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Preface to the Twenty-First Edition

For over 100 years and throughout 20 previous editions, Rem-
ington: The Science and Practice of Pharmacy has stood as the
definitive text and reference source of all aspects of the science
and practice of pharmacy. In this new edition, you will find a
text that is practice-oriented while maintaining its tradition-
ally reliable coverage of scientific aspects. The 21% edition
keeps pace with the changes in pharmacy curriculum and pro-
fessional pharmacy practice in general.

In the years since the first publication of Remington’s
Pharmaceutical Sciences, there have been many changes in
the field of pharmacy and pharmacy practice. Although this
edition of Remington maintains the general philosophy of pre-
vious editions, several changes have been made to present
fresh and new information and to take advantage of the
advances made in recent years. Each section of the book has
been critically reviewed and revised to reflect 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 areas of:

® The application of ethical principles to practice dilemmas
* Statistics ied to pharmacy practice
e Technology 1ation

¢ Professional ¢ nunication

e Medication errors

* Re-engineerin armacy practice

¢ Management of ial risk medicines
* Specializatic macy practice

¢ Disease st gement

. t care

¢ Wound care

The Pharmaceutical and Medicinal Agents section is the
most very usefu f the book in terms of core drug infor-
mation. For this edi ve added more than 100 new drug
monographs, and the sly existing material has been up-
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dated. We realize that this is a section that is nearly impossible
to keep current, and we've tried to include as many new drugs
as possible. Because of space constraints, we were limited to the
most important or most widely used drugs.

Another significant addition to this edition is the expansion
of the Pharmacodynamics and Pharmacokinetics section to in-
clude the new, growing area of Pharmacogenomics. This chap-
ter highlights many of the important advances including: prac-
tical applications and technological considerations, molecular
diagnostics for optimizing drug therapy, and 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 his continued
support. Dr. Gennaro was Remington editor for the past four
editions. No one is more familiar with Remington than he 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 he has 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

xvii
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The goal of pharmacotherapy is to provide optimal drug therapy
inthe treatment or prevention of disease. A major barrier to the
achievement of this goal is the large variability in pharmacolog-
ical etlfect that is observed following drug administration (Fig
56-1).! The ability to implement drug therapy in a safe and ra-
tional manner necessitates an understanding of the factors that
tause this variability. One of the most important factors is the
foncentration of drug that is achieved at the site of action.

THE CRITICAL NATURE OF THE

CONCENTRATION VERSUS EFFECT
RELATIONSHIP

3:: tgau.‘.‘il;:lz?‘t&ve response to a drug depends highly on the con-
tanot quartif o at the site of action. In most situations, one
erqd antify drug concentration at the actual site of action.
le site thmtg' toncentrations are measured in an easily accessi-
fon b? is believed to be in equilibrium with the site of ac-
a gmtég ill %od or one of its components). Figure 58-2 provides
e arLllStrat"’_n_ of a drug whose pharmacological effect is
Merous s ﬂ-sensm"e to changes in blood concentration. Nu-
ical "atur‘; 1;8 have been published that substantiate the crit-
vari of the concentration-effect relationship for a wide
:tly of drugs‘
des'g:;:e i‘ﬂgt‘nzed now that drug therapy may be optimized by
Ecessarf, tzg'm}\ﬁns that account for the concentration of a drug
ever, there ismf.t po 4 ?lt‘su‘vd pharmacological response. How-
Ncentratio Often significant difficulty in achieving such target
ofa m“’_" In Dl_ll‘t}mﬂ ar, it often is observed that if a fixed
mﬂcentmtiog 18 administered to a group of individuals, the drug
&, the peq N measured in plasma can vary widely. For exam-
Eroup of 90 toncentration of 6-mercaptopurine achieved in a
‘hawnin Fi Patients who received a standard 1 mg/m? dose is
e %’ure 58-3.7 The concentrations ranged from 0 to 660
Oncentrgpio N together, this suggests that variability in drug
there may b Mis a major source of variability in drug effect, and
alsin tho d ©asignificant degree of variability among individu-
basie :Ugdcuncent!_'ations produced by a given dose of drug.
“‘mmlion Nderstanding of the factors that control drug con-
of g att 1€ 5ite of action is important for the optimal use
ﬂv:lq’ whichl% 18 the arvea of study referred to as phﬂr‘ma('t.)kl'
d‘*lribuun 15 the study of the time course of drug absorption,
™ metabolism, and elimination.

co
PROF) NCENTRATION VERSUS TIME

h‘"’d

(oritg 3

r"-"iuun its “’llllmlu"llts, plasma or serum) represents the mua_t
¥ Sampled fluid used to characterize the pharmacoki-

netics of drugs. Drug concentration in the blood

the time at which the peak concentration occurs can be approx-
imated and the peak concentration quantified. If the 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
pharmacokinetics 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

of absorption, distribution, metabolism, and elimination.

PHARMACOKINETIC MODELS

One of the primary objectives of pharmacokinetic models is to
develop a quantitative method to describe the relationship of
drug concentration or amount in the bedy 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 application of the pharmacokinetic
model. Often, numerous potential mathematical models exist
for a particular drug. In such cases, the simplest model that will
adequately and accurately describe the pharmacokinetics of the
drug is the model that should be chosen,

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

1. Prediction of drug concentration in blood/plasma or tissue.
2. Calculation of a dosage regimen.

3. Quantitative assessment of the effect of disease on drug disposi-

tion.
4. Elucidation of the mechanism of disease-induced alterations in
drug disposition.
. Determination of the mechanism for drug-drug interactions.
. Prediction of drug concentration versus effect relationships.

oo

There ave three primary types of pharmacokinetic models: com-
partmental, noncompartmental, and physiological.

Compartmental models describe the pharmacokinetics of
drug disposition by grouping body tissues that are kinetically
indistinguishable and describe the transfer of drug between
body tissues in terms of rate constants.

m
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d patients, illustrating a typical range in interpatient responses,
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Figure 58-3. Distribution of peak 6-mercaptopurine concentrations
achieved in a group of 20 patients receiving an oral dose of 1 mg/m’
(Data from Sulh H, et al Clin Pharmacol Ther 1986, 40 604)

RATES AND ORDERS OF REACTIONS

Many pharmacokinetic models use parameters that are anale-
gous to rate constants in chemical kinetics. For example,
consider the case of a drug (D) that is metabolized to a metabo-
lite (M).

DM

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 2
metabolite is a constant with respect to time, the reaction Is
said to be zero-order and is expressed as

-db m
ol 0

where Ky is the zero-order rate constant with units of mass per
time (eg, mg/min). A plot of the time-course of the amount ofthe
drug in the body that is converted to a metabolite by zero-order
kinetics is shown in Figure 58-6. Integration of Equation
yields an equation for a straight line, which describes the
amount of the drug in the body at any time (1);

Amount, = —kyf + Amount, o = — kot + Dose (2

Zero-order rate processes typically are found when an enzyme
or transport system becomes saturated and the rate process
comes constant and cannot be increased by increases in the ©00°
centration of substrate. Zero-order rate processes are typic
constant-rate intravenous infusions and prolonged- releasé
dosage forms,

If the amount of the drug in the body is converted 108
metaholite at a rate that is a constant fraction of the amount
the drug in the body, the conversion of D to M is said to be #
first-order reaction described by

o) (3
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Figure 58-4. Diagram Hllustrating the factors that influence onset, duration, drug mu
Ing absorbed and that it passes across many lipoid barriers and some metabolizing systems mm@mﬂewm
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Figure sg.5, Hypothetical plot of drug-concentration data after oral ad-
"istation of a drug
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wherebmtheﬁrst—ordermtecmsmw
ciprocal time (eg, min ”‘lmmmdmsm
B = -t E wm
: : 2 aFa it il
and integration of this expression yields r '
dD ] i 29 J‘
e o D= okt b Tn Do AN u'm"

where In is the natural loganl'.hm. This equahmahmh%
pressed in the exponential form g

D, =D (5;
Graphically, the integrated form usually is expressed in- m
of logyo rather than in natural logarithms (m Fig 58-6): ,

logD=2‘m+log_uQ o ﬂ)

ANALYTICAL CONSIDERATIONS

Any discussion of pharmacokinetics presumes that the drug
concentrations can be determined with a high degree of accu-
racy and precision, One of the most frequent causes ofhighvari-

ability in pharmacokinetic parameters is poor data mﬁn‘r"- o ;
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Time
Figure 58-6. Plots lllustrating 3 zero-order and a fir

from imprecise analytical procedures. Evaluation of pharma-
cokinetic data in the literature must begin with an assessment
of the validity of the assay used under the conditions in which
the study was conducted. An assay must be tested for speci-
ficity, sensitivity, reproducibility, stability, and accuracy. Be-
cause metabolites are frequently present in the fluid to be
measured and are similar in structure to the parent compound,

g@ﬁaﬁm of drug from any putative metabolites must be

INSTANTANEOUS INPUT WITH
INSTANTANEOUS DISTRIBUTION

T!m disposition of a drug from its site of administration and its

tribution and elimination from the body occurs via the vas-
cular system. Most drugs are low-molecular-weight compounds
?fs‘uﬁicien; lipophilicity that they are able to distribute readily
into the intra- and extracellular fluid compartments in the
body. The transfer of drug from the cireulation to these fluid
compariments and then into tissues is called distribution. The
pharmacokinetic parameter volume of distribution is a propor-
tionality constant that relates drug concentration in a reference

fluid, typically plasma, to the amount of drug distributed
throughout the body.

