the drug that is in the central com­
partment after distribution equilibrium bas been achie,·ed. Af­
ter distribution, the fraction of the drug in the central compart­
ment is a constant . 

(35) 

The terminal disposition constant, >.2, reflects disposition from 
the entire body and is a function of distribution and elimina­
tion. The rate constant, k,1, represents only elimination from 
the theoretical central compartment. 

The volume of distribution. Vv. can be determined in a two­
compartment system; however, the estimation is complicated 
by the noninstantaneous nature of the distribution phase be­
tween the two compartments and results in the apparent vol­
ume of distribution being time-dependent. From Equation 18. it 
can be seen that the volume of distribution of the central com­
partment, V1, can be obtained following administration of an 
intravenous dose, Dw, of drug from 

\i
. D11 ,~---c, + c, (36) 

Clearance can be calculated from the product of k,1 and V1, and 
the volume of the central compartment can be expressed as 

• DI\" 

~ l = k,,,[.-\{!Clo.- (37) 

The mos t accurate ml'thod of estimating the volume of distri­
bution is to estimate the stet\dy-state volume of distribution. 
The volume of distribution flt the steady state, Vss, repre­
sents the sM1dy state with respect to distribution of the drug 
from the central compartnwnt to the tissue compartments and 
is not nltered by changes in drug elimination or clearance. The 
totn! nmount of the drug in the body at the steady state is the 
sltm of the umounts in all compartments, thus 

(38) 

Notiee that Vss is independent of the elimination rate con­
stnnt, k,.,, and l\2. 

The volume of distribution by area, V11, is an alternate method 
of estimating the apparent volume of distribution and relies on 
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the -amption that the plasma and the amount of drug in the 
body decline in parallel during the post.distributive phase. 

,, k,. ,~--·-, Aa (39) 

'lbe least accurate method of estimating the volume of distri­
bution for a drug that follows biexponential elimination 
kinetics is by extrapolation, VEX"TR,U>. because- ch~es in dis­
tribution can alter the estimation of the hybrid intercept, C2. 

l ' z D,., 
£:l'7IW> C2 (40) 

Distribution to ,·arious tissues depends upon both blood flow to 
that tissue and the rate of uptake (effective partition coefficient) 
into a particular tissue and its cells. The over-all pattern of drug 
distributio,n is governed by both tissue perfusio.n and diffusion of 
drug within tissues. Tissues with the highest blood flow, such as 
liver, kidney, and brain. equilibrate more rapidly than tissues 
that are perfused less well, such as skin and fat. Once in the tis­
sue vasculature, drug distribution into tissue is controlled 
largely by diffusional barriers of cell membranes. Row-land and 
Tozer (see Bibliography) present a w;eful expression for the first­
order rate constant for distribution of drug into tissue. 

(Q/Vmsu,:) 
~T. = kPARTmON 

(41) 

where ltrARTTTION is the equilibrium distribution ratio of tissue 
and venow; drug concentration, Q is tissue blood flow, Vr1ssue 
is the tissue volume, and the quotient of Q and V TISSUE is the 
tissue perfusion rate. The time to reach tissue equilibrium is 
the reciprocal of Equation 4L For a poo.rly perfused tissue such 
as fat, the krARTITJo,.· may be quite high and the Q!Vnssuelow, 
resulting in a Jong time to reach tissue equilibrium. Even for 
highly perfused tissues, such as the brain, the distribution 
of some drugs may be quite variable and will depend upon dif­
fusion across cell membranes. In this case, distribution is said 
to be diffusion-rate-limited and will depend upon both the oil• 
to-water partition coeffident and the degree of ionization at 
phys.iological pH. 

For most drugs, distribution usually occurs more rapidly 
than elimination, resulting in complel,e distribution before 
most of the drug has been eliminated. For some drugs, once in• 
jected, distribution is so rapid t~at_the_overall p)asma-concen­
tration time-course represents elunmation (see Fig 58-7). Thus, 
both admiJlistration and distribution appear to be instanta• 
neous, and the pharmacokinetics can be modeled by the sim• 
plest one-compartment model (see Fig 58-7). For such a drug, 
the volume of distribution can be calculated as the quotient of 
the intravenous dose and the extrapolated plasma concentra­
tion at time zero, Cu. 

CONTINUOUS INPUT 
It is sometimes desirable to administer a drug continuously to 
maintain constant plasma concentration. This lll often the case 
for drugs with very rapid elimination or for those that have a 
)ow therapeutic index. Continuous input commonly is thought 
ofiJl terms of intravenous infusion; however, 1n.111tained-release 
oral dosage forms and delivery of drugs through the sl<ln from 
patches also are example~ o_f con~inu?us_ input , and the phar• 
macokinetics of drug adm1mstrat1on 1s s1m1lar for all systems 
with continuous input. 

With constant intravenous infusion, the p]al!ma concentra­
tion rises in a logarithmic fashion and eventually reaches a 
plateau (Fig 58-12).8 The time to reach the plateau or steady• 
state concentration is determined by the elimination rate 
constant. The rate of change of drug in the body (J)11) during 
a constant rate infusion <.Ro) is the difference between t.he zero· 
ortler infusion rate and the first-order elimination rate. 
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Figure 58-12. Sem1loganthm1c plot of plasma concentrat,on dur1ng al\d 
after cessation of a constant intravenous infusion of a drug In a one-com­
partment system. Whether 1nfus1on Is stopped pnor to the attainment of 
a plateau or after. the plasma concentration will fall log-linearly with a 
slope of -0 434ke1. In the figure. K Is ke1 and 1/2 303 -- 0 434 C., Is ttie 
S1eady-state concentration, Cp " · (From Gtbald1 M, Perrier D Pharmaco/<.~ 
ner,cs, 2nd ed. New York Dekker, 1982 ) 

dDs 
- = Ro - (k,1 • Do) 
dt 

(42) 

The plasma concentra t ion (C) at any time during the constant 
infusion is 

(43) 

where tmrcquals the time of th~ infusion. ,:\8 the time of the fo. 
fusion increases, the exponeotJ:.11 expression approaches zero, 
and the concentration approaches steady state. At steady state. 
the rate of infusion is equal to the rate of elimination, and !be 
simplified expression can be expressed as 

Ro 
C.'iS = CLr (441 

The fraction of the steady state that. is achieved in some time, 
I a"·-r the sta rt of the in fusion can be calculated as ,,,.,, J.IA.!' 

C 
- = (I - e·'"'") 
c,.~ 

and can be expressed ii1 termt-o fJf h,ol f-l ives as 

C 
-= (I 2 ") 
Cs.r 

(45) 

(46) 

where n is the ratio of infusion time and half-life. For example, 
when the infusion Lime cqual1o thn!1! haJf. lives (11 "' 3), thc_~~­
centration is at 87.5% of the_ sw11dy b late, and when t~e 11~

8
; 

sion hBJj lasted for four half-live;, In = 4), the i;oncenlrat1on 
achieved 93.75% of the st.eady stnte , Theo~e~ically, ~ne nev:; 
reaches steady-staLe conditions beca use this 1s an expon_en1{

1
_ 

Process· however for clinical purposes one can assume, w1t!1 1 
• • ' • 1 • d · • thm tie error, that s teady-state concenlrnl10ns arc ac ueve wi 

four to five ha lf-lives. •r 
If a drug has a relatively long half-life a nd Llic theropcult 

situatfon demands rnpid attainmen t of therapeutic plasmn con­
cenlrations, it is sometimes desirable to give a load in~ dose ~t 
the be,:,rinning of the conawnt-rate iJ1 fusion. 'l'he loading d°: 
should approximate the amount of drug in the body at stcn l 
state. If the opporont volume of dis tribution and t.orgei conren• 
t ration is known, lho lo11ding dose can bo calculated s1111plyns 

JJose1,01o111Nc; = (Target coo~cntrnt:ion)<V/J) t47) 

Cipla v. Gilead IPR2025-00033 Petitioner Exhibit 1055C
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The plasma concentration is the sum of the contributions from 
the loading dose and the infusion and can be estimated at any 
time after the loading dose has been given and infusion started 
from 

DosewADJNG R 
C = ---- (e-""') + - 0 

(I - e- "-''"") (48) 
V0 CLr 

and 1fthe half-life of the drug is known, the loading dose can be 
estimated from the quotient of infusion rate, Ro, and elimina­
b<Jn rate constant, k,1- For some drugs, such as lidocaine, the 
entire loading dose cannot be given in a single bolus injection 
because there i_s a significant distribution phase. In such a case, 
fractional loadmg-dose schemes can be used in which the load­
mg dose is divided into several smaller bolus doses and given 
during the beginning of the infusion. 

