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Compartmental and

Noncompartmefltal PharmacokineticS

The basic principles outlined in Chapter 1 are
useful for many drugs but they do not apply to all
drugs. When a drug distributes relatively slowly
the relationships that have been described do not
strictly apply; rigorous pharmacokinetiC analysis is
much mote complicated. The purpose of this chap-
ter is to describe the difficulties encountered with
drugs that impart multicompartmental character-
istics to the body, and to introduce methods that
permit noncomparluiental pharmacokinetic analy-
sis of drugs, irrespective of their distribution char-

acteristics

MU LTICOMPARTMENTAL
CHARACTERISTICS

Ocr intravenous bolus administration many
drugs distribute sufficiently slowly so that a sig-
nificant fraction of the dose is eliminated before
distribution equilibrium is achieved. When this oc-
curs, a scmilogarithniic plot of drug concentration
in plasma versus time looks like the curve shown
in Figure 2-1. The data cannot be described by a
single exponential expression (i.e -, a single com-
partment). At the outset drug concentrations de-
cline rapidly; ultimately, it linear relationship he-
tssecn log concentration and time is observed The
entire curve call be described by it math-

ematical expression that contains either two or
three exponential Willis e.g., C = A exp( - cii)

+ 13 cxp( — It)l.
ihe irtathe inatical models that apply to this sit-

uation are shown in Figure 2-2. [it simpler of
the two models (the two-cutrrsarlfltCnt model), the
drug is assumed to distribute instantaneously into
it space called the central compartment; the appar-

time

Fig. 2-1. SemitogarithmiC plot of plasma concentration
versus time after intravenous bolus administration of a drug
with muItiC0mP5tment pharmacokinctiC characteristics.
The slope of the terminal linear segment 01 the curve is

indicated-

ent volume of this space is usually larger than blood

volume. The drug is simultaneously but more

slowly distributed into a second space (the periph-
eral or tissue compartment) and eliminated. The
thneecoIflpartiflent model assumes that there are
two distinct spaces to which the drug distributes
front the central compartment at measurably dif-
ferent rates. In either model, after administration,
the apparent volume of the drug increases and the
rate constant associated with the rate of decline of
drug conientratiOnS in plasma decreases until dis-

tribution eq oil ib ci um is achieved.
The kinetics of the situation might be better un-

derstood by considering the mathematical relation-

ships t hat apply. For the two-eOmPiirtillCtlt model
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g-2. Examples of a two- and three-compartment pharmacokifletiC model. A 1 denotes the central compartment in

eiliodel and A1 arid A] are peripheral compartments. Immediately after an iv bolos injection, the cent ral compartment

_.jntains an amount of drug equal to the dose. The general case for extravascular administration assumes that drug is
transferred from the absorption site to the central compartment.

Rate of loss of dru g 	- Rate of	 + Rate of	 Rate of

from central compartment	 distribution	 elimination	 redistribution

%k here
Rate of loss of drug	 = - dA Idt
from central compartment

Rate of distribution = k.A

Rate of elimination	 k10A1

Rate of redistribution =

(2-1)

(2-2)

(2-3)

(2-4)

(2-5)

where A 1 and A2 represent the amounts of drug in

the central and peripheral compartments, respec-

tively (see Fig. 2-2).

Immediately after administration, - dA 1 /dt is at

a maximum equal to the product of (k 12 + k 10) and

dose; since there is no drug in the tissue compart-
ment, there is no redistribution. As drug levels (A1)

iii the central compartment decline because of dis-
tribution and elimination, there is a corresponding

fall in -dA 1 Idt, but as drug levels build up in the

tissue compartment and the rate of redistribution
becomes significant, there is a braking effect on

distribution and elimination parameters. Under
these conditions

-dAidt = k 2A + k 0A, - kA 1 (2-7)

or

-dA/dt = (k 11 + k 0 - k)A 1 (2-8)