Volume of distribution (V)

Amount of drug in body (D,)  (8)
i Drug concentration (Cp)

Drugs that distribute widely to tissues will 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, phenylbutazone) or do not readily enter
cells (eg, amikacin) will have low volumes of distribution and high
plasma concentrations relative to the administered dose,

Die and Tozer® have developed a physiological model for ex-
pression of the apparent volume of distribution, which takes
into account the extracellular water, including plasma- and
protein-binding of the drug in both plasma and tissue, For an
average 70-kg male, total body water is about 42 L, of which 3
L is plasma and 12 L is extracellular fluid space. Moreover,
55—60% of the albumin in 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

VD=7+8_L+VTL{1} (9)
i

where f, is the fraction of the drug in plasma that is unbound
(often referred to as the free fraction), f ¢ is the free fraction of
drug in tissue, and Vy is the volume of intracellular tissue wa-
ter. Equation 9 can be simplified further to
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First—order

Slope = —k/2.303

Log [D]

Time

st-order reaction.

k8
Vp=T7+8f +27 L—] (10)

Lo ¢

1 has been extremely useful in pred_ictl_ng t_he magni-
t'I:ﬁ: f)nfo::ilf;nges in the apparent.voll_xme_ of dlstn!:)utmn d:;itg
alterations in (1) plasma protein binding, (2) tissue pr]J -
binding, and (3) the volume of e)gtracell_ular and mltlra]ce et
fluid. For example, if a drug distributes into extracellu a;utaon
but not intracellular fluid, the apparent volume of distrl
can be expressed as

VD =T + Sfu (11)

and will vary between 7 and 15 L, depending upon the exltl!;!;t
of plasma protein binding to albumin. l_“ur _such a mﬂ:.l:;ﬁ in‘
with a relatively small volume of distribution, alteral ]rtionﬂl
the plasma protein binding w1]l‘ not pro@uce p;olég s
changes in the apparent volume of dln-tnput:lon. I]I;J etan'lide o
ported by Williams et al,® the frec fraction of to ;8% e
plasma increases in patients with cirrhosis lI)y : t“on 74
0.068 to 0.087, yet the apparent volume of dlsué mersely
creases less than 10%, from 0.15 to 0.164 L/kg. 01':."1 body:
drugs with a volume of distribution greater than to aro'uem!
water indicate drug distribution and binding to tissue p s
and other cellular components, Such compounds also r;]grge
bound highly to plasma proteins. With drugs 11av1.!Lg i
yolume of distribution (>50-100 L), the contrl ud 5
plasma and extracellular water space can be ignored,
Equation 3 simplifies to

Vp = 27 |2 (12)

]
Iy |

Volume = Vg

Dy

kg kot
O =T~ g -~ GUTPUT

(absorption) /" (el imination) Om
Cp

¢ model The

i : el
Figure 58-7. The open one-compartment pharmacokin C sect i

amount of the drug dose (D) that enters the body is Dg, IN t of &3
travenous injection, this is the entire dose, whereas in the c'dieedmth
travascular administration, some fraction of the dose (F) 15 absorb of 5
a rate constant of k,. The compartment has an apparent "C’I”m:me F
tribution (V) into which drug distributes instantaneously 10 & :wh a
concentration of C, Drug is eliminated from the compartmen! i
rate constant k.. D, is the amount excreted into unine, feces, biie: exp!
air, sweat, milk, etc, Dy, Is the amount of drug metabaolized
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Figure 58-8, Elimination curve of average blood levels of theophylline in
11 human subjects after intravenous administration of 05 g amino-

phyline per 70 kg to each. (Data from Truitt EB Jr, et al. J Pharmacol Exp
Ther 1950, 100°309.)

Chapges in the plasma or plasma-free fraction will produce pro-
portional changes in the apparent volume of distribution. For
example, a twofold increase in the free fraction of drug in tis-
::e, fur, will decrea;-}e the apparent volume of distribution by
twofold. Less drug will be distributed to tissue, reflected by an
:;Er:ta?e u:' 1E)lasma concentrations. The volume necessary to ac-
iy b;ern d:;z;z;leg'mount of drug in the body will appear to
b Ol-?ce a drug is in the vascular system, it is transported
Y the lz_ulnod to tissues where it can be eliminated from the
:j]::ulatwn by dl_s.tributinn into tissue, metabolism by the
th-e;lee, or excretion from the tissue (see Fig 58-4). All of
7 s};roces{ses lower the piusma_ concentration of drug.
cuns[anfam; pl:ocess may be rlesc_rlbed by a first-order rate
B H{earrllet :ﬁict:ve;ai: cfi‘umge in the plasma concentra-
iy of all of these parallel, competing, first-
neoll:l;-l;li:frl’ilgus. injection of a drug that has nearly instanta-
Sl oulmn and first-order elnnu“{ation can be described
B o jtne-compartnwnt model (Fig 58-7). The body be-
ikl WE;E a hozn_ugum-mn compartment. In the one-
B model, distribution is very rapid and can be con-
i antaneous and is, therefore, ignored. After
. €nous administration the plasma concentration declines
Ponentially according to

C=Ce™ (13)

jl}l}:l':irsnc':-;;fethe initial concentration and A is the overall elim-
theophylline C_On‘stn.m Such an exponential elimination of
‘\Cfording o [‘E?“n .11111‘11‘\1-”.-L|<1_\" is H]l‘u\\tn in Figure 58-8.7
ted on gep; Ur(]uat“"“ 13, if the data of Figure 58-8 are plot-
plot is EhownL-pﬂg?.(']‘ a h_ll;zu;:h‘] line .~.hou!(l result, and such a
tained from nml 1gure 58-9. Several derived data can be ob-
lation g gero tP ot of log concentration versus time. Extrapo-
oretical conce ltmE .(IL‘, the 7\'-I!1tu|’(-g])t.] gives an Pstitllﬂtf.‘d the-
Apparent vol Ntration in plasma at time zero, from which the
ply dividin l:;"f of ‘l‘““'ll’l_llll"l (Vp) can be estimated by sim-
ause HL do“‘_‘ by Co. It is a theoretical concentration
e neither the injection nor distribution are actually in-

Ntanegys,
amz:ﬁt’;‘;:ﬁif/c‘ of a drug is the time required to reduce the
or a ﬁrst-url[g.m ‘!‘C body or the plasma concentration b;.'_ﬁ()‘ (3
Pendent of ¢} (-lr process, the half-life is constant and is inde-
{or plasma e ftnrlmg \’.‘ll'.rlf' of the amount of drug in the body
termined d.“?.""o“t.l'illlulll. I'he plnsmp half-life, £y, can be de-
sunstang .\l::“”y from the graph or from the elimination rate

+Aorky, by means of the relationship
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(14)

As shown, the half-life is related inversely totheehzmnmn
rate constant. When the elimination rate constant, k., is deter-
mined from the slope of the concentration versus time plot, one
must keep in mind that the dataneedtobeplomdonamﬂ%
acale. From Figure 58-9, the k., is determined to be 0.22 hr™".
This is the instantaneous rate constant and indicates that 22%
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 recogm_zed that k.
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 pro-
cesses (eg, metabolism, renal excretion, or biliary secretion).
Thus, the overall rate constant, B = ky + k2 + k3 + .. . kx,
where kq + kg + k3 + . . . ky are the rate constants of the sepa-
rate contributory processes. 1

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

1. The fluctuation of plasma concentrations between doses;

2. The time required to reach steady-state equilibrium after begin-
ning continuous drug administration; and . s

3. The persistence of drug in the system once drug administration

has ceased.

Under some conditions, it is not possible to obtain plasma con-
centration data over sufficient time to obtain accurate esti-
mates of 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, /dt is directly proportional to the total amount of drug in
the body.

(wI
dt

where Dp and D, are the amount of drug in the bedy at time
zero and the amount of drug excreted in the urine, respectively,
and k, is the urinary excretion rate constant. A plot of log
dD,/dt versus time yields a straight line with slope of —&,/2.3.
One also may estimate the half-life from urinary excretion data
using the cumulative amount of drug excreted (sigma-minus)
method. Using this approach

= k.Dg (15)

L v AJ L L] | ¥ Ll T
Thaaretical blood concentration
it distribution had been

‘é instantanequs updn injection
e 10 ]
g o7 1
§ 0.5
Q
2 .
€
g 0.3 8
§ 0.25+

0.2 4
@ Half-time, 3.2 hours

ke 20,22 he-!
Q.l | W e W Y ) R |
0123456782910
Hours

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

1 =.:' 5 =
D;-.,ﬁn-k‘(l e ]

©ku Ik represents the fraction of the drug in the body that even-

£ s excreted in urine as unchanged drug and D,~ repre-

sents the total amount of unchanged drug excreted in urine. A

(D,= — D,)versus time yields a slope equal to —k, /2.303. This

‘method requires collecting urine for at least 6 to 8 half-lives to
an accurate measure of D,~.