Finally, it should be noted that whether or not a loading dose 
is given, the attainment of s teady state is determined by the 
elimination half-life and not by the rate of the infusion or the 
use of bolus loading doses to achieve concentrations rapidly. 

MULTIPLE-DOSE ADMINISTRATION 
Continuous admi~istration of a drug is often impractical, and 
multiple-dose regimens are used to maintain the concentration 
of a drug within an acceptable range that mimimizes the devel­
opment of toxicity and avoids loss of efficacy. Usually, the dose 
of a drug is administered w ith a constant dose interval, referred 
t~as r. Some features of a multiple dosage scheme are shown in 
Figure 58-13. The drug is administered a t a fuced dose and a 
fixed interval. Each successive dose is administered before the 
previous dose has been eliminated entirely, a nd thus drug ac­
cumulation occurs. As with the constant intravenous infusion 
th_e~me_to reach _a s teady-state fluct uation depends upon th~ 
ehmmatton half-life and not on the size of the dose or the dos­
mg interval. In Figure 58-13, the dose D is adminis tered at a 
dosing interval equal to the half-life'. After the first dose is 
given, the amount of drug in the body i s equa l to that dose. 
When the next dose is given, the amount of drug in the body is 

I I t I 

o, 20• •°'"°';go 

equal to D + 0.5D. At the end or each doee int:enaJ. the toca1 
amount of drug in the body is half or t.he pomnjeetion peak and 
is the sum of the amount remaining from all of the previoua 
doses. The maximum, CMAX.SS, and minimum, C11,m,1.ss, concen­
trations at steady state are described by 

and 

Dmle/Vo 
CMAXM • (l _ 8-~ (49) 

(50) 

The concentration at the midpoint of a dosing interval at the 
steady state is a time-averaged concentration, C,..v, over the en­
tire dosing interval and is described by 

NONCOMPARTMENTAL ANALYSIS 
FOLLOWING INSTANTANEOUS INPUT 

(51) 

There are numerous disadvantages associated with viewing 
drug disposition from a compartmental perspective, not the 
least of which is tbe lack of physiological relevance of such mod­
els. Noncompartmental models have been developed and are 
generally the preferred method for assessing overall ~ ~ 
position, in part because parameters such as volume of distri­
bution and clearance can be calculated directly from tbe data, 
without computer fitting. Moreover, parameters estimated by 
these methods generally are less sensitive to variability in the 
data. Noncompartmental methods characterize drug disposi­
tion using time- and concentration-averaged parameters and 
have been described by Jusko.9 This analysis also is known as 
nonparametric analysis and assumes that all processes are 
firs t-order and that the parameters oftbe model reflect steady­
state behavior. A primary tool used in this methodology is that 
of sta tis tical moments. Lo 

I I I I I I 
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figure 58-13. The accumulation of drug in the body during a regimen o f multiple dosing. Dose, 0, 1s administered intravenously at intervals, T, equal 
IO the hall•l1fe, 1112 Thus after each do5e the amount 1n the body, D& has decreased to half the previous peak amount at the time each dose 1s ~d­
m,n,11ered When the cu~iulated amount'in the body after iniectJon reaches 20. the body content will fluctuate from 20 to 10 during each dose in­
te~., thereafter Approximately five half-lives are required before this leveling off (plateau) of the body content occurs. The stippled area 1s th_e area un­
oer Ille el1m1nation curve of a single iniection, if no second dose had been given. The cross-hatched area is the area under the curve during a single-dose 
"'tervdl at 1teady state The two areas are equal. • 
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STADSTICAL MOMENTS-'lbe use of statistical mo­
menta in the analyaia oCthe time-course of drug concentrations 
ia espeeially IIMfw. becawie it &eels the investigator from the 
UN of such models as the compartmental, which often are 
demecl empirically and do not represent physiological events. 

'l1le time-counle of drug concentration in blood generally can 
be viewed as a statistical distribution curve and described in a 
IIUIU1ar manner as any other array of data. A moment is simply 
a mathematical description of a discrete distribution of data. In 
the fieJd of statistics, for example, the sample size (n.), mean, 
and variance are the zero <Mo), first <M 1) and second CM 2) mo­
ments, respectively, for an array of data. In physics, for exam­
ple, weight, center of mass, and moment of inertia represent 
<Mo). <M,), and <M'z), respectively. 

In statistic&, the mean of a population is estimat.ed by the 
sample mean. Similarly. in pharmacokinetics one may calcu­
late estimates of the true function that describes the drug con­
centration versus time using statistical moments. Assume the 
existence of a theoretical relationship for C(t) as a function of 
time. The nonnormalized moments. S,.. whe.re r = 0, 1, 2, ... , 
mtl> moment, about the origin are calculated as 

S, = J; l'C(t) di (r= 0, 1, 2, . .. m ) (52) 

Hence 

So - L• C(t) di = AUC 

Si = Ls IC(t) di =.AUMC 

(53) 

(54) 

where AUMC is the area under the C • t versus time curve, 
whereas So and S1 are the zero and first nonnormalized mo­
ments, respectively. These two parameters, AUC and AUMC, 
are derived from the drug concentration versus time data 
~ are l.1sed to calculat.e the pharmacokinetic parameters of 
mterest. 

The U&e of noncompartmental methods requires a means of 
determining the AUC. While several methods are available for 
such determinations, the simplest is the use oftbe wapezoidal 
rule.11 Thi& perm.its caJculation oftheAUC or tbeAUMC from 
~ro to the time of the last sample (t"). However, it generally 
IS .necessary to determine the area from zero to infinity. If one 
assumes that there is log-linear decline from t" to infinity, 
then 

L~ c• 
Aue·= Cdl = -,. ,- l..z 

(55) 

where >-z is the slope of the terminal exponential. Thus, the 
AUC from zero to infinity can be calculated as 

(56) 

fortheAUMC 

(57) 

and 

• Cff t•C• 
AUMC0 - AUM9~ + --+ --

(Az)' >.z 
(58) 

PHARMACOJUNETIC PARAMETERS DERIVED 
FROM STATISTICAL MOMENTS-There are four parame­
ters of primary interest that are derived using sl.ati!!tical mo­
men~, the_ most important of which is elearan.ce, A conceptual 
corunderation of clearance is provided by considering an organ 
through which blood containing a drug flows. 

EJ Cr -<Jwr 

where Q11v, Qour, Ck and Cv are the blood flow in and out and 
the concentration of the drug in arterial and venous blood, re­
spectively. If Cv < CA, the organ is capable of elimination and 
is referred to as a clearing organ, OT an organ of elimination. 
The elimination of a drug can be described using mass balance 
considerations: 

Rate of the drug entering the organ= QCA (59) 

Rate of the drug leaving the organ = QCv (60) 

Rate of elimination of the drug 

= QC,,. - QCv = Q(CA - Cv) (61) 

The ratio of the rate of drug elimination and the rate at 
which the drug enters the organ is defined as the extraction 
ratio, E. 

Rate of elunination 
E = Rate of entry 

(62) 

The extraction ratio is a measure of the efficiency with which 
an organ eliminates a drug. From this parameter, the organ 
clearance of a drug can be described as 

CLT = QE = Q(C,. - Cv) 
c,. (63) 

Recall that clearance is defined as the volume of blood from 
which a ll of the drug would appear to be removed per unit 
time. By analogy to the definit ion of organ clearance, one can 
define the total or systemic clearance as the ratfo of overall 
elimination rate, dX I dt, to c:b-ug concentration in blood, C: 

c/X/ dl 
CL,,=-c-

lntegrating from zero to infinity yields 

r s dX 
Jo dtdJ 

CLT= --­
_r cdt 

(64) 

(65) 

where the numerato,r is the lotal amount of the drug ulti• 
mately eliminated ( the IV dose) and the denominator 1s 
the AUG from zero to infinity. Thus. the total clearance 1s 
the quotient of intravenous dose nnd the A UC from zero to 
infinity. 