Expressing Equation 2-8 i ll terms of drug concen-

trations rather than amounts yields

-dC/dt = (k 12 + k0	 (2-9)

k21 )C = 3C

the rate of decline 01 A1.	 where 0 = k 12 + k 10 - k0 . Equation 2-9 is a
At distribution equilibrium a fixed relationship typical first-order rate expression. Thus, irrespcc-

exists between A 1 and Ar such that	 tive of the complexity of the model, drug cO'lccll -
trations in the plasma decline LnA first-order 1!1

A2 

= ZA 1	(2- 6)igrtutron_cjljbriinnJi1s±issLJttc
rate constant describing this first-order portion of

where Z is a complex constant incorporating both 	 the curve is usually termed ft
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description. However, V has several inherent
problems not the least of which is that it reflects
elimination as well as distribution. in all cases, \1

will overestimate the volume of distribution of it

drug; ill cases, the overestimate i& small tind
of little consequence, but it can be unacceptably
large for drugs with pronounced nsulticoinpart-
mental characteristics. Th dependence of V 5 on

drug elimination also means that changes in drug
elimination may cause a change in V. even though

the perturbation has no effect oil 	 per

Se.
Sometimes it is also useful to calculate the ap-

parent volume of the central compartment (V)
This is usually done by curve-fitting the cona.
tration-time data after iv 6olus injection, by means
of a computer-based nonlinear regression program,

to an equation of the form

Data Analysis at Distribution Equilibrium
Integration of Equation 2-9 indicates that the

log-linear region of the curve shown in Figure 2-1
will have a slope equal to ( - i2.303). Therefore,
for drugs that require multiconlpartillenta l descrip-

tion, a terminal half-life may he defined as

0.693/(	 (2-10)

It is important to rememhgr that this half-life re-
flects the persistence of only a fraction of the dose;
the balance of the dose is eliminated more rapidly.
It is also important to note that, irrespective of the
model, the half-life of a drug always reflects both
distribution and elimination. This is evident when

Equation 2-9 is considered.
The mathematical relationships that apply when

distribution equilib rium is reached also make it
possible to calculate an apparent volume of distri-
bution. This apparent volume, usually terned V,

is given by

= iv dose	 (2—Il)
(AUC)

where AUC denotes the total area under the drug

concentrationtime profile and 13 is the terminal

first-order climitination rate constant. V 5 is a pro-

portionality constant relating the amount of drug
in the body to drug concentration in the plasma

during the terminal (log-linear) phase of drugmeli-

ination (i.e. - at distribution equilibrium)
An analogous expression that call 	 applied to

drugs that distribute rapidly is

= iv dose	 (2-12)
(AUC)k

where k is the first-order elimination rate constant.
Equations 2— 11 and 2-12 can usually be applied

to data obtained after intramuscular administration
of a drug; in this case, the term ''iv dose" is ie-
placed by ''iou dose." These equations should not
ordinarily he applied to data obtained after oral

administration. If they are. the term iv dose''

must be replaced by ''amount absorbed" or, more
precisely, by ''amount of drug actually reaching

the bloodstream.''
Equation 2-12 is a mathematically rigorous and

widely appIid equation for the estimation of ap-
parent volume of drugs that distribute rapidly once
they reach the bloodstream. Equation 2-11 is it

use lii I appioxinuiutiofl of the volume of distribution
of most drugs that require a niulticompartfllefltal

C = Aexp( — czt) -f Bexp(-13t) (2-13)

where Cu > 13 . The iv dose divided by the sum of

the coefficients is equal to the volume of the central

compartment. i.e.

= iv dose (A+ B)	 (2-14)

V is always smaller than the total solume of

distribution (V). For this reason. hi gh drug con-

centrations 0 . C. doseiV) may occur immediately

aftera rapid iv injectioui. These levels fall quickly

but could be dangerous. Good sense dictates that
iv injections he given relatively slowly.