For a drug eliminated by first-order kinetics, the elimination
rate constant, k., 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, Vp. Thus, k.; 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

7
= an

= Elimination-rate constant (k)

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-
fecting 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

Vo

- (18)

Iy2 = 0.693

Clearance is the most useful pharmacokinetic indicator of irre-
versible loss of drug from the body and refers to a volume of
fluid from which 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,

Hate of elimination
Clearance = ———— (19)
Concentration

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

Cl Amount of drug remoyved o
earance = A0 20)

where AUC is the area under the concentration-versus-time
curve. Total body clearance, CLy, also can be estimated ag the
quotient of dose and area under the concentration-versus-time
curve from zero to infinity.

Doser,

CL;‘ =
AUC

(21)
Total body clearance is the sum of all the separate clear-
ances that contribute to drug elimination

CLy = CLgenaL + CLugparic + CLorikn (22)
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INSTANTANEOUS INPUT WITH

NONINSTANTANEOUS DISTRIBUTIQN

The one-compartment model adequately describeg th
macokinetics of drugs with instantaneous distributio: -
ever, for some compounds, distribution requires some s
time to reach equilibrium. During this time, the dy 00t

e T g under.
goes distribution and elimination, and drug concentrat;
decrease rapidly. When distribution equilibrium ig ;tmll:
lished, the loss of drug from the bedy is due to elimjuat,a i
and plasma concentrations decline more slowly. This b o
nential time-course of plasma concentrations can he descm
by a two-compartment model. In this model, the body appears
to behave as if it is comprised of two compartments, a centra]
compartment and a peripheral compartment. By convention
drug absorption (or injection) and drug elimination occur
from the central compartment and the peripheral compart.
ment is closed and communicates 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

dD

—5 = kaiDz — kiaDy — k1o
and
dD, {23)
= = KDy —kaDs

where D is the amount of drug in the peripheral or tissue camt:
partment, D; is the amount of drug in the central compartme:la
k21 and k5 are the apparent first-order intercompartmi_l;t_
distribution rate constants, and ko or k. is the apparent I
order elimination rate constant from Compartment il i
After intravenous injection of a drug that ULhQ)tiﬂn o
compartment pharmacokinetics, the plasma concent ra

=V
Compartment 2 Volume = ¥2
(peripheral compariment)

Dg
k :
o e Dim
»
Cy
es ¥y
Compartment | Vvolum

fcentral compariment)

: arma n

. o eargment PR oS !
Figure 58-10, Diagram of open two-con "'”1 for an IIW”""e': 1he
rnodel. The amount of dose that enters the bOGY =0 1antanee” £
yministration is INS whet®

jection i1s the entire dose, and at
amount of dose absorbed from an extravast 15l
the fraction of dose absorbed with a rate <o

ular dose 15 f me af (i
ant; Re =

absorbed drug enters Compartment 2 with @ I:”l'mdeg rate &= qmé \
kyz and is returned 1o Compartment 1 with @ “Mﬂd D2 ; aﬂuz
k21, Dy is the amount of drug in Compartment L ‘;,‘urn[Jd”"W'[ or 141
2, €y and C; are the respective concentrations 1 | with @ first:© of g
(C, = Cp). Drug is eliminated from v‘-’\‘.)ll'i“"'mwmal gin lrcl“"'_grwdlf""'J
constant, ke, which, however, is obscured by lm,dﬁrmu“ c’lld ud e
from Compartment 2 to Compartment 1, Du ® ke of € et

it )
A he amot L
urine, feces, expired air, sweat, milk, etc; Din 18 16 Vi?
tabolized. The relative volumes V; and Vi may

being the larger and other times the smallel
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Fi :
lgure 58-11. Resolution of the plasma concentration curve for prali-

3::{‘;::;;10 its distribution and elimination components after intra-
‘Uganthmucmslzlaﬁ"a}rl?n Note that plasma concentration is plotted on a
mined from th ei e time constant for the elimination phase is deter-
S3Me a5 Ky (s 4 Stope' —0434 ), 1tis a hybrid constant and A, is not the
Ohmwnedfd ee text). Likewise, the time constant for distribution, A, is

fom the slope, —0 434\, of the distribution line; A, is also a

hybrid constant (From Gib
aldi M, Perrier /
New York Dekker, 1982 ) R

:Br:?fogm ‘chmplex biexponential fashion. When plotted on
eliminat?;nlz PabPLfr, tho:—: Separate processes of distribution and
1)} Figure 5381'1 e identified by the method of residuals (Fig 58-
Bt iy % t. 1 shows such a rpsolution of the biexponential
From the s} € two components of distribution and elimination.

e slopes and intercepts of the residuals, the plasma con-

(entration, C, at :
= atany time, ¢, can be described as :
eXponentials, e described as the sum of two

(‘:(-.1" Wt Ce-aat (24)

Where

Dose(A) — ky\)

C, = - —
V(A - A)

and

Dose(kz, — A,
dyts N0 Bty (26)
VilAie Aa)

DJalrlbutiun i8 more

rapid than elimination, sue at some
Ixumz the first pvie I tion, such that

m in Equation 24, C\e' t approaches zero and
alf-life can be determined from the slope of the

0.693
lanared (27
4 A
Cr, 2
wepty ('_121'(:';“' Az are hybrid constants, representing the inter-
which cu;| =1 and slopes, Ay, A, of the two exponential phases,

datg, e .:t:hl obtained by computer-fitting the biexponential

tompap, ro-time intercept and the volume of the central
Partmen

B L Vi, and the actual pharmacokinetic parameters
Uoing‘llllu??l]]k"f can be derived from the hybrid rate constants
Wlowing relationships. At time ¢ = 0
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Co=C,+CyVy = (28)

REp
C+C

The hybrid rate constants, Ay and Ag, can be defined using the
following two equations:

AAy = karke (29)
M+A =kt ke + Ry (30)
Thus
A
b= (31)
21
o A Cely 32
X = As
k= Ay + s — Koy — ko (33)

The reader is referred to Gibaldi and Perrier (see Bibliography)
for a more in-depth derivation of these expressions. The slope of
the final phase of biexponential disposition, X2, can be related
to the elimination-rate constant, k.;, by

A2 = foka (34

where f is the fraction of the drug that is in the central com-
partment after distribution equilibrium has been achieved. Af-
ter distribution, the fraction of the drug in the central compart-
ment is a constant.

Ky = As =
fc_k-n + R = Ay "
The terminal disposition constant, Az, reflects disposition from
the entire body and is a function of distribution and elimina-
tion. The rate constant, k,;, represents only elimination from
the theoretical central compartment.

The volume of distribution, Vp, 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, V,, can be obtained following administration of an
intravenous dose, Dy, of drug from

Dy
- C, +Cs

v, (36)
Clearance can be calculated from the product of k; and V3, and
the volume of the central compartment can be expressed as

3 Dy
= e AUC 1

The most accurate method of estimating the volume of distri-
bution is to estimate the steady-state volume of distribution.
The volume of distribution at the steady state, Vss, repre-
sents the steady state with respect to distribution of the drug
from the central compartment to the tissue compartments and
is not altered by changes in drug elimination or clearance. The
total amount of the drug in the body at the steady state is the
sum of the amounts in all compartments, thus

k 9
V=V, + k—" v, (38)
2X

Notice that Vs is independent of the elimination rate con-
stant, k., and \a.

The volume of distribution by area, V;, is an alternate method
of estimating the apparent volume of distribution and relies on
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‘the assumption that the plasma and the amount of drug in the
‘body decline in parallel during the postdistributive phase.
V=

The least accurate method of estimating the volume of distri-
bution for a drug that follows biexponential elimination
kinetics is by extrapolation, Vexrrap, because changes in dis-
tribution can alter the estimation of the hybrid intercept, Cs.
Dr
7y = —
Vs TN (40)
Distribution to various 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 overall pattern of drug
distribution is governed by both tissue perfusion 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. Rowland and
Tozer (see Bibliography) present a useful expression for the first-
order rate constant for distribution of drug into tissue.

_ (Q/Vrssir)
—

(39)

% (41)
PARTITION

where kparrrmion is the equilibrium distribution ratio of tissue
and venous drug concentration, @ is tissue blood flow, Vssue
is the tissue volume, and the quotient of @ and Viyysspp is the
tissue perfusion rate. The time to reach tissue equilibrium is
the reciprocal of Equation 41. For a poorly perfused tissue such
as fat, the kpar7rrion may be quit.e high and the @/ Vyyssyze low,
resulting in a long 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 coefficient and the degree of ionization at
physiological pH.

For most drugs, distribution usually occurs more rapidly
than elimination, resulting in complete distribution before
most of the drug has been eliminated. For some drugs, once in-
jected, distribution is so rapid that the overall plasma-concen-
tration time-course represents elimination (see Fig 58-7). Thus,
both administration 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, C.

CONTINUOUS INPUT

It is sometimes desirable to administer a drug continuously to
maintain constant plasma concentration. This is often the case
for drugs with very rapid elimination or for those that have a
low therapeutic index. Continuous input commonly is thought
of in terms of intravenous infusion; however, sustained-release
oral dosage forms and delivery of drugs through the skin from
patches also are examples of continuous input, and the phar-
macokinetics of drug administration is similar for all systems
with continuous input.