(661 

The volume of distribution at, lhe Hteady·statc, Vss, most reli• 
ably measured during a steady-,;tate infusion, now can be de­
termined using data from sini;le-dm<e experiments and employ• 
ing statistical momcn t analys1R. 1

~ 

(Dow1v )(AlJMC) 
Vss= (AUCi 

(67) 

Equation 67 assumes that 

1. AJJ processes involved in drug disµos1tion (eg, distnliutwn, ehnu 
nation) are Jmear. 

2, The drug is administ.cred lo and elimmat.ed via the samphng•1t• 
3. There is inslantancous input, 

If the drug is adminis tered via a s hort. infusion, the volume of 
distribution at the steady stat.e can be estimated from 

(R07')(AUMC) ll0T 2 

~,.v = (AUC)l - 2(AUC) 

whe,·e Ro i1:1 the rate of infu1:1ion and Tis the duroiion of thP 
infusion. 
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Another important pharmacokinetic parameter that can be 
determined using statistical moment analysis is the systemic 
aL'Oilability, F, which is a measure of the fraction of the admin­
istered dose that reaches the systemic circulation following oral 
administration. This parameter can be calculated as 

AUCrof)ose,v 
F= -......:..:::__.;.;. 

AUCrvDosero 
(69) 

wbereAUCro and DosePO are the oral area under the concen­
tration-versus-time curve and oral dose, respectively. 

When administering a drug, the amount administered in 
terms of gross weight (eg, mg, g, or µ g) often is considered. 
It is, however, probably more appropriate to focus on 
molecules when considering pharmacokinetic and phanna­
codynamic events. Even the administration of a relatively 
s111all dose of drug may represent a large number of 
molecules. Consider the administration of 1 mg ofa drug with 
a molecular weight of 300 daltons. The number of molecules 
in this dose is approximately 2 X 1018 . Instantaneous admin­
istration of the entire dose will result in drug molecules 
spending various amounts of time in the body. After the in­
travenous injection of a drug, one can imagine that some of 
the drug molecules are eliminated immediately, 
whe~eas some of the molecules require a longer time to be 
ehmmated, and some molecules even require a very long time 
to be eliminated. The time spent in the body, for a given 
molecule, is its residence time. The mean residence time, 
MRT, is the sum of all the residence times divided by the 
num~r of molecules. A conceptual understanding of this can 
be gamed from the following example. 

":5sume a child receives 20 dimes for his birthday and im­
mediately places them in his piggy bank. Over the next month, 
he periodically removes one or more dimes from the piggy bank 
~ purchase candy. Specifically, 3 days after placing the coins in 
ws bank, he removes 5 dimes, on day 10 h e removes 4 dimes, on 
day21 he removes 6 dimes, and on day 30 he removes 5 dimes. 
At_ the 30th day after placing the coins in his bank, all of the 
coins have been removed. Hence, the elimination of dimes from 
t~e bank is complete. The MRT of dimes in the piggy bank is 
sirnply the sum of the times that coins spend in the bank di­
VJded by the number of dimes placed in the bank: 

MRT= 

3 + 3 + 3 + 3 + 3 + 10 + 10 + 10 + 10 + 21 + 2 1 
+2! +21 +2 1 +2 1 +30 +30+30+W+30 

20 

3•5 + 10·-1 + 21•6 + 30•5 
MRT = ------- ---

20 

MRT = 16.55 da.vs 

~
5

1
Provides ~ relationship with which one can determine the 

, for any given number of drug molecules, A ,, which spend 
a given nmount of ti me in the body of, t., thus . 

L.rt.,, 
• • I 

MRT =-- (70) 
A/'<JT."1. 

;·~eren equals the total number of residence times. The mean 
a e of drug leaving the body relative to the total amount elim­

inated also can be ex:presscd in terms of concentration. 

.r IC(t) rlt Al.IMC 
MRT = - - -- = -- (71) 

L » C(t) <ii AUG 

Equation 71 is not n de fini tion of tvJRT rather it is the derived 
erpression from which one can calcula'te MRT when clearance 
11 co_n~tant. The mean residence time assumes instantnneous 
administration nncl t herefot'e it is tochnically incorrect to cnl-
culat I ' ' I d • th e t le mean rosiclonco time following nn ora ose \is rng e 

quotient oCAUMC,o andAUC,o. When calcalatecl in this man-­
ner, it often is stated that the MRTis a function of the route cf 
administration. Actually, MRT is uukpau/.enl oC the route of 
administration because the mean time that molecules n!llicle in 
the body is not influenced by the route of administration. 13 

However, the interpretation of the ratio of Al/MC and AUC 
does change as a function of administration because this ratio 
only yields the MRT when the input is instantaneous. 

A better way to express the route dependence of the 
AUMCIAUC is to refer to this ratio as the mean tnmait time. 
MTT. The MTT is the average time required for drug molecules 
to leave a kinetic system after administration. Thus, because 
an IV bolus assumes instant input, 

AUMCrvlAUCrv = MRT = MTl'rv (72) 

whereas 

AUMCro/AUCPO = MTI'ro = ,',fl'Trv+ MAT 

= MRT + MAT (73) 

where MAT is the mean absorption time. Thus, for oral absorp­
tion, the AUMCIAUC provides an MIT in the kinetic system 
that is composed of the gaatrointestinal (GI) tract and the body. 
The MRT also can be calculated as the quotient of the V ss and 
clearance. Finally, one can relate the MRT to the elimination 
half-life by considering the situation in which a drug displays 
monoexponential decline. The MRT can be written as 

AUMC CoJ>.2 1 
.VRT = AUC = Col>. = A (74) 

and represents the time required for 63.2% of an intravenous 
dose to be eliminated from the body. 

ABSORPTION 
If a drug is administered intravenously in a single, rapid iajec­
tion, the process of absorption is bypassed. The time for this in­
jection is typically so short compared with other pbarmacoki­
netic processes that it is ignored. As previously described for a 
one-compartment model, peak plasma concentration and dis­
tribution equilibrium are achieved instantaneously. This is de­
picted in Figure 58-14A. u In the model for the figure, there is 
no elimination, and the concentration remains constant follow­
ing administration. With a constant intravenous infusion (B ), 
the concentration rises rectilinearly so long as the infusion is 
maintained at a constant. zero-order rate. \Vith other routes of 
administration, there are delays in the appearance of drug in 
the vascular system because the drug must be absorbed from 
the site of administration (oral. intra.muscular, subcutaneous, 
rectal). Drug absorption depends upon both the physicochemi­
cal properties of the drug ( pK.,, dosage form, partition coeffi-

Rapid intravenous Constant i"tf"G- Eatrovenou• 

i ·:re r J:~::~:. re 
O O Z 4 6 8 10 12 0 Z 4 6 8 10 IZ O Z 4 6 8 10 12 

Hours Hour• Hours 

Figure 58-14. Time-concentration curves for inJect,on (A). infusion (B). 
and extravenous (C) adm1nistrat1on of drug m the one- compartment 
model, The volume of the compartment 1s 100 L (Vd = 100 L); the 
amount of drug administered 1n each instance LS 1000 mg. Drug ehmma­
t1on has been set to zero. so that the time- concentration curve for each 
model of adm1nistrat,on can be examined without the comphcatton of si­
multaneous ehm1nat1on (Adapted from Bigger JT. Am 1 Med 1975; 
58.479) 
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c:ient) and the physiology of the site of absorption (surface area, 
blood flow). Most drugs are absorbed by simple diffusion, and 
the kinetica are fi.nt-order. f.ero-order absorption occurs f'or 
aome proceues that are saturable and for sustained-release 
clOIIIIP fonns. Abeorption and elimination of a drug are a se­
quential procesa, and the rate of change of drug in the body is 
the difl'ereo~ between the rate of uptake (absorption) and rate 
of etnwr:: (elimination). For a drug that is absorbed by a first-or­
der process and eliminated by a first-order process, v.;th in­
stantaneous distribution, the rate of change of the amount of 
chug in the body c:a.n be expressed as 

dDa rlJ .. RATE:IN - RATEOllT (75) 