In the previous chapter, it was noted that the
peak concentration of a drug is always smaller after
iv infusion than after iv bolus. The difference in
concentration for drugs that distribute immediately
is a function of the infusion time and half-life of
the drug. Strictly speaking, a drug must be infused
over at least one half-life to see a 507c change in
peak concentration. In practice, much shorter in-
fusion times are almost always helpful because
most drugs display a distributive phase and mul-

ticomnpartnlent characteristics on iv administration.
The initial rapid fall in drug levels after iv bolus

injection, the distribution-elimination phase, is
sometimes characterized by a half-life, the so-
called alpha half-life (i.e., 0.693/a). The alpha
half-life is usually much smaller than the beta half-

life (i.e., 0.693)13) . Under these conditions, the

difference in peak concentration after an iv bolus

and an iv infusion is a function of the alpha half-

life.
Consider a drug that shows two-conipartmoeni
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characteristics after iv administration. Assume that

the iv dose is I g, V 1 = 10 L, cn half-life	 15

Olin, and 3 half-life 6 hr. After an iv bolus, the

initial drug concentration is lOt) mgiL. In contrast

the peak COnCernration of the drug is only about

25 mg/L when it is infused over 30 minutes.

Other Problems with Molt icompartmental
Analysis

The number of cxponentials and, therefore. the

number of compartments required to describe the

decline of drug concentration after intravenous

bolus injection is not well defined, but depends on

both the frequency and timing of blood samples.

More frequent sampling right after administration

tends to yield data that must be described by equa-

tions containing more exponential terms than

would be required by less frequent sampling, thus,

the compartmental model required to describe the

pharmacokineOcs of a drug depends, in pail, on
the experimental design. Iii tUrn, estimates of half-

life are dependent on the model selected.
Various statistical considerations are useful in

minimizing the problems associated with model

selection, but they do not overcome them. Studies

with a single drug in a group of patients may result

in some patients requiring a two-compart me lit

model to describe the pharmacokinetics of the

drug, whereas others require a three-compartment

model. We frequently find that drugs requiring

multicomparimenta] analysis after intravenous ad-

ministration can be described by a one-compart-

ment model after oral administration. Since phar-

macokinetic analysis based on compartmental

models can lead to unreconcilable difficulties, more

and more investigators and clinicians who use phar-

niacokinetics are turning to noneompartniental ap-

proaches that can be applied to all drugs.

NONCOM PARTMENTAL METHODS
Noncompartmental methods for calculating ab-

sorption, distribution, and elimination parameters

are based on the theory of statistical moments .2-1

The zero moment of adrug concentration in plasma

versus time curve is the total area under the curve

from time zero to infinity (AUC), which has been

described in Chapter 1. Estimates of AUC are not

only useful for calculating bloavailability, but can

also be used for calculating drug clearance, which

is equal to the ratio of the intravenous dose to AUC.

The first moment of a plasma concentrat iOti-t 1110

profile is the total area under the curve resulting

Table 2-I. l)rug Concentration and Drug
Crinccntratirmn-Time Data. During and After a 1-hr
Constant Rate Intravenous Infusion

	

rime	 Concentration	 Concenmration'Ttme

	

Itmrt	 pumli	 -	 ttienmtH!mr)

	

05	 3.2	 1 6

	

.0	 5.9	 5.9

	

2.0	 3.2	 8,4

	

50	 30	 91)

	

40	 2.1	 8.4

	

5.0	 t5	 7.5

	

60	 l.t	 6.6
11.5	 1 0

from a plot of the product of drug concentration

and time versus time- Table 2-1 shows concentra-

tion data obtained after constant rate intravenous

infusion of a drug. Also listed are the values of

C t. These values are plotted versus time in Figure

2-3. The area under the C t versus t plot from

= 0 to the last sampling time, t x', can be cal-

culled by means of the trapezoidal rule (see Ap-

pendix I). Provided that blood samples have beets

collected for a sufficientl y long period of time so

that the last sample may he considered in the post-

absorptive and, where applicable. postdistrihutive

time(hr)

Fig. 2-3. Plots of drug concentration (ug/mI) (0) and
drug concentration-time (1ug-hrmt) (0) versus tulle, during
and after a 1-hr constant rate intravenous infusion. The
area under the drug concentration versus time plot to infinity
is AUC; the area under the drug concentration-time versus
tmnre plot to infinity is AUMC.
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phase of the curve, the area from t to may he

estimated from the following equation:

t*C*	 C*

J	 C	 ----- + -	 (2-15)

eliminating

metabolism or
excretion

Fig. 2-4. Schematic representation of drug elimination

by a single organ. Blood flovs through the organ at a rate

equal to ft Drug concentration entering the organ is CA;

drug concentration leaving the organ is C7; CA is less than

CA.