With constant intravenous infusion, the plasma concentra-
tion rises in a logarithmic fashion and eventually reaches a
plateau (Fig 58-12).° 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 (D) during
a constant rate infusion (Ry) is the difference between the zero-
order infusion rate and the first-order elimination rate,
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Figure 58-12. Semiloganthmic plot of plasma concentration during and
after cessation of a constant intravenous infusion of a drug in a one-com-
partment system. Whether infusion is stopped prior to the attainment of
a plateau or after, the plasma concentration will fall log-linearly with a
slope of —0 434k, In the figure, K 1s k. and 1/2 303 = 0434 C isthe
steady-state concentration, ;™. (From Gibaldi M, Perrier D. Pharmacaks-
netics, 2nd ed. New York: Dekker, 1982 )

dDg
=i — (kaq D (42)
5 = Bt = (kq*Dp)
The plasma concentration (C) at any time during the constant
infusion is
Ry
= — (] — g~ Mt

R (43)
where t,,r equals the time of the infusion. As the time of the in-
fusion increases, the exponential expression approaches zero,
and the concentration approaches steady state. At s_teady state,
the rate of infusion is equal to the rate of elimination, and the
simplified expression can be expressed as

Css = ar, (44)

The fraction of the steady state that is achieved in some time,
L., after the start of the infusion can be calculated as

C )
— = (1 = ¢hoiw
Cyy (45)
and can be expressed in terms of half-lives as
o
L 1 1)
Cyy g (46)
where n is the ratio of infusion time and half-life, For example,

when the infusion time equals three half-lives (n = 3), the con-
centration is at 87.5% of the steady state, and when the infu-
sion has lasted for four half-lives (1 = 4), the concentration has
achieved 93.75% of the steady state. Theoretically, one never
reaches steady-state conditions because this is an expur;trnl'jll
process; however, for clinical purposes one can assume, withlit-
tle error, that steady-state concentrations are achieved within
four to five half-lives. .

If a drug has a relatively long half-life and the therapeutic
situation demands rapid attainment of therapeutie plasma con-
centrations, it is sometimes desirable to give a loading dose 8t
the beginning of the constant-rate infusion. The loading dose
ghould approximate the amount of drug in the body at steady
state. If the apparent volume of distribution and target concei
tration is known, the loading dose can be calculated siniply 48

Dosepgamne = (Target concentration)(Vp) (47)
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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

Doseyoapimva Ry
= L LOADING . e i
4 Vg Sk Ao s et s

and if the half-life of the drug is known, the loading dose can be
estimated from the quotient of infusion rate, Ry, and elimina-
tion rate constant, k,;. For some drugs, such as lidocaine, the
entire loading dose cannot be given in a single bolus injection
because there is a significant distribution phase. In such a case,
fractional loading-dose schemes can be used in which the load-
ing 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 steady state is determined by the
ehmination 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 administration of a drug is often impractical, and
muIane—dqse Tegimens are used to maintain the concentr;tion
ofadrug w1th}n an acceptable range that mimimizes the devel-
opment °,f toxicity and avoids loss of efficacy. Usually, the dose
ofadrug is administered with a constant dose interval, referred
toas 7. Some features of a multiple dosage scheme are ,shown in
Fjgurg 58-13. The drug is administered at a fixed dose and a
fixed interval. Each successive dose is administered before the
previous dose has been eliminated entirely, and thus drug ac-
cu:m._llatwn occurs. As with the constant intravenous infusion
th_e t_1me‘to reach‘a steady-state fluctuation depends upon the
elimination half-life and not on the size of the dose or the dos-
1ng_1nte}'val. In Figure 58-13, the dose, D, is administered at a
dosing interval equal to the half-life. After the first dose is
E‘:’;:en, the amount o_f' (11:'uj.’.‘ in the body is equal to that dose.

en the next dose is given, the amount of drug in the body is

equal to D + 0.5D. At the end of each dose interval, the total
amount of drug in the body is half of the postinjection peak and
is the sum of the amount remaining from all of the previous
doses. The maximum, Cyax ss, and minimum, Cyyy sg, concen-
trations at steady state are described by
Dose/V),
Crarss = (1 — e

(49)

and
Crvss = Craxss€ ™ (50)

The concentration at the midpoint of a dosing interval at the
steady state is a time-averaged concentration, C4v, over the en-
tire dosing interval and is described by

Dy 1.44¢,,2Dp,

T 7

Ca (51)

NONCOMPARTMENTAL ANALYSIS
FOLLOWING INSTANTANEOUS INPUT

There are numerous disadvantages associated with viewing
drug disposition from a compartmental perspective, not the
least of which is the lack of physiological relevance of such mod-
els. Noncompartmental models have been developed and are
generally the preferred method for assessing overall drug dis-
position, in part because parameters such as volume of distri-
bution and clearance can be calculated directly from the 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.® This analysis also is known as
nonparametric analysis and assumes that all processes are
first-order and that the parameters of the model reflect steady-
state behavior. A primary tool used in this methodology is that

of statistical moments.*’

D+ 3D+3D+ 5D ED

D+30+30+5D

0+3(0+30)+0+ 30+ 30 __
”—

ody (f

20|
] ]
\
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\
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1 danan
D"""-““'
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ool %
Asymptote = D{I+32+3 og-.’ao;'} .zr-a)

Og{min)

Asymplote =

Di3+d+ Beiedn+3n)

2r“ ar

4qr

TIME, in intervals of 7

Flgylre 38-13. The accumulation of drug in the body during a regimen of multiple dosing. Dose, D, i administered intravenously at intervals, T, equal
o the half-life, t,, Thus, after each dose the amount in the body, De has decreased 10 half the previous peak amount at the time each dose is ad-
finstered When the cumulated amount in the bady after injection reaches 20, the body content will fluctuate from 2D to 10 during each dose in-
tenal thereafter Approximately five half-lives are required before this leveling off (plateau) of the body content occurs. The stippled area is the area un-

%t the elimination curve of a single injection, if no second dose had been given The cross-hatched area is the area under the curve during a single-dose

ey
lénval at steady state The two areas are equal
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TICAL MOMENTS—The use of statistical mo-

he analysis of the time-course of drug concentrations
useful because it frees the investigator from the

ase of such models as the compartmental, which often are

derived empirically and do not represent physiological events.
‘The time-course of drug concentration in blood generally can

be viewed as a statistical distribution curve and described in a
similar manner as any other array of data. A moment is simply
& mathematical description of a discrete distribution of data. In
zhgﬁddofmtlshm, for example, the sample size (n), mean,
‘and variance are the zero (My), first (M) and second (M») mo-
‘ments, respectively, for an array of data. In physics, for exam-
Pple, weight, center of mass, and moment of inertia represent
(Mo), (M), and (M), respectively.

7 hm;hgmmofapopu]aﬁanisesﬁmtedbythe
mmpiemm 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, wherer = 0, 1, 2, . . .,
m™ moment, about the origin are calculated as

s.=[frema =012...m PR

Hence
So= [ cwyar = avc ()
8= [T wcw ar = svme (54)

where AUMC is the area under the C - ¢ versus time curve,
whereas S, and S, are the zero and first nonnormalized mo-
ments, respectively. These two parameters, AUC and AUMC,
are derived from the drug concentration versus time data
and are used to calculate the pharmacokinetic parameters of
interest.

The use of noncompartmental methods requires a means of
determining the AUC. While several methods are available for
such determinations, the simplest is the use of the trapezoidal
rule.*! This permits calculation of the AUC or the AUMC from
zero to the time of the last sample (#*). However, it generally
15 necessary to determine the area from zero to infinity. If one
assumes that there is log-linear decline from ¢” to infinity,
then

- it C"
AUCE = [T Cadi = o (55)
where )z is the slope of the terminal exponential. Thus, the
AUC from zero to infinity can be calculated as

Cﬂ
AUCE = AUCY + = (56)
7
for the AUMC
AUMC™, LW (57
= o
VS #
and
. Ch
AUMCE = AUMC" e
] M =T (Az_)d + ?(z (58)

PHARMACOKINETIC PARAMETERS DERIVED
FROM STATISTICAL MOMENTS—There are four parame-
ters of primary interest that are derived using statistical mo-
ments, the most important of which is clearance. A conceptual
consideration of clearance is provided by considering an organ
through which blood containing a drug flows.

€a Cy
e Organ e
Qv Qor
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where @in, Qouvmn Ca, and Cy are the blood flow in and out and
the concentration of the drug in arterial and venous blood, re-
spectively. If Cy < C,, the organ is capable of elimination and
is referred to as a clearing organ, or an organ of elimination,
The elimination of a drug can be described using mass balance
considerations:

Rate of the drug entering the organ = QC, (59)
Rate of the drug leaving the organ = QCy (60)

Rate of elimination of the drug
=QCs — QCv = Q(Cs — Cy) (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 eimination  Q(C. = Cy)  (Ca— Cy)

E="rateot entry = ©QC, Cj e

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

e A e )

Ca

Recall that clearance is defined as the volume of blood from
which all of the drug would appear to be removed per unit
time. By analogy to the definition of organ clearance, one can
define the total or systemic clearance as the ratio of overall
elimination rate, dX/d¢, to drug concentration in blood, C:

aX/ct
CLy = =7 (64)

Integrating from zero to infinity yields

CLr= — (65)

where the numerator is the total amount of the drug ulti-
mately eliminated (the IV dose) and the denominator is
the AUC from zero to infinity. Thus, the total clearance 1
the quotient of intravenous dose and the AUC from zero fo

infinity.