For a drug that is absorbed from the GI tract, the rate of change 
of the amount of drug in the body is 

dDa cit t Fk.,DGI - kD/IIOIJY (76) 

The time-courSe of absorption and elimination is shown in Fig­
ure 58-15.7 The plasma conceI1tration at any time t is equal to 

k,.DoF' 
C • V (k _ "' ) (e_..., - e-""') (77) 

D o " 

whereF is the fraction of the dose, D0, that is absorbed from tbe 
GI tract and kd and k0 are the first-order rate constants for 
elimination and absorption, respectively. The time to r each the 
maximum concentration, tMAX, can be det ermined from 

t//lAS = 
2.3 log (k0 / k ) 

(78) 

and this time substituted into Equation 77 will determine t he 
maximum concentration, C MAX• The rising phase of the plot {see 
Fig SS-15) is not log-linear because absorption and elimination 
are occurring simultaneously. At CMAX, the absorption rate is 
equal to the elimination rate, and after absorption is complete, 
the plot declines in a log-linear manner. This log-linear line de­
&Cribed by the eliminat ion phase, when extrapola ted to zero 
time, yields a theoretical zero-t ime concentration. The absorp­
tion rate constant, k.., can be obtained from the diffe rence be­
tween the empirical curve and the extrapolated line using the 
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Figure 58-15. Kinetics of absorption and d,spos1tion o f theophylhne 1n a 
human subJect after oral adm,n1Strat.1on of O 5 g of aminophyll,ne per 70 
leg. Blood c.oncentrat,on 1s plotted on a log s-cale. (Data from Truitt E.8 Jr, 
et c1I J Pharmacol Exp The, 1950, 100 309 ) 
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Figure 58-16. The effect of the size of the dose of a drug on the peak 
concentration, time of peak concentrat,on, and duration of act,oP Thf 
data were calculated from a one-compartment model 

method of residuals. This is a commonly used t echnique in 
pharmacolcinetics to separate a curve into its component parts 
and is oft-en referred to as feathering, stripping, or peeli11g the 
curve. The reader is referred to Giba ldi and Perrier (see Bib/,. 
ography) for a more comprehensive discussion with examples of 
the applicat ion of this technique. . 

That the peak concentration should vary with the dose 1s 
1,elf-evident from Equations 77 and 78 and from Figure 58-16. 
The time of the peak concent ration is the same for all doses. 
The time to peak concentration can be affected by both the ab­
sorption rate and the elimination ra te. In Figure 58-17, the ef­
fect of a ltering the absorption rate on the time to peak concen· 
tration is shown . With faster absorption, the t ime to peak 
concentration occurs earlier and is higher than with slower ab­
sorption. Figure 58-18 shows the effect of a ltering the elimina· 
tion rate constant on the t.,ux- W1lh a rapid elimination raie 
(shorter half-life), the peak concentration occurs. sooner and 1s 
lower t han with slower elimination (longer half-hfe). 

The maximum concentration at the steady state for an ornl 
regimen is given by 

(791 

The min.imum concentration at the steady state is 

k,.FD ( l ) -~~ (80) 
CM1N.SS =: V(k,. - k) ~ e 

To design multiple oral dosing rPgim,ms, the equati_ons that t 
scribe the maximum and m inim um concentrat ions. at le 

I• • J t ce ve • steady state are somewhat unwieldy. In c 1mca prac ! • h 
Ues for k are not a lways readily available, and in sue 

a d • • neon· instances the equations for LhE> max imum an mm1mur .' 
centrations at the st.cady state following intravenous admin

15
• 

tration will generally suffice as long as one recalls that ?<•cau~ 
absorpl.ion is not ins tan tancoui;, the peak conc~ntrotton an 
time to peak concentration will not occur 11nmed10tcly. 

ORGAN-SPECIFIC CLEARANCE 
The tot.al clearance of a drug from the body almost nJwayr it; 
volves more than one organ of elimination. The anntQniy O 1

, 
1 

human body is such tha t the clearance from the cont~•1
_
1e 

clearing organs occurs in pa rallel and is, thercrore, nddrtll~ 
F'or exa rnple, ifo drug is eliminated solely by hep~t ic.and r~n 
elimination, the total clearance, CL1·, of the drug 1s (!IVen s.s 

CLr = Ci ,11 + CL11 
(Sil 
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Figure 58-17. The effect of differences 1n the rate of absorption of drugs 
00 the peak concentr at1on, time of peak concentration, and soiourn m 
the body The rate of ehmmat1on 1s the same for all curves The dotted 
lne (k, : a:) 1s approximately what the concentration curve would be, 
had the drug been given intravenously. The data were calculated from a 
01e-compartment model 

where CLH and CLR a re the hepa tic and r enal clearance re­
spectively. Measurement o f the total amount of drug excr~ted 
unchanged in urine, D u, a fter a n intravenous dose DN allows 
th luJ • ' ' e ca c at1on of the fract ion of the drug elimina ted renally 
~·~ • 

D u 
Fr= Drv (82) 

The renal clearance, CLn, n1ay be determined as the product of 
~~al clearance_ an~ the fraction of the d rug eliminated by the 

.ney. If the liver 1s t he only other eliminating organ the hep-
atic clearance is given by ' 

CLH = CLr - CLn -+ (1 - F,)C L T (83) 

One e~ception to the principle of the additivity of organ clear­
:cj818 ~u(mo?ary drug elimination. This except ion is because 

e bung ts ID c1rcula tory ser ies with the r·est of t he body organs t that ~D_0%_of ~ardiac o':tp_ut p~sses through the lungs. Few 
rugs exhibit s1gn1ficant el11nmut10n by the lungs so t hat this 

exception is ra J f • h 
l. . . re Yo concern m t e overall assessment of drug 

'un1nat1on. 

14 

-4 ~ I I I II) 
Hours 

Figure 58 18 
"'1 the • • The effect of differences m the rate of ehm1nat1on of drugs 
lt,e~ak concentration, time of peak concentrat,on, and soiourn 1n 
<.Jc~i'."Y The r.ite of absorption 1s the same for all curves The data were 

•led from a one-compartment model 
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HEPATIC CLEARANCE-It waa shown prmoaaly that 
the ratio of the rate of drug elimination and the rat.eat which 
drug enters the organ of elimination is defined u the atrac• 
tion ratio, E, and ia a meaaure of the eftic:ienc:y with which an 
organ eliminates a given drug. One can define the organ clear­
ance of a drug as the product of blood now to the organ. Q. and 
the extraction ratio, and for hepatic clearance the equation 
becomes 

(84) 

where QH is the hepatic blood flow. While an initial examina­
tion of this simplistic model for hepatic clearance would suggest 
that CLH is directly proportional to QH, this concluaion is not 
correct because E varies inversely with Q8 . Specifically, u QH 

increases, E decreases. Thia observation indicates that a more 
complex model of hepatic clearance is necessary if quantitative 
and qualitative predictions of hepatic drug clearance are to be 
made. ln particular, this parameter must be described in terms 
that are physiologically independent. 