,

where the integral term on the left-hand side of the
equation is the pfrtial area under the curve. C* is
drug concentration at the last sampling time, tA,

and 0 is the terminal first-order elimination rate
constant. This area is then added to the area from

= 0 to t = t, determined by the trapezoidal

rule, to estim	 tr' total area. The total area urder

the C	 versus t plot is termed the AUMC or area

under the first moment curve.
The ratio of AUMC to AUC for any drug is a

measure of its mean residence time (MRT). 5 '6 NI RT

calculated after intravenous administration is the
statistical moment analogy to drug half-life; it pro-
sides a quantitative estimate of the persistence of
a drug in the body. Like half-life MET is a function

of both distribution and elimination.
Comparison of MRT values after intravenous

bolus administration with the MET after some
other route of administration provides information
regarding the mean absorption time.' Similar eoni-
pan sons can be made hCtweL'tl two dosage forms
given orally to obtain relative absorption data

One of the' most useful properties of statistical
moments is that they permit the estimation of a
volume of distribution that is independent of drug

cliniinatiOn. 46 Using these methods, the volume of

distribution of a drug is given by the product of

the intravenou s bolus dose and the ratio of AtJMC

to AUC squared.

Drug Clearance
Clearance is a function of both the intrinsic abil-

ity of certain organs, such as the kidneys and liver,
to excrete or metabolize a drug and the blood flow
rate to these organs. This concept is best illustrated
by considering elimination in a single organ as
depicted schematically in Figure 2-4. Under these
conditions, the venous concentratiolt of drug (C 7. ) -

will always he less than the arterial concentration

(C A ) because some of the drug is eliminated or
extracted during the passageof the blood through

the organ. ']'Ile rate at which drug enters time organ
is equal to the piöduct of blood flow (Q) W arterial

concentration . ltmc rate at which drug lcaes the
organ is equal to the product of blood now and
VenOUS concentration. The difference between the

input rate and the output rate is the rate of elimi-
nation of drug by the organ:

Elimination rate = Q(cA - C) / 2-16)

The ratio of the elimination rate to the drug input
rate (QC,) is termed the extrac'tiofl ratio (ER) and

is given by
(2-17)

The extraction ratio of a drug ranges from 0 to I
depending on how well the organ eliminates or
extracts the drug from the blood flowing through
it. If the organ does not eliminate the drug. Well

C = CA and ER = 0; if the organ avidly extracts

the drug so that C	 0, then ER = 1.
By definition, the organ clearance (Cl) of-a drug

represents the vorurne of blood cleared per unit
time. It rila)' be viewed as a proportionality constant

relating the elimination rate of a dr toru
concentration in the blood, as expressed in the fol-

lowing equation:'

Cl	 Elimination rate/C,,	 (2-18)

It follows from Equation 2-16 that

Cl = Q(CA - CV)/CA	 (2-19)

or, according to Equation 2-17

Cl	 Q(ER)	 (2-20)
17	 1

Thus, clearance is equal to the product of blood
flow and extraction ratio. Since elimination rate is

expressed in units of amount per unit time, and
concentration is expressed in units of amount per
unit volume, it follows that clearance has units of
volume per unit time (e.g., nil/mm or L/hr), the
same as flow rate. If drug climninatioti is a first-
order process, then clearance is independent of

drug concentration.

-7
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These equations, which have been developed for

a single organ, can be extended to the elimination

of a drug from the body. The total body clearance

of a drug from the blood is equal to the ratio of

the overall elimination rate of the drug to the drug

concentration in blood, where the overall elimi-

nation rate is the sum of the elimination

occurring in all organs.