Doseyy 61
CLy = — i
T .l!‘( :.
The volume of distribution at the steady-state, Vss, most rells
ably measured during a steady-siate infusion, now can be de-
termined using data from single-dose experiments and employ-
ing statistical moment analyzis. kd
osey WAUMC .
EUn’ L (67)

Equation 67 assumes that

1. All processes involved in drug disposition leg, distribution, ehmi
nation) are linear,

2. The drug is administered to and eliminated via the sampling sit¢

3. There is instantaneous input

If the drug is administered via a short infusion, the volume of
distribution at the steady state can be estimated from
_ (RTHAUMC) R,T*:

. (63)
(ALC)* 2(AUC)

SY

where I is the rate of infusion and 7" is the duration of the
infusion.
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Another important pharmacokinetic parameter that can be
determined using statistical moment analysis is the systemic
availability, 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

AUC, ose,
rvL/05€ pg
where AUCpo 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 . g) often is considered.
It is, however, probably more appropriate to focus on
molecules when considering pharmacokinetic and pharma-
todynamic events. Even the administration of a relatively
small dose of drug may represent a large number of
molecules. Consider the administration of 1 mg of a drug with
2 molecular weight of 300 daltons. The number of molecules
in this dose is approximately 2 X 108, 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,
Wwhereas some of the molecules require a longer time to be
eliminated, and some molecules even require a very long time
to be elimjnated. The time spent in the body, for a given
molecu.le, is its residence time. The mean residence time,
MRT, is the sum of all the residence times divided by the
number of molecules. A conceptual understanding of this can
be gained from the following example.

Assume a child receives 20 dimes for his birthday and im-
}delakly places them in his piggy bank. Over the next month,
€ periodically removes one or more dimes from the piggy bank
lopurchase candy. Specifically, 3 days after placing the coins in
d: bank, he removes 5 dimes, on day 10 he removes 4 dimes, on

y 21 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
:]O;ms have:- been removed. Hence, the elimination of dimes from
e bank is complete. The MRT of dimes in the piggy bank is
Simply the sum of the times that coins spend in the bank di-
Vided by the number of dimes placed in the bank:

MRT =
34+3+3+3+3+10+ 10+ 10+ 10 + 21 + 21
+21 + 21 +21 + 21 + 30 + 30 + 30 + 30 + 30
20
3*5 + 10* 21*6 + 30*5
gy l’)(}‘lw

MRT = 16.55 days

This proviges a relationship with which one can determine the

;1 'T for any given _numbvr of drug molecules, A,, which spend
Even amount of time in the body of, t,, thus
A
i=1
MRT = —— (70)
“ATOTAL
Wwhe e -
e n equals the total number of residence times. The mean

Tale =Sy . -
lnalelgdmg leaving the body relative to the total amount elim-
also can be expressed in terms of concentration.

o e e
Cowar A

(71

:xqpu:i:,-l?-n 7L is not a definition of MRT, rather it is the derived
I mn:tmn from which one can c'ulu_:ulnte MRT when clem'ancs:\
admin; ARk, _The mean residence time assumes llleitalllall‘lt‘l?l.ll.b
oul; Istration, and therefore, it is technically incorrect to cal-

“l¢the mean residence time following an oral dose using the
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quotient of AUMCpo and AUCo. When calculated in this man-
ner, it often is stated that the MRT is a function of the route of
administration. Actually, MRT is independent of the route of
administration because the mean time that molecules reside in
the body is not influenced by the route of administration.’®
However, the interpretation of the ratio of AUMC 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
AUMC/AUC is to refer to this ratio as the mean transit 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,

AUMCr /AUCry = MRT = MTT (72)
whereas
AUMCpo/AUCpg = MTTpo = MTT v + MAT
= MRT + MAT (73)

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

AUMC GCyia? 1

(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 injec-
tion, the process of absorption is bypassed. The time for this in-
jection is typically so short compared with other pharmacoki-
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 58-144. ' 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. With 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, intramuscular, subcutaneous,
rectal). Drug absorption depends upon both the physicochemi-
cal properties of the drug (pK,, dosage form, partition coeffi-

Extravenous
C administration

[

Constant intra~-
venous infusion

Rapid intravenous
A injection
10

~
-
=08 Intusion
o |
i
At e
oOZJGBIO\EOZQGBlOIB O 2 4 6 8B 1012
Hours Hours Hours

Figure 58-14. Time-concentration curves for injection (A), infusion (B),
and extravenous (C) administration of drug in the one- compartment
model. The volume of the compartment is 100 L (Vg = 100 L); the
amount of drug administered in each instance s 1000 mg. Drug elimina-
tion has been set to zero, so that the time- concentration curve for each
model of administration can be examined without the complication of si-
multaneous elimination. (Adapted from Bigger JT. Am f Med 1975;
58:479)
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v of the site of absorption (surface area,

processes that are saturable and for sustained-release

forms. Absorption and elimination of a dmg are a se-
tial process, and the rate of change of drug in the body is
‘the difference between the rate of uptake (absorption) and rate
of efflux (elimination). For a drug that is absorbed by a first-or-
der process and eliminated by a first-order process, with in-
stantaneous distribution, the rate of change of the amount of

% = RATEp, — RATE i1 (75)
For a drug that is absorbed from the GI tract, the rate of change
of the amount of drug in the body is

dD,

— = FxDos = KDgony (76)

The timecourse of absorption and elimination is shown in Fig-
ure 58-15.7 The plasma concentration at any time ¢ is equal to

__ kDoF
Vplka — ko)

where F'is the fraction of the dose, Dy, that is absorbed from the
GI tract and k.; and k, are the first-order rate constants for
elimination and absorption, respectively. The time to reach the
maximum concentration, f3.4x, can be determined from

C (ersl—g~ts) (77)

2.3 log (k,/k)
LA — e (78)
and this time substituted into Equation 77 will determine the
‘maximum concentration, Caax- The rising phase of the plot (see
Fig 58-15) is not log-linear because absorption and elimination
are occurring simultaneously. At Cayx, 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-
scribed by the elimination phase, when extrapolated to zero
time, yields a theoretical zero-time concentration. The absorp-
tion rate constant, &,, can be obtained from the difference be-
tween the empirical curve and the extrapolated line using the

o
r

40
Theorstical biood concentration if
30 bsorption had been instantaneous
.

ik ‘;‘? C;-C,)
=3 A 2 vz
E b 4 *‘-5?2
= \ /"-,_ c! Rate of absorption equals
10 [ rate of disposition:
? | - ¢! Equilibrium time
'E -
2z Absorption complete
; 035 < Absorption time
€04
2
o 03
o
o

ol

14

Figure 58-15. Kinetics of absorption and disposition of theophylline in a
human subject after oral administration of 0.5 g of arninophylline per 70
kg. Blood concentration is plotted on a log scale. {Data from Truitt EB Jr,
et al. J Pharmacol Exp Ther 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 concentration, and duration of action The
data were calculated from a one-compartment model

method of residuals. This is a commonly used techniquein
pharmacokinetics to separate a curve into its component parts
and is often referred to as feathering, stripping, or peeling the
curve. The reader is referred to Gibaldi and Perrier (see Bibir
ography) for a more comprehensive discussion with examples of
the application of this technique.

That the peak concentration should vary with the dose is
self-evident from Equations 77 and 78 and from Figure 58-18
The time of the peak concentration is the same for all doses.
The time to peak concentration can be affected by both the e
sorption rate and the elimination rate. In Figure 58-17, the ef-
fect of altering the absorption rate on the time to peak concen:
tration is shown. With faster absorption, the time to peak
concentration occurs earlier and is higher than with sian{er_ab-
sorption, Figure 58-18 shows the effect of altering the elimina-
tion rate constant on the fir4x. With a rapid elimination rai¢
(shorter half-life), the peak concentration occurs sooner and
lower than with slower elimination (longer half-life).