Numerous models have been proposed and tested to describe 
the hepatic clearance of drugs. While a discussion of the ad­
vantages and disadvantages of the various models propolled ill 
beyond the scope of this chapter, the uenous equilibrium model 
of hepatic clearance has shown substantial utility in the pre­
diction of both pathophysiological and drug-induced changes in 
hepatic clearance. For a good discussion of the various models 
of hepatic clearance, see the review by ~Iorgan and Small­
wood.15 In the venous equilibrium model, the hepatic extraction 
is described by 

E = f ""CL. ,., 
Ou + f.,,CL,...,,., 

(85) 

where f ub and CL,,_,n, are the unbound fraction in blood and the 
unbound intrinsic hepatic clearance, respectively. The unbound 
intrinsic clearance reflects the ability of the liver to remove 
drug from blood in the absence of other confounding factors, 
such as QH andfub· Since it has already been shown that hep­
a tic clearance is the product of Q H and E 

CL u = ( QH)(f.,,CL •. ,..,) (86) 
0 11 +f.,,CL •. .., 

This model for hepatic clearance provides a powerful tool for 
predict ing changes in drug clearance and, subsequently, 
steady-state drug conce ntrations, when certain limiting condi­
tions are met . In particular 

When QH>> f ub CLu.int> CLH 
can be approximated by fub CLu.,nt (87) 

Wben QH << fub CL u,,no CLH can be a pproximated by QH ($8) 

Compounds with a h igh J.1,,CL • . m, are said to exhibit perfu­
sion rate-limited elimination; tha t is , their elimination rate 
will be rate-limited by hepatic blood flow. Compounds with a 
low f ubCL u.,nt are said to be perfusiot:1. rate-independent. These 
lim..iting conditions allow us to place man..v drugs into classifi­
cat ions tha t exhibit similar pharmacok.inet ics. For exam.pie, 
agents with an f ubCL .,,,.,,< 0.2 Umin can be classified as low in­
trinsic clearance drugs, whereas those with an f "i,CL,._"" > 5 
U min are defined as exhibiting a h igh in trinsic clearance 
(Table 58-1). 

The venous equilibr ium model also serves as a useful tool in 
the nssessment of the impact of cha nges in protein binding on 
hepat ic clearance. Recall in Equation S7 tha t for a drug ex­
hibiting a low intrinsic cleara.n~-e. cha ngt's in protein binding 
will result in proportional changt's in hepatic clearance. This 
type of dr ug is said to exhibit rt!strict it-e clearo11ce; that is, only 
the free (or unbound) drug is availa ble for clearance by the 
liver. High intrinsic clearanre drugs, on the other hand, are 
said to exhibit 11011n1st ric-t iL-e cleara11ce. 

These relationships provide important insight into the effect 
of c:hanges in pro tein-binding on the steady-state concentration 
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Table 58-1. Examples of Drugs with Low and 
high lntrinsk Clearances That Are Eliminated 
Largely by HefNltic Metabolism 
LOW f._a.es (<0 2 l.hnlft) 

Antlpyrine 
Bart>itur•tes 
Dlazepam 
Dlgitoxin 
lsoniRid 
Phenytoin 
Theophylline 
Tolbutamide 
Warflrin 

HtGH f..O..,.,. (> 5 0 lfm,11) 

Chlorpromazine 
Encainide 
Meperidine 
Metoprolol 
Organonitrates 
Propafenone 
Propranolol 
Tricyclic antidepressants 
Verapamil 

of drugs. Consider the case of a drug being administered as a 
constant-Tate intravenous infusion. Ar, described previously 

C .. = Rc/CLr--+ Rc/CLu (89) 

for a drug solely eliminated by the liver. In the case of a drug 
with a low intrinsic clearance, Equation 89 can be simplified to 

C. = Ro/CfubCL._,,.,.,) (90) 

If/.,, were to be increased, for example, by dis placement from 
protein-binding sites, the steady-state concentration would de­
creaae. This may lead one to the condusion tbat the infusion 
rate needs to be increased to maintain the original steady-state 
concentration. However, one needs to examine the ef'f-ects of al­
tered physiology on the free or unbowid drug concentration , 
c ..... 

C,,_ = J.,,,c .. --+ C.,, = Cu.uff u1, (91) 

substituting for C. in Equation 90 and solving for Cu,u yields 

C,.,.. = R o/CL •. ,,., (92) 

It can be seen that the steady-state concentration of unbound 
(active) drug is independent of changes in t.he free fraction, and 
no dosa,ge adjustment would be necessary. This conclusion also 
is valid following the oral admin.istration of a drug with a low 
intrinsic clearance. 

1n contrast, for a drug with a high intrinsic clearance, 
a change in f ub will result in a proportional cbange in the 
steady-state unbound drug concentration during a constant­
rate infusion. 

A:n. additional consideration, which must be accounted for 
with high intrinsic clearance drugs, is the impact of the first­
pass effect. When a drug is absorbed from the stomach and 
small intestine, the venous blood from the sites of absorption 
enters into the portal venous flow. This results in all of the ab­
sorbed drug passing through the liver prior to entry into the 
systemic circulation. For drugs that exhibit a high intrinsic 
clearance, the consequence of presystemic hepatic metabolism 
is a substantial reduction fo the systemic availability of the 
drug when administered orally. This phenomenon explains the 
marked discrepancy between an oral and an intravenous dose 
ofa given drug required to achieve identical plasma concentra­
tion.s. For example, the therapeutic dose of propranolol ra11ges 
between 1 and 6 mg intravenously, whe reas the oral doses nee· 
essa.ry to achieve therapeut ic effect range from 40 to 200 mg:. 

The systemic availability, F, of a drug that is absorbed com­
pletely from the GI tract after oral administration is the frac­
tion of the absorbed dose that escapes extraction and is given as 

F = l -E ~~ 

Rearranging Equation 85 a nd subi;tituting for E in Equation 93 
yields 

(94) 

Similar to the limiting conditions described f~r C~~• one can d~ 
fine two limiting conditions for systemic ava1lab1hty, F. Specif­
ically, when Qu < < f ,.bCL._,n., F approaches 1.0: ".l'hereas ~.heo 
Qu<< J.,.CL •. ,n., F approaches zero. These l!mitm~ ~onditions 
indicate that a drug with a high / ubCLu,ont mll exhibit low sys­
temic availability after oral administration, because of exten­
sive first-pass metabolism. On the other hand, drugs with a low 
f,.bCL

11
,,nt will not be subject to significant first-pass 

metabolism. . 
Generally, the parameter most commonly ~e~enm~ed ,to as­

sess overall drug availability afteT oral a~mstrat1on 1s ™ 
area under the drug concentration-versus-time curve, AUC. 
Recall from Equation 67 that the total clearance is ~ual to the 
quotient of intTavenous dose and AUC from zero to inliruty. If 
the drug is eliminated entirely by met abolism, the hepatic 
clearance is defined as 

Doserv FDosero 
CL"= AUCrv = AUCro 

(95) 

Substituting Equation 86 for CLH and Equation 94 for fyields 

(Qn)(J.i,CL . ,,,.,) (Dosero) ( 011 ) (96) 
QH + f •• cL.,,., = AUCro On + J.,,CL •. ,., 

Simplifying, 

fubCLu,rn< = DosepolAUCpa 
(9TI 

Thus, for a high intrinsic ~epatic clearance drug, t~~~~:°U:. 
independent of Qff. Additionally, the steady_-5tate mo.re in· 
bound drug is independent of the free fracL1on. For a th 

. . . h ti. learaPce see e depth d1scuss1on of these concepts on epa cc • 
paper by Wilkinson and Shand. 16 

. h enal 
RENAL CLEARANCE- Physiologists studied t e r 

d ubstances long be-clearance of e ndogenous an exogenous s u1 . har 
b e pop ar m P • fore the use of clear ance con_cepts . ecam d' of drug 

macokinetics. Indeed, th_e b~s1s for ~he undei:5t:_/~!cadcs of 
clearance in pba.rmacokmet1cs h as 11.s roots in •gnifieant 
work by renal pbysioloi,ris ts. Moreover , th.ere ~ed ~

1 
hepahc 

differences in the complexity of processes mvo ve 10 thtee 
and renal handling of drugs .. In th e kidney, th-:~:eefor the 
Primary processes (and one m10or process) respo . and 

l fil f on secretion, 
r enal elimination of drugs, name Y I tra_i 

1
• E h of the 

r eabsorption (and metabolism), respective Y· _ace deter· 
N' d b on yet umqu , n1ajor processes are a uecte y com m , 

minants. d • given as 
The rate of filtration in the kidney for a rug 1s 

t9Sl 
Rate of filtration = (GFR )(Cu) 

. d C is the pre-
where GFR is the glomerular filtration rate anl "ance by fil· 

t • n The c ear vioU6ly defined free-drug concen rauo • . at a given con· 
tration is the quotient of the rate of filtra trn of!l drugduelO 
centrat.ion; therefore, the renal clearance, C R> 

filtration is 

CLR = (GFR)(Ju) 
• r • nated only by fi(tta· 

The renal clearance of a drug that 18 e imi . rote 1md 1hc 
tion can be estimated if the glomcrular filtrallonbstonres colll· 
free fraction of drug a re known. There a re two sut"nine 8n en­
monly used to estimat.e the GFR, na mel}'. crcn 