By means of integral calculus, it can be shown

that the ratio of the overall elimination rate of a

drug to its concentration in the blood is equal to

the ratio of the amount of drug ultimately elimi-

nated to the total area under the drug concentration-

time curve. Since, after intravenous administra-

tion, the amount eliminated is equal to the dose,

clearance can be expressed as

Cl = dose/(AUC)	 (2-21)

Equation 2-21 provides the basis for the routine
estimation of the total body clearance of a drug

after a single dose. To estimate clearance, drug is
ordinarily given intravenously, but Equation 2-21

usually' applies as well to intramuscular adminis-
tration. Clearance cannot be estimated after oral

administration unless it can he assumed that the

total dose reaches the bloodstream. Application of

Equation 2-21 to data obtained after oral admin-
istration when bioavailability is incomplete results

in an overestimate of clearance.

Clearance can also be estimated at steady state

after prolonged constant rate intravenous infusion.
Under these conditions

Cl = k./C,.	 (2-22)

where k0 is the infusion rate and C,, is the drug
concentration at steady state.

It is sometimes useful to keep in mind that clear-
ance can also be expressed as the product of V5
and P. For drugs that distribute rapidly and can be
described by a single compartment, Cl 	 Vk.

Apparent Volume of Distribution
The most useful volume term in pharniacoki-

netics is the apparent volume of distribution at

steady state or V,,. It represents the proportionality

constant relating the amount of drug in the body

at steady state after prolonged constant rate intra-

venous infusion or repetitive administration to the

drug concentration or average drug concentration

at that time. V, is independent of drug elimination

and reflects solely the anatomic space occupied by

a drug and the relative degree of drug binding in

the blood and extravascular space.

Estimation of V,, does not require data obtained

at steady state; this distribution parameter can be

calculated after a single dose of a drug by means

of the following equation:6

= iv dose(AUMC)/(AUC) 2 (2-23)

where AUMC is the total area under the first mo-
ment curve.

Although Equation 2-23 applies only to intra-

venous bolos administration, the relationship can

be modified easily to accommodate the different

ways drugs are administered. If a drug is given by

a short-term constant rate intravenous infusion ,e
then

infused dose(AUMC)

(AUC)2	 (2-24)

- infused dose(T)

2(AUC)

where T is the duration of infusion. Since the in-

fused dose is equal to k 0 r, we cart also express
Equation 2-24 as

	

kOT(AUMC) - k0T2	
(2-25)

(AUC)2	2(AUC)

Relationship of Half-Life, Clearance, and
Volume of Distribution

Earlier, we noted that clearance is equal to the
product of VB and P. This relationship does not -

imply, however, that clearance is dependent on

volume of distribution and half-life. Both clearance

and distribution volume are independent parame-

ters, although both may be affected by a change

in plasma protein binding. Half-life is a dependent

parameter. For a niullicompartnient model, tl,2=
0.693 Vs/C].

This relationship shows that the larger is the

distribution volume, the longer is tlic half-life. In-

dependently, the larger is the clearance of a drug,

the smaller is the half-life. An increase in half-life

should not be interpreted as a decrease in drug

elimination; it may merely reflect an increase in

distribution volume. Changes in elimination are
represented by changes in clearance.

Mean Residence Time
The mean residence time (MRT) of a drug alter

	

administration of a single dose is given 	 by	 -

	

MRT = (AUMC)/(AUC)	 (2-26)



MAT = MRT, - MRT,,	 (2-30)

where MAT is the mean absorption time. MRT,
is the mean residence time after administration of
the drug in a noninstantafleOdls manner, such as
orally, intramuscularly, or by iv infusion and
MRT,, is the mean residence time after intravenous

bolus administration.
When absorption is a first-order process

I
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require a comparison of areas tinder the curie. The
fraction of an oral dose that actually reaches the
bloodstream call be estimated from the ratio of