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

FDase | 1 "
Crpavss = 'ri l i——rit) o ~MrEAN (79

The minimum concentration at the steady state is

k.FD 1
e e e ( '_'_i] a7 (80)
il Vik, — k) \1 = e

To design multiple oral dosing regimens, the equations 1hﬂldh?e’
scribe the maximum and minimum concentrations at t

steady state are somewhat unwieldy. In clinical practice, Vit'
ues for k, are not always readily available, and in Sutn
instances the equations for the maximum and minmumn co

- . = 118+
centrations at the steady state following intravenous admini

tration will generally suffice as long as one recalls that !)uﬂur:
absorption is not instantaneous, the peak concentration a
time to peak concentration will nol occur immediately

ORGAN-SPECIFIC CLEARANCE

The total clearance of a drug from the body almost always Ilﬂé
volves more than one organ of elimination. The anatomy of th
human body is such that the clearance from the comP“”":
clearing organs occurs in parallel and is, tlmrul'ur‘e, nddl‘l‘l\
For example, if a drug is eliminated solely by hepatic lund ltlﬂ
elimination, the total clearance, CLy, of the drug s given &

CLy=CLy + Clg 31!
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58-17. The effect of differences in the rate of absorption of drugs
peak concentration, time of peak concentration, and sojourn In

the body The rate of elimination is the same for all curves The dotted

line (k,

= =) is approximately what the concentration curve would be,

had the drug been given intravenously. The data were calculated from a
One-cempartment model

where

CLy and CLy are the hepatic and renal clearance, re-

Spectively. Measurement of the total amount of drug excreted

uncha
the cal

F, wh

The re
total ¢

nged ip urine, Dy, after an intravenous dose, D;y, allows
leulation of the fraction of the drug eliminated renally,
ere

D
Fp= 2t

uU
Dy (82)

nal clearance, CLy, may be determined as the product of
learance and the fraction of the drug eliminated by the

dney. If the liver is the only other eliminating organ, the hep-
atic clearance is given by

Cly=CLy— CLp > (1 = F)CLy (83)

&’:eei‘ceptmn to the principle of the additivity of organ clear-
the lru;s I{Ul_mopary drug elimination. This exception is because
iy hB’ 1sin cnrculat.o_ry series with the rest of the body organs

that 100% of cardiac output passes through the lungs. Few

d AP oo
e;‘:leg:tfexh}blt significant elimination by the lungs so that this
-€Ption 1s rarely of conce the over: SseS
i y cern in the overall assessment of drug
e
b
ol k= O5hr-t + o
k7002 he-l oy
0k
g
§§‘h
k, =05 he-l
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38-18. The effect of differences in the rate of elimination of drugs
peak concentration, time of peak concentration, and sojourn in
¥ The rate of abisorption is the same for all curves. The data were
ed from a one-compartment model
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HEPATIC CLEARANCE—It was shown previously that
the ratio of the rate of drug elimination and the rate at which
drug enters the organ of elimination is defined as the extrac-
tion ratio, K, and is a measure of the efficiency with which an
organ eliminates a given drug. One can define the organ clear-
ance of a drug as the product of blood flow to the organ, @. and
the extraction ratio, and for hepatic clearance the equation
becomes

CLy = QuE (84)

where Qg is the hepatic blood flow. While an initial examina-
tion of this simplistic model for hepatic clearance would suggest
that CLy is directly proportional to @, this conclusion is not
correct because E varies inversely with Q. Specifically, as @u
increases, E decreases. This 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. In particular, this parameter must be deseribed in terms
that are physiologically independent.

Numerous models have been proposed and tested to deseribe
the hepatic clearance of drugs. While a discussion of the ad-
vantages and disadvantages of the various models proposed is
beyond the scope of this chapter, the venous 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 Morgan and Small-
wood.'® In the venous equilibrium model, the hepatic extraction
is described by

- f ubCLu g
"~ Qu + fusClLov i

where f,, and CL, ;.. are the unbound fraction in blocd 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 @y and f,. Since it has already been shown that hep-
atic clearance is the product of @y and E

o ( QH)(fubCLn.m()
Qu + furCLu it

This model for hepatic clearance provides a powerful teol for
predicting changes in drug clearance and, subsequently,
steady-state drug concentrations, when certain limiting condi-
tions are met. In particular

When QH >> fub CLu_HIb CLH
can be approximated by f.5 CL, ;. (87)

When Qg << fus CLyne CLy can be approximated by @z (88)

Compounds with a high f.,,CL, ;.. are said to exhibit perfu-
sion rate—limited elimination; that is, their elimination rate
will be rate-limited by hepatic blood flow. Compounds with a
low f,sCL,, in: are said to be perfusion rate-independent. These
limiting conditions allow us to place many drugs into classifi-
cations that exhibit similar pharmacokinetics. For example,
agents with an f,,CL, < 0.2 L/min can be classified as low in-
trinsic clearance drugs, whereas those with an f sCL, ., > 5
L/min are defined as exhibiting a high intrinsic clearance
(T'able 58-1).

The venous equilibrium model also serves as a useful tool in
the assessment of the impact of changes in protein binding on
hepatic clearance. Recall in Equation 87 that for a drug ex-
hibiting a low intrinsic clearance, changes in protein binding
will result in proportional changes in hepatic clearance. This
type of drug is said to exhibit restrictive clearance; that is, only
the free (or unbound) drug is available for clearance by the
liver. High intrinsic clearance drugs, on the other hand, are
said to exhibit nonrestrictive clearance.

These relationships provide important insight into the effect
of changes in protein-binding on the steady-state concentration

E (85)

CLyg (86)
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- Table 58-1. Examples of Drugs with Low and

HIGH £, CLyjn; €5 0 Limin)
Chlorpromazine
Encainide

Meperidine

Metoprolol
Organonitrates
Propafenone
Propranolol

Tricyclic antidepressants
Verapamil

of drugs. Consider the case of 2 drug being administered as a
constant-rate intravenous infusion. As described previously

Cu = RY/CLr — Rp/CLy (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

Cox = Rol(fusCLyine) (90)

If fus were to be increased, for example, by displacement from
protein-binding sites, the steady-state concentration would de-
crease. This may lead one to the conclusion that the infusion
rate needs to be increased to maintain the original steady-state
concentration. However, one needs to examine the effects of al-
tered physiology on the free or unbound drug concentration,

Cowe

Criiss = JutCos — Cos = Cuslfuts (91)
substituting for C,, in Equation 90 and solving for C,, ., yiclds
Cus = Ro/CL s (92)

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

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

An 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 in the systemic availability of the
drug when administered orally. This phenomenon explains the
marked discrepancy between an oral and an intravenous dose
of a given drug required to achieve identical plasma concentra-
tions. For example, the therapeutic dose of propranolol ranges
between 1 and 6 mg intravenously, whereas the oral doses nec-
essary to achieve therapeutic 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=1-E (93)

Reaganging Equation 85 and subgtituting for E in Equation 93
yiel

Qu

F=—— (94)
Qif +fub('-fz.. and
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Similar to the limiting conditions described for CLy, one can de-
fine two limiting conditions for systemic availability, F. Specif-
ically, when Q3 << fusCLume F approaches 1.0, whereas when
Qu<< fu,CL, ;ns, F approaches zero. These limiting ;ondmon.s
indicate that a drug with a high f,sCLy, e will exhibit low sys-
temic availability after oral administration, because qf exten-
sive first-pass metabolism. On the other hand, drugs withalow
FusCLy it will not be subject to significant first-pass
metabolism. .

Generally, the parameter most commonly gie_termmeﬁ to as-
sess overall drug availability after oral administration is the
area under the drug concentration-versus-time curve, AUC
Recall from Equation 67 that the total clearance 18 equal ?013![*;
quotient of intravenous dose and AUC from zero to infinity.
the drug is eliminated entirely by metabolism, the hepatic
clearance is defined as

DOSen' - FDWEPO (_95}
"= AUCN K -"‘UCPQ
Substituting Equation 86 for CL;; and Equation 94 for F yields

Qi) (fusCLisine) _ (Dmﬂm) ( Qu ) (96
oh' +fanLu and 3 On’ +fubCLanx

AUCpq
Simplifying,

fusClLunt = Dosepo! AUCPo (an
Thus, for a high intrinsic hepatic clearance drug, theuﬂébfg;mu:
independent of Q@y. Additionally, the steady-state A o
bound drug is independent of the free fractl.xon. For a msee i
depth discussion of thecsiesc;nczp}rs on hepatic clearance,

r by Wilkinson an and.'” y
paplelEl;?ALl CLEARANCE—Physiologists studied tl;e TEE:_l
clearance of endogenous and exogenous substances _onghar‘
fore the use of clearance concepts became popular mf‘pdrug
macokinetics. Indeed, the basis for the undex_‘standlgg :des %
clearance in pharmacokinetics has its roots in the dec oart
work by renal physiologists. Moreover, there amds‘lgrlzepstlc
differences in the complexity of processes involved in i
and renal handling of drugs. In the kidney, therqb!i: !
primary processes (and one minor process) responst o
renal elimination of drugs, namely filtration, seEI;h o‘f “he
reabsorption (and metabolism), respectively. e, deter
major processes are affected by common, yet uniqus,
mu;lrahr;t?'ate of filtration in the kidney for a drug is given

) 98!
Rate of filtration = (GFR)(C.)