8

1

0
d l~uhn, • 

dogenous by-product of muscl~ metabohs11/minoted in the 
polysaccharide. Bot h are es~cnt1uJly 1 OO% ~ two subst11ncci 
urine by filtration and, thus, the Cl r of t.he~eFR 
can be used as reason able estimates ~or the Gal ~liinlnationof 

Another primary process involved in the ren rsl 0c111·t-
• ATS Theresreseve drugs is active tubula r secret.ion, · • b I that are cJlP9• 

t ransport systems in the proximal renal t.u u e . e There sp-
ble of excr~ting drugs from the 0ood int1 ti; ;;

1:r ~alions 8:11} 
pears to be a mulliplicity of systems fo~ l l e r t]ian the pruu· 
anions, Whenever the rena l cleara,1ce is greate be net 1ubulLII' 
uct of the GFR and the free fr act ion, there !nus~.1 8 

renal cte~r­
secretion in addition Lo clearance by filtration. 1 
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ance due to ATS, which is CLArs, is given as 

CL _ (QRP)(J.CL.,.,;.,J 
AT$ - QRP + f.CL...,.,.., 

(100) 

where QRP and CLu.,m, represent effective renal plasma flow 
and unbound intrinsic secretory clearance, respectively. Simi• 
lar to the situation described for hepatic clearance, drugs may 
exhibit a high or low intrinsic secretory clearance. The impact 
of changes in plasma protein-binding on renal clearance would 
substantially differ between these two situations. 

For drugs that undergo both filtration and ATS, the renal 
clearance is simply the sum of the clearance due to filtration 
and the clearance due to secretion 

CLn = (J.)(GFR) + CLArs (101) 

In addition to these two processes, some drugs undergo 
tubular reabsorption, whereby some fraction of tbe drug ex­
creted into the urine by filtration and secretion is reabsorbed 
mtothe body. Therefore, the full expression for renal clearance, 
taking into account all three processes, is given by 

CLR = (f.)(GFR) + CLArs - Frn((f.)(GFR) + CLArs) 

or CLn = (1 - Frn)(Cfu)CGFR) + CLArsl 002) 

where FrR is the fraction undergoing tubular reabsorption. 
These relationships provide the basis for determining the 

Pnmary mechanisms involved in the renal handling of a given 
drug Specifically, determination of the ratio of renal clearance 
~d that of inuJin provides a clinically useful means to deter­
m,n~ the processes that are primarily responsible for renal ex­
cretion. lfth_e ratio is equal to 1, the drug would appear to be fil. 
lered ~xclus1vely by the kidney. Both ATS and TR also could be 
oecumng, but at equal rates (an unlikely occurrence). If the ra­
tJ° of renal clearance to inulin cleara nce is greater than 1, it is 
c ear tha.t the drug is unde rgoing net tubular secretion as well 
: filtration. Similarly, if the ratio is less than 1, the drug must 

undergoing net tubular reabsorption. 
c,fi~ss~e~tofthe mechanisms for the renal excretion ofspe­
r gs is important because different factors will alter CLR. 
~ example, if a drug undergoes net tubular secretion, other 
sengs sec~ted by the same transport processes may compete for 

/11)ty sites, resulting in an overall decrease in the renal ex­
: 

100 
of the ~g. Alternatively, if a drug undergoes tubular re­

am so~tion _and 1s a weak acid (eg, salicylate) or a weak base (eg, 
110 p fetahmme), the r enal clearance may be altered by manipula-

n o t e unn· H • . Tu k 17 ~ adeseri . e P or unnc flow. See the review by c ·er ,or 
Pact'on of the methods for calculation ofCLn. 

bind TE~·BlNDING-Drugs circulating in the blood may 
prot ~eversi~ly to a number of components including plasma 
rnat15

• This reversible binding may be described by s imple 5• aw relationships. 

IDu,.hou"d] + [P) H ID - P] (103) 
~~w l . 
ofthcfi "J"°""" • IP(, and [D - Pl are the molar concentrnt1ons 
protej rec rug, the protein to which the drug binds, and thedrug­
that th complex, respcclivc-ly. It is obvious from this relationship 
bothof~h:mount of d~·ug-prntcin complc-x formed is a functi_on 
betwe hconccntrahon of the drug nnd protein and the affinity 
cone~ e~ l .0 protein find the drug. Thus, changes in the protein 
drug~ rntion may a ltc-r bi ncling, as may changes in the total 
prot,, ncchntrntion. For most drugs and their respective binding 1ns t e c • . h hon of d• oncentrat1on of µrotc- m for exceeds t e concentra-
le1n is ~g, such that tho fraction or drug that is bound to pro-

Ile ,111
c epcndent of drug C'oncentration in plasma or blood. 

•tnct:~hs~ plasma proteins often have a molecular s ize lhat re­
drugs their Pllssage across cell me mbranes a nd cnpil_lnry w?ll~, 
krly, Th nt are bound to plasma proteins a re restricted si~m­
r,n tlie d' us, Plasma protein-binding can have II mnrked cOc•ct 
rif l>ha 1stribution nnd elimination of drugs. It is n bas ic tenet 
ti,log1t~acolo~'Y that only lho unbound (free) clrng is phnnnn-

n Y active, because it is nssunwcl tha t the unbound drug 
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is able to traverse biological membnuies and reach the ~ of 
drug action. While there have been few direct testa of thi8 hy• 
pothesis, those investigations that have_ been ~ sup­
port the assumption that the free drug IS the pnnapel pbar-
macologically active species. . . 

There are several methods by which drug protein-binding 
may be described quantitatively, though the most tJ:equent and 
useful is the free fraction,/,,. The/,, can be determined u 

c. c. 
.tu .. -----c. +c. c, 

(104) 

where C is the concentration of unbound or free drug, Ca is the 
concent;ation of drug bound to protein, and Cr is the concen­
tration of total drug (bound plus free). Obviously,/• ~ range 
from O to 1. This relationship provides a means by_which free 
drug in vivo can be calculated if the total concentratlon and the 
free fraction are known. 

C,.: (CrX/ .. ) (105) 

Recognizing changes in protein-binding i~ ~portaut because it 
may substantially alter tbe pharmacokinetics o~ a ~- The 
previous section described the impact of p~tem-b~din~ on 
clearance referenced to total drug concentration. Protein- bmd­
ing chan~es also may result in alterations in oilier pharma­
cok:inetic parameters. The volume of distribution at the steady 
state can be expressed as 

f. 
v,, = Vi,,_, + v,,..f.-., (106) 

where V TW is the volume of tissue water and/ wT is the free frac­
tion of drug in tissue. From the relationship in Equation 106 
(which is analogous to Equation 12, for drugs witb ~ volume_ of 
distribution > 50 L), it is clear that a decrease m p~tea.n­
bind.ing (ie, an increase inf.) will result in an increase tn ~e 
V ss- The impact of changes in / w on the half-life of a dru~ with 
a large volume of distribution can be assessed from Equation 18 
and either Equations 87 or 88. The impact resulting from ~ 
change in protein-binding of a drug depends upon the magru­
tude of such binding alterations on both V ss and CLr. 

The two major drug-binding proteins in plasma are albumin 
and a 1-acid glycoprotein (AAG). Albumin is tbe major protein 
both in plasma and in tbe extracellular space outside of plasma 
and is present in concentrations ranging from 3.5 to 5.5 g/d.L in 
normal, healthy individuals. Albumin is tbe primary binding 
protein for acidic drugs, such as salicylate, totbutamide, or war­
farin. Numerous diseases can result in marked reductions in 
the concentration of albumin, including nephrotic syndrome, 
severe burns, liver disease, malnutrition, and some chronic in• 
nammatory conditions. 18 Thus, disease is most likely to pro­
duce an increase inf. for those drugs highly bound to albumin. 