2 is the pre:
where GFR is the glomerular filtration ra']1:lt’31 31:?85;‘:’;& by fil
ious ree-drug concentration. 1ne ey
viously defined free g iltration at a given co

: : i " the rate of £ )

::;ittll?:ti?nt}zfle(iz?otrl'i?:l:ﬁ li‘li:li clearance, CLg, of 8 drug due!

filtration is (99)
CLy = (GFR)f4)

.t is eliminated only by filtrs

5 et e of a drug the 5 he
The renal clearance of £ ar filtration rate and b

ion can be estimated if the glomerul stances c0M*
}:‘():e fraction of drug are known. There are two Su::i;t;';' an e
monly used to estimate the GFE, namely F""”a
dogenous by-product of muscle mN“lmfl).blf;i'm1nnlt’
polysaccharide. Both are essentially 100% ¢ oo subst
urine by filtration and, thus, the CLr oftht?zf‘!m
can be used as reasonable estimates for the Ii;
Another primary process nwnlvz-djm ‘lhe renﬂl £
drugsis active tubular secretion, ATS. There Hll": {hat are (4P¥
transport systems in the proximal renal tubu ’»rjne There 8F°
ble of excreting drugs from the flood into lher[?s c.réutlons an
pears to be a multiplicity of systems for the A ¢han the pre
anions. Whenever the renal clearance 18 greater t net tubular
uct of the GFR and the free fraction, there .muﬁt‘lbe renal cles”
secretion in addition to clearance by filtration. The

ances

; f
limination ™
(xrul active
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ance due to ATS, which is CLar5, is given as

o (QRJ’)(LCLka,r'mJ
- ORP +fuCI"u..l.iml

where @RP and CL,,,,, 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

CLp = (f,(GFR) + CLars

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

CLz = (f.XGFR) + CLaps — Frp((f,XGFR) + CLars)
or CLg = (1 — Fre)(f X GFR) + CLars)

where F,, is the fraction undergoing tubular reabsorption.
These relationships provide the basis for determining the
brimary mechanisms involved in the renal handling of a given
mdgthsli(‘c;_ﬁcéﬂly. determination of the ratio of renal clearance
i l‘: of inulin provides a clinically useful means to deter-
“:Ft ¢ processes that are primarily responsible for renal ex-
g‘:ﬁ::{thg ratios equal to 1, the drug would appear to be fil-
scarring by by the kidney. Both ATS and TR also could be
tio Ofreng-c;] '“'it at equal rates (an unlikely Aoccurrence). If Lhe_ ra-
clear that t; ezranc_e to lnulm_clearance is greater than 1, it is
8 filtration “-S_ rug 1s undergoing net tubular secretion as well
TR imilarly, if the ratio is less than 1, the drug must

going net tubular reabsorption.
dific dNSSn?er‘lt of the mechanisms for the renal excretion of spe-
B Es is Important because different factors will alter CLg.
ample, if a drug undergoes net tubular secretion, other
mfm“g‘fitte‘i by the same transport processes may compete for
eretion of t}, ea' resulting in an overall decrease in the renal ex-
absorption = dr_Ug- Alternatively, if a drug undergoes tubular re-
amp Btamian) 1s a weak acid (eg, salicylate) or a weak bas:e (eg,
tion of the un-e  the renal clearance may be altered by manipula-
2 deseriptiq rine pH or urine flow. See the review by Tucker!? for
ROTErlior the methods for calculation of CLy.

ind reye _J-BINDING_[),-{..W, circulating in the blood may
TSibly to a number of components including plasma

Proteins. Thig ikla : :
Mass.lqw re!a“‘::;:;l}glb binding may be described by simple

CLyrs (100)

(101)

(102)

Dursoundl + |P] & [D — Pl (103)

Wher
°ftheef£?e"&':'{;‘""l'hlpl' and [D — P] are the molar concentrations
Protein complg' ‘e !Jl"ﬂtv_m towhich thdrug binds, and th_e drug-
that, the Bess X, respectively. It is obvious from this relatluﬂa‘l}lp
hath g emum &, d.“‘“‘l’_l'ulvm complex formed is a function
Weep 1 nNeentration of the drug and protein and the aﬂlm!;_v
. Protein and the drug. Thus, changes in the protein
may alter binding, as may changes in the total
the ation, For most drugs and their respective binding
tion Idlrug :m’.llcentrntmn of protein far exceeds the concentra-
€in i ill(ll‘[;cnu(; .] that the fraction of drug that is bound to pro-
cause p| ent of drug concentration in plasma or blood.
Stnicts theip ﬂ?‘_““ proteins often have a molecular size that re-
drugy that Passage across cell membranes and capillary walls,
larly, Thus are bound to plasma proteins are restricted simi-
o the dislr'l]flafsm“ protein-binding can have a marked effect
of p armaca] ution and elimination of drugs. It is a basic tenet
"’I“L’lcal] Y%0gy that only the unbound (free) drug is pharma-
Y active, because it is assumed that the unbound drug
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is able to traverse biological membranes and reach the site of
drug action. While there have been few direct tests of this hy-
pothesis, those investigations that have been conducted sup-
port Ehe assumption that the free drug is the principal phar-
macologically active species. i Jepitd
'l"heofle are several methods by which drug protein-binding
may be described quantitatively, though the most frequent and
useful is the free fraction, f,. The f, can be determined as

C. C.
o Lt (104)
s C, + [#)

where C,, is the concentration of unbound or free drug, Cp is the
concentration of drug bound to protein, and Cr is the concen-
tration of total drug (bound plus free). Obviously, f. can range
from O to 1. This relationship provides a means by which free
drug in vivo can be calculated if the total concentration and the
free fraction are known.

C. = (CAU)

Recognizing changes in protein-binding is important because it
may substantially alter the pharmacokinetics of a drug. The
previous section described the impact of protem—bm_dmg_ on
clearance, referenced to total drug concentration. Protein- bind-
ing changes also may result in alterations in other pharma-
cokinetic parameters. The volume of distribution at the steady

state can be expressed as

(103)

i

Ve =Vieod +Vrw (106)
Sz

where Vrw is the volume of tissue water and £, r is the free frac-
tion of drug in tissue. From the relationship in Equation 106
(which is analogous to Equation 12, for drugs with a volume of
distribution >50 L), it is clear that a decrease in protein-
binding (ie, an increase in f,) will result in an increase in the
Vss. The impact of changes in f, on the half-life of a drug with
a large volume of distribution can be assessed from Equation 18
and either Equations 87 or 88. The impact resulting from a
change in protein-binding of a drug depends upon the magni-
tude of such binding alterations on both Vss and CLy.

The two major drug-binding proteins in plasma are albumin
and a'-acid glycoprotein (AAG). Albumin is the major protein
both in plasma and in the extracellular space outside of plasma
and is present in concentrations ranging from 3.5 to 5.5 g/dL in
normal, healthy individuals. Albumin is the primary binding
protein for acidic drugs, such as salicylate, tolbutamide, 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-
flammatory conditions.'® Thus, disease is most likely to pro-
duce an increase in f, 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. While normal AAG
concentrations range from S0 to 120 mg/dL, concentrations may
increase above 300 mg/dL in patients experiencing major stress,
such as surgery, trauma, or burns. More-moderate elevations of
AAG have been observed in patients following a myocardial in-
farction or in inflammatory diseases such as Crohn’s disease. The
increase in AAG concentration results in a decrease in f,, and
AAG is the major binding protein for many basic, lipophilic drugs.

A major source of drug interactions is competition for pro-
tein-binding sites. Each albumin molecule contains at least
four different drug-binding sites, two of which are the sites
where most drugs that bind to albumin interact with the other
molecule. If two drugs bind to the same site on a protein, they
may compete with each other for binding. Thus, the addition of
a drug to the existing therapeutic regimen of a patient may re-
sult in displacement of existing bound drug molecules from
their protein-binding sites. He vever, as described in the Hep-
atic Clearance section of this :hapter, these types of interac-
tions rarely are clinically sign ficant (ie, these interactions do

Petitioner Exhibit 1055C



b

g

005 -

(®) Unbound salicylic acid ¢
fllﬁl'lﬁfmm:._:_)
= =
= &
Li T

0
u.m 1 1 1 1 1 |
0 10 20 30 40 50 60 Cu
0 06 179 220 250 2712 202 ¢

Salicylic acid concentration (mg/liter)

figure 58-19, The clearance of
steady-state conditions, and the f
versely with each other as the sall
torresponding total plasma sali

unbound drug (e), determined under
raction unbound in plasma (O} vary in-
cylic acid concentration is increased The

cylic acid concentrations are superim-
pesed on the linear scale of the Concentration of unbound drug, 1 mg/L
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STEREOCHEMICAL CONSIDERATIONS

Chiral drugs constitute approximately 60% of the drugs that
are currently commercially available. Most of these are mar-
keted 8 racemic mixtures, These facts obviously indicate the
importance of un_derstand'mg the impact of stereochemistry on
I th Phﬂ!m&cckgnetics and pharmacodynamics. While it has
ong been appreciated that optical isomers often differ in the po-
tency of pharmacological or toxic effect, it is only recently that
smificant attention has been paid to the influence of chirality
on pharmacokinetie processes involved in absorption, distribu-
tion, and elimination. This is primarily due to the pre:rious lack
of analytical methodology required to separate drug enan-
tiomers. The recent dm'elopment of reasonably inexpensive
methods for the separation of stereoisomers has led to a more
cmprehensive assessment of the pharmacokinetics of drugs

L are aldministered as racemic mixtures.