The substance AAG belongs to the family of acute-phase reac­
tants, endogenous substances that are markedly increased in con­
centration secondary to some type of stress.. \Yhile normal AAG 
concentrations range from 80 to 120 mg/dL, concentrations may 
increase above 300 mg/d.L in patients exl>('riencing major stress, 
such as surgery, trauma, or burns. More-moderate elevations of 
A..<\G have been observed in patients following a myocardial in­
farction or in inflammatory diseases such as Crohn"s disease. Toe 
increase in AAG conl'entration results in a decrease in/ w, and 
AAG is the major binding protein for many basic, lipophilic drugs. 

A major source of drug interactions is l'Ompetition for pro­
tein-binding sites. Each albu.min molecule contains at least 
four different drug-binding sites, two of which are the sites 
where most drugs thnt bind to albumin interact with the other 
molecule. If two drugs bind to the same site on a protein, they 
mny compete with each other for binding. Thus, the addition of 
a drug to the existing therapeutic regimen of a patient may re­
sult in displncement of existing bound drug molecules from 
their protein-binding sites. Ht ~ever, as described in the Hep­
atic Cleamnce section of this ;haptcr, these types of interac­
tions rarely are clinically sign ficnnt (ie, these interactions do 
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Figure 58-19. The clearance of unbound drug (e), determined under 
!!eady~tate cond1t1ons, and the fr action unbound 1n plasma (0) vary in­
versely with each other as the sahcyhc acid concentration is increased The 
c;irrespondrng total plasma sahcyhc acrd concentrations are superim­
posed on the linear scale of the concentration of unbound drug, 1 mg/l 
~ 7 2 micromolar (Redrawn from Furst DE, Tozer TN, Melman KL C/m 
Ph.irm.Kol Ther 1979, 26 380 ) 

STERE0CHEMICAL CONSIDERATIONS 
Chiral drugs constitute approximately 60% of the drugs that 
are currently commercially available. Most of these are mar­
ketEd as racemic mix.lures. These facts obviously indicate the 
importance of unders tanding the impact of stereochemistry on 
both pharmacokinetics and pharmacodynamics. While it has 
long been appreciated that oplicaJ isomers often differ in the po­
tency of pharmacological or toxic effect, it is only recently that 
SJgn1ficant attention has been paid to the influence of chirahty 
on pharmacokinetic processes involved in absorption, distribu­
bon, and elimination. This i s primo.r,ly due to the previous lack 
of analytical methodology required to separate drug enan­
bomers. The recent development of reasonably inexpensive 
methods for the separation of stcreoisomers has led to a more 
romprehensive assessment of the pharmacokinetics of drugs 
that are administered as rnccmic mixtures. 

Enantiomers possess identical physical and chemical prop­
!r\1es, despite significant chfTerences in spatial configuration. 
Thus, biological processes that a re passive in nature (and 
thereby depend only upon physical a nd chemical characteris­
tics of the molecule) do not display selectivi ty for one is omer 
over another. In contrast, biolo1,.,ca l processes that require the 
interaction of a drug molecule with a macromolecule (such as 
Protein-binding or metaboli~m) may exhibit s tereose.lectivity. 
This knowledge permits som e generalizations about when 
Pharmncokinetic processes may difTcr between enant.iome-rs. 

ABSORPTION-Since most dl'ugs are absorbed by passive 
diffusion, most will not exh1b1t ~loreosclective alterations in ab­
l{)rption. Drugs that are ab»orb(•d by a carr ier-mediated or ac­
tive process mny display such i,; ten' osolcctivity. Indeed, dcmon• 
,tral!on of stnrcoselect.ive absorption would be s trong evidence 
that a drug is nbsorbcd v1u II cu n-ier-mediuted process. 

Plt01'EIN-BINDlNG-Drug asi;ociation with plasma pro­
ltms requires interaction of a small molecule with a macro­
lll-Olecule, which depends upon the spatial configuration of both 
~n1po11entd. ll should not be s urpris ing, the refore, t ha t plasma 
protein-binding has been found to exhibit s tercoselectivi ty for 
.IIJrne drugs, including disopyl'a mido, ibuprofen, mexilitene, 
fi/r,pranolol, and vcrarnunil. . . 

Mf .. 'TABOLJSJ\1-Diotransformat ion requires the interttc­
hon of a drug with an enzyme, an interaction in which spa_tial 
1
/tilngement ii. critical. M any drugs that undergo l\\l'tnbohsm 
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exhibit 1tereoaelective hepatic clearance. For example. the oral 
clearance or verapamil (a high inir!Mic deannce drug) dis­
plays profound lltereoleleclively such that the oral deannee 
ratio of the R to S isomers i • approximately 4. 

RENAL EXCRETION-Filtration in the kidney is a pu­
sive process; however, if a drug exhil>ita st.ereoselective protein.­
binding, one might anticipate that the drug enantiomen would 
exhibit differential filtration rates. Active tubular secredon, be­
ing an active proc:ess, also rnay demonstnte stereoselectively 
for some drugs. Indeed, numerous drugs, including chloro­
quine, disopyramide, and terbutaline, have been found to be_. 
creted stereoselective.ly by the kidney. While passive tubular 
reab$0rption would not be expected to show stereoselective ef­
fects, active reabsorption may demonstrate these etfec:ta aa baa 
been shown for certain endogenous substances such as gluc:oee 
and amino acids. 

KINETICS OF PHARMACOLOGIC EFFECT 
In addition to considering the relationship between drug con­
centration and time, proper design of therapeutic regimens of­
ten necessitates an understanding of the relation.ship between 
concentration and response. These two relationships can be 
combined to produce a time course of phannacologic response, 
and this is referred to as pharmacodynamics. This area of in­
vestigation provides important quantitative information re­
garding the onset, duration, and intensity of pharmac:ologic 
effect often in relation to drug concentration. Full characteriza­
tion of these elements can involve the devel.opment of pb.arma­
cokinetic-pharmacodynamic models. Modeling the kinetics of 
effect requires an understanding of the mechanism of phanna­
cologic action, ofwhlch there are many. These include receptor 
stimulation (eg, (:h-adrenoceptor agonists), receptor antago­
nism (eg, Ht-histamine receptor antagonists), transporter inhi­
bition (probenecid, diuretics), enzyme inhibitors (eg, an­
giote·nsin converting enzyme), substrate replacement (eg, 
thyroicine, testosterone), non-receptor-mediated drug action 
(eg, chelation) and chemotherapy Ceg, antibiotics). 

Clinically useful information can often be derived from rela­
tively simplistic models. The relationsb.ip between drug re­
sponse and concentration is usually graded, that is. the rise in 
concentration results in a progressively increasing magnitude 
of effect (Fig 58-20). There is essentially always a ceiling, or 
maximum, to the intensity of effect, su.ch that further increases 
in drug concentration will not result in additional increases in 
the intensity of pha:rmacologic response. In practice, plasma 
concentrations rarely, if ever, reach the maximum effect~ 
cause toxicities often develop. Thus, only the linear portion of 
the concentration-effect curve may be observed. The placement 
of the curve along the x-axis may vary amoQg compounds, re­
sulting in differences in the poteucy the drugs. Moreover. the 
steepness of the curve (the rate at which the intensity of the ef­
fect changes as a function of concentration} will vary among 
drug responses. For some drugs, such as narcotic agonists, a 
sma ll change in the drug concentration ca.n result in marked 
changes in drug elTcct (see Fig 58-2.0). 

There are cerlain agents that appear to exhibit an all­
or-none n.'Sponse. Rather tha.n the typical graded increase in ef­
fect as concentration incceases, the.se compounds exhibit a 
threshold of response that once reached result in the detection 
in the response. Wb1le a given individual's response to the drug 
is identified by the prescnc-e or absence of the effect, the fraction 
of subjects i.u a sample population res ponding will increase as 
the conce ntrat ion of drug is increa:;ed. A good example of this is 
seen in the conversion to normal sinus rhythm in patients with 
atrial fibrillation treated with an antiarrh~tbmic agent (Fig 58-
21). ln this instance, tbe,·e is variation within the patient pop­
ulation in the contentrntion that n1ust be acbie,·ed to convert a 
specdic patient from atl'ial fibrillation to normal sinus rhythm. 
Thus, tho h igher the conc.-ntration achieved in a patient, the 
more likely they ate to exhibit lhe pharroacologic effect. 
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not significantly alter the ~rug concentration). Hence, 
while protein-binding interactions are probably the most 
widely reported drug interadion, they rarely necessitate alter­
ations in drug therapy (citation Benet and Hoerner, CPT. 

DOSE· AND TIME-DEPENDENT 
PHARMACOKINETICS 
Up to thif point, the processes for drug absorption, distribution, 
metabolism. and elimination have been assumed to be charac­
teriml by first-order rate constants, and the general concepts 
and equations pretoented are applicable to a wide variety of 
drugs, with modification. Moreover, ";th any of the pharma­
eoltinetic models (compartmental, noncompartmental, or phys­
iological~ a number of basic assumptions apply, in particular, 
the principle of superposition holds. In other words, measure­
ments of the concentration of drug plasma, urinary excretion of 
unchanged drug, or amount of metabolite reco\'ered in bile in­
crease proportionally with increases in dose. V.'hen these mea­
aurements or other observations are corrected for dose, the val­
ues ere identical or superimposable. Thus, the pharmacokinetic 
parameters Vo, CLT, and F remain constant with respect to 
time and with dose or concentration. 

But the processes controlling the disposition of drugs are bi. 
ological and therefore invol\'e processes that are mediated by 
specialized carriers or enzymes. Under some conditions, these 
processes can become saturated, and changes in dose may pro­
duce nonproportional changes (eg, in concentration, amount of 
metabolite(s) produced, etc.) Table 58-2 delineates some of the 
various causes of nonlinear pharmacokinetic behavior. 

Nonlinearity is a term applied to all situations in which a 
semilogarithmic plot of plasma concentration versus ti me data 
cannot be resol\'ed completely into Jog-linear components (ie, 
fir.<t-order processes). There are a wide variety of causes for 
nonlinearity, such as capacity-limited metabolism, capacity­
limited absorption, saturable first-pass metabolism, changes in 
blood supply to the site of absorption and/or the organ of elimi­
nation, low or erratic di5solution or release rates from dosage 
forms, low solubility of the drug, or drug-induced changes in or­
gan function or body temperature. Nonlinear drug disposition 
primarily has been detennined by measuring the pharmacok.i­
netics at several dosage levels. When a capacity-limited enzyme 
metabolism is the source of tbe nonlinearity, the Henri• 
Michaelis-Menten equation 

VMA.iC,, 
\ 'el<,czty = ---

KM + C,, 
(107) 

can be applied to assess the "elocity versus s ubstrate (drug) 
concentration relationship. There are several techniques for 
the determination of the direct cause of nonlinearity in drug Jd. 
netics, including direct calculation of CLT, CLoJW,, F, Yss, and 
V1. Most commonly, Jack of superposition (disproportionate in­
crease in A UC v.'ith increasing dose) is an indication of nonlin­
earity in the system. 

PROTEIN-BINDING-Wht>n the amount of drug bound to 
plasma proteins approaches saturation, the percentage of the 
drug that is unbound may vary considerably with increasing 
dose. Under the conditions of saturation, for example, after a 
salicylate overdose, the f" may vary considerably with the t.otal 
amount of drug in th~ body and hence, certain pharmacokinetic 
parameten;, such as apparent volume of distribution, will be in­
fluenced. 

TIME-DEPENDENT KINETICS-Carbamazepine is a 
drug with low-to-intermediate intrinsic clearance, which also 
induces an increase in the attivity of the biotransforming en­
zyme system by which it is metabolized. This increase will in­
crease total clearance and deer<>ase half-life. Because s uch au• 
toinduction of metabolism does not occur until several 
dose-intervals of repetitive dosing, the pharmacokinetics vary 
with time and are called tim!!-d<-p<,nd<mt. Allostmc <fo~dback) 

Table 58-2. Examples of Mechanisms for Dose- and 
Time-Dependent Pharmacoklnetlcs (Nonlinear D1119 
Disposition) 
KINETIC PROCESS AND MECHANISM 

Gastrointestinal absorption 
Saturable transport 
Intestinal metabolism 

81otr ansformation 
Saturable metabolism 
Product inhibition 
Cosubstrate depletion 
Plasma protein-binding 

Renal excretion 
Glomerular filtration/ 

protein-binding 
Tubular secretion 
Tubular reabsorption 

Biliary excretion 
Biliary se<retion 
Enterohepatic cycling 

Tissue distribution 
Plasma protein-binding 
Hepatic uptake 
CSF transport 
Cellular uptake 
Tissue-binding 

EXAMPlES 

Riboflavin, peni<illins 
Salicylamide 

Phenytoin, sallcylate 
Phenytoin (rat) 
Acetaminophen 
Prednisolone, disopyram1de 

Naproxen 

p ·Aminohippuric acid, mezloc1ll1n 
Riboflavin, cephapirin 

lodipamide, BSP 
Cimetid1ne, isotretinom 

Prednisolone, ceftriaxone 
lndocyanine green, warfarin (rat) 
Benzylpenic1lhns 
Methici llm (rabbit) 
Cyclosporine, dideoxyinosine (rat) 

inhibition by accumulated metabolites of a drug, or an effect of 
a drug to impair its route of elimination, also will cause dose­
and time-dependent changes in pharmacokinetics. Drugs that 
cause the depletion of some slowly replaceable intermediary 
factor, such as the depletion ofnorepinephrine by reserpioeor 
the depletion of inorganic sulfate by acetaminophen , will man· 
ifest time-dependent efTects. 

DOSE-DEPENDENT KINETICS-When the eliminauon 
route is saturated by either capacity-limited metabolism or ca· 
pacity-limited renal excretion , it is evident that the total clear· 
ance of a drug will decrease and the half-life will increase with 
increases in doses. Examples of important drugs that demon• 
st.rate dose-dependent kinetics are salicylic acid, phenylbutn· 
zone, probenecid, levodopa, phenytozn, heparin, and dicumarol. 
Ethanol obeys essentially zero-order elimination kinetics al 

blood concentrations above O 02 to 0.04%, which is a foctofcon· 
s iderable social and legal importance. 

Salicylic acid is one of the most interesting examples of d~ 
dependent kinetics from multi pie sources. Salicylic acid i. elum· 
nated from the body by at least five, parallel, competing pro­
cesses.19 Two of these are saturable processes for the formnhoi" 
of salicyluric acid (the glycine conJuga le of salicylic acid) ~nd so • 
icylphenol glucuronide. The other three processes ofehnun?ll

0"i 
excretion of unchanged salicylic acid m urine and formaboP 

0 

gentisic acid and salicyl glucuronide are first-order processe~ 
The half-life of salicylic acid increases from about 3 hr to ove\ . 
hr as the dose is increa~ed upward from 300 mg to 10 g Al:~ 
doses, the half-llfe is about 3 hr, the apparent volume of dis~: 
bution is approximalely 91, ancl a total clearance can Ji:e e);o 
mated to be 211hr. The bind mt: of salicylic acid to albumin 

8 
el 

is capacity-limited (saturable), and saturation occurs even1 of 
therapeutic (low) doses of lhe drug. 'J'hercforc, ns the amoun es 
salicylic acid in the body increases, the CL •. ,., dccrcn:rh 
whereas the/. increases. Theij<' two effects tend to oppo~ e rt'l· 
other, such that the total clearance of salicylic acid remain( un· 
at ively unchanged within lhc nnti-inflammotol')'. rongc

9
; w,,. 

bound concentra tions (between IO and 60 mg/L; Fig 58•
1 

• 0 be 
nally, the renal excretion of salicyli c acid (pl<. = 3 5) c\rr 
increased by increasi~g urinary pl I, resulting inn ~ccreB_~~; coo· 
nal tubular reabsorplion (data nol shown). The toxicologi , ool 
sequences of a salicylic acid overdose a rc well known, b~I 

111d 10• 
always a ppreciated that as the concentration ofsalicyhcBrfpro­
creases, the total amount of drug in the body increases out 

0 

portion to the totnl plasma conrcntration. 
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