Enantiomers possess 1dentical physical and chemical prop-
Erties, deSpit.g significant differences in spatial configuration.
;Ig;hus].:bwluglcal processes that are passive in nature (and

ereby depend only upon physical and chemical characteris-
ties of the molecule) do not display selectivity for one isomer
overanother, In contrast, biological processes that require the
l!!-lErachn_n of a drug molecule with a macromolecule (such as
Fm@lﬂ-bmding or metabolism) may exhibit stereoselectivity.
This know!edge permits some generalizations about when
Phﬂﬂ’ﬂﬂcoklnetic processes may differ between enantiomers.
ddrAB_SURPTIQN—-.‘Smm- most drugs are absorbed by passive

Uston, most will not exhibit stereoselective alterations in ab-
l‘_‘]’f’llﬂn. Drugs that are absorbed by a carrier-mediated or ac-
:t::giml‘l'ss may display such stereoselectivity. Indeed, demon-
: 1on of stercoselective absorption would be strong evidence
it g dn.:g 18 absorbed via a carrier-mediated process.

. PRO'IEIN-BINDING—IM'U;: association with plasma pro-
08 requires interaction of a small molecule with a macro-
Moleeule, which depends upon the spatial configuration of both
Smponents, [t should not be surprising, therefore, that plasma
Piten-binding has been found to exhibit stereoselectivity for
me drygg, including disopyramide, ibuprofen, mexilitene,
Papranolo), and verapamil
: .\IE’I‘ABOL]S!\I—Bmu-anbfm'mutiun requires the interac-
““ﬂ of a drug with an enzyme, an interaction in which spatial
Tangement is critical. Many drugs that undergo metabolism
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fects, active reabsorption may demonstrate ' hese e as
been shown for certain endogenous substances such as glucose
and amine 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 relationship between
concentration and response. These two relationships can be
combined to produce a time course of pharmacologic 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 pharmacaologic
effect often in relation to drug concentration. Full characteriza-
tion of these elements can involve the development of pharma-
cokinetic-pharmacodynamic models. Modeling the kineties
effect requires an understanding of the mechanism of pharma-
cologic action, of which there are many. These include receptor
stimulation (eg, Bs-adrenoceptor agonists), receptor antago-
nism (eg, H,-histamine receptor antagonists), transporter inhi-
bition (probenecid, diuretics), enzyme inhibitors (eg, an-
giotensin converting enzyme), substrate replacement (eg,
thyroxine, testosterone), non-receptor-mediated drug action
(eg, chelation) and chemotherapy (eg, antibioties).

Clinically useful information can often be derived from rela-
tively simplistic models. The relationship 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, such that further increases
in drug concentration will not result in additional increases in
the intensity of pharmacologic response. In practice, plasma
concentrations rarely, if ever, reach the maximum effect be—
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 among compounds, re-
sulting in differences in the potency 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
small change in the drug concentration can result in marked
changes in drug effect (see Fig 58-20).

There are certain agents that appear to exhibit an all-
or-none response, Rather than the typical graded increase in ef-
fect as concentration increases, these compounds exhibit a
threshold of response that once reached result in the detection
in the response. While a given individual’s response to the drug
is identified by the presence or absence of the effect, the fraction
of subjects in a sample population responding will increase as
the concentration of drug is increased. A good example of this is
seen in the conversion to normal sinus rhythm in patients with
atrial fibrillation treated with an antiarrhythmic agent (Fig 58-
21). In this instance, there is variation within the patient pop-
ulation in the concentration that must be achieved to convert a
specific patient from atrial fibrillation to normal sinus rhythm.
Thus, the higher the concentration achieved in a patient, the
more likely they are to exhibit the pharmacologic effect.
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1186 PART 6: PHARMACODYNAMICS AND PHARMACOKINETICS

not significantly alter the free-drug concentration). Hence,
while protein-binding interactions are probably the most
widely reported drug interaction, they rarely necessitate alter-
ations in drug therapy (citation Benet and Hoerner, CPT.

DOSE- AND TIME-DEPENDENT
PHARMACOKINETICS

Up to this point, the processes for drug absorption, distribution,
metabolism, and elimination have been assumed to be charac-
terized by first-order rate constants, and the general concepts
and equations presented are applicable to a wide variety of
drugs, with modification. Moreover, with any of the pharma-
cokinetic models (compartmental, noncompartmental, or phys-
jological), 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 recovered in bile in-
crease proportionally with increases in dose. When these mea-
surements or other observations are corrected for dose, the val-
ues are identical or superimposable. Thus, the pharmacokinetic
parameters Vp, CL7, 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 involve 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 time data
cannot be resolved completely into log-linear components (ie,
first-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 dissolution 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 determined by measuring the pharmacoki-
netics at several dosage levels. When a capacity-limited enzyme
metabolism is the source of the nonlinearity, the Henri-
Michaelis-Menten equation

ViaxGss

AT (107)

Velocuty =

can be applied to assess the velocity versus substrate (drug)
concentration relationship. There are several techniques for
the determination of the direct cause of nonlinearity in drug ki-
netics, including direct calculation of CLy, CLogar F, Vss, and
V. Most commonly, lack of superposition (disproportionate in-
crease in AUC with increasing dose) is an indication of nonlin-
earity in the system.

PROTEIN-BINDING—When 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 total
amount of drug in the body and hence, certain pharmacokinetic
parameters, 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 activity of the biotransforming en-
zyme system by which it is metaholized. This increase will in-
crease total clearance and decrease half-life. Because such au-
toinduction of metabolism does not occur until several
dose-intervals of repetitive dosing, the pharmacokinetics vary
with time and are called time-dependent, Allosteric (feedback)

Cipla v. Gilead

Table 58-2. Examples of Mechanisms for Dose- and
Time-Dependent Pharmacokinetics (Nonlinear Drug
Disposition)

KINETIC PROCESS AND MECHANISM
Gastrointestinal absorption

EXAMPLES

Saturable transport Riboflavin, penixillins

Intestinal metabolism Salicylamide
Biotransformation

Saturable metabolism Phenytoin, salicylate

Product inhibition Phenytoin (rat)

Cosubstrate depletion Acetaminophen

Plasma protein-binding
Renal excretion
Glomerular filtration/
protein-binding
Tubular secretion

Prednisolone, disopyramide
Naproxen

p-Aminohippuric acid, mezlecillin

Tubular reabsorption Riboflavin, cephapirin
Biliary excretion d .
Biliary secretion lodipamide, BSP

Enterohepatic cycling
Tissue distribution

Plasma protein-binding

Hepatic uptake

CSF transport

Cellular uptake

Tissue-binding

Cimetidine, isotretinoin

Prednisolone, ceftriaxone
Indocyanine green, warfarin (rat)
Benzylpenicillins

Methicillin (rabbit)
Cyclosporine, dideoxyinosine (ral)

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 intermgdlnr}‘
factor, such as the depletion of norepinephrine by reserpioe of
the depletion of inorganic sulfate by acetaminophen, will man-
ifest time-dependent effects. d
DOSE-DEPENDENT KINETICS—When the eliminatiod
route is saturated by either capacity-limited metabalism or ¢&
pacity-limited renal excretion, it is evident that the total clem;
ance of a drug will decrease and the half-life will increase wit
increases in doses. Examples of important drugs that demon-
strate dose-dependent kinetics are salicylic acid, phe_any’!bm:;-
zone, probenecid, levodopa, phenytoin, heparin, fmd dlcumafﬂt-
Ethanol obeys essentially zero-order elimination kinetics @
blood concentrations above 0 02 to 0.04%, whichisa fact of can*
siderable social and legal importance . B
Salicylic acid is one of the most interesting examples 0 e
dependent kinetics from multiple sources Salicylic acid 1s € jro-
nated from the body by at least five, parallel, competlngig :
cesses.'® Two of these are saturable processes for the fofmg:z]_
of salicyluric acid (the glycine conjugate of salicylic aclt_iliénat;on'
icylphenol glucuronide. The other three processes oi'ehmmtjDﬂ :
excretion of unchanged salicylic acid in urine and forma i,
gentisic acid and salicyl glucuronide are first-order proc

The half-life of salicylic acid increases from about 3 hrto B,K:rlt;‘
hr as the dose is increased upward from 300 mg to 10 gfdlstr'i'
doses, the half-life is about 3 hr, the apparent volume obe it
bution is approximately 9L, and a total clearance can

50
mated to be 2 L/hr. The binding of salicylic a_md to ﬂlbumf:.;ls
is capacity-limited (saturable), and saturation Uccursmeuuntn
therapeutic (low) doses of the drug. Therefore, a8 the;\oerwm
salicylic acid in the body increases, the CLy,nt s o8
whereas the f, increases, Thesc two effects 11‘015 to opp ina e
other, such that the total clearance of salicylic acid rcmi prited
atively unchanged within the :inu-mﬂ:m]nmtnq rimg D
bound concentrations (between 10 and 60 mg/L; F lf" ;3 5) can ¢
nally, the renal excretion of salicylic acid (pKa =
increased by increasing urinary pl, resultingna d

ecreast ;“ ':

st
nal tubular reabsorption (data not shown). The LGXIC":[lg;f:lis ot
sequences of a salicylic acid overdose are well knowl?-‘ ’]‘I'L geid 10
always appreciated that as the concentration (JFS:IIIL)‘ ol
creases, the total amount of drug in the body increases 0
portion to the total plasma concentration.
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