AUC after oral administration to AUC after intra-
venous administration of equivalent doses of the
drug. The extent of absorption of drug in a test
dosage form relative to its absorption from a stand-
aid dosage form, such as an aqueous solution, can
be estimated from the ratio of AUC after the test

dose to AUC after the standard.
Noncoinpartmental methods for estimating the

rate of absorption of a drug alter cxiravascular ad-
ministration are based on differences in TORT after
different modes of administration. In general,'

MRT,. = uk	 (2-28)

where k is a rate constant equal to the ratio of
clearance to V,.For drugs with multico'flpaitment

characteristic s . k > . For drugs that distribute

almost i mmediately,k = k. In many cases, the ratio

of 0.693 to K_ 	 as the effective half-life of a

drug.
Irrespective of the distribution characteristics of

a drug. MRT represents the time required for
63.2% of an intravenous bolus (lose to be elim i

-nated. As such, it may he possible to determine
MRT from urinary excretion data alone by deter-
mining the time required to excrete 63.2% of that
amount which is ultimately excreted as unchanged

drug.
Mean residence time is a function of how we

give the drug. The MRI values for noninstanta-

neous administration s will always he greater than

the MRT following intravenous bolos administra-
tion. However, the MRT,, can be estimated fol-
lowing other modes of drug administration . For

example, following a constant rate intravenous in-

fusion

MR]., = MRr, -. (T/2)	 (2--29)

where T is the duration of the infusion. MRT 1 is

calculated according to Equation 2-26.

DRUG ABSORPTION

Noncom partrnental methods for esti inati ng the
extent of absorption of a (Irtig after oral or other

cx tra y ascu I ar routes ol administration have been
described ill Chapter 1. Essentially, these methods

MAT = (I/k,)	 (2-31)

where k, is the first-order absorption rate constant.
Under these conditions, k, = I!MAT, and the ab-
sorption half-life is given by 0.693 (MAT). When
absorti.on or input is a zero-order process

MAT = (T/2) (2-32)

where T is the time over which absorption or input

takes place.
Moment analysis and the concept of MR1 may

also he useful for comparing the absorption char-
acteristics of a drug from different formulations.
This application is considered in Chapter 8.

A limitation of moment theory is seen when the
difference between MRT, and MRT,, is small. In
this ease, it may be difficult to estimate MAT with

adequate accuracy.
A useful application of moment theory, to eval-

uate the pharniacokinetics of furosemide after iv
and oral administration, has been reportedY The
mean MRT after an iv dose of the loop diuretic to
eight healthy subjects was less than I hr, suggesting
an effective half-life of about 40 join. Absorption
after oral administration, however, was slow and
incomplete. l]io;ivailahility was only about half the
dose. ]'Ile difference in MRT after oral and iv ad-
ministration (MAT) was 84 ruin. The mean ab-
sorption time for furosernidc was significantly

The MR-1- of it after intravenous bolus ad-

ministration provides a useful estimate of the per-
sistence time in the body and in this sense is related
to half-life. \Vhen applied to drugs that distribute

rapidly it can be shown that

MRT,. = 1/k	 (2-27)

where k is the first-order elimination rate constant.

Tile hall-life of it is equal to 0.693/k. Hall-

life tells us the time required to eliminate 50% of

the dose; MRT,, tells i s the time required to elim-

inate 63.2% of the dose.
The MRT of a drug that distributes slowly and

requires mul ticompartmeflt characterization is a

complex function of the model rate constants for
distribution and elimination. However, in noncom-
partmental terms, the following relationship is use-

ful:
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larger than the MRT, suggesting absorption rate-

limited elimination of the drug.

Predicting Steady-Stale Concentrations
When a drug is given continuously or intermit-

tently for a sufficient period of time it accumulates

and eventually reaches a steady state with respect

to drug concentration in the blood (see Figs 1-8

and 1--9). Drug concentration at steady state is

solely a function of the effective rate of dosing and

the total body clearance of the drug in the patient,

both of which are noncompartmentai parameters.

The steady-state concentration (C i,) following

constant rate intravenous infusion may be deter-

mined by rearranging Equation 2-22 which yields

C = kJCI	 (2-33)

where k0 is the infusion rate and Cl is the clearance

of the drug.
A similar equation can be written to describe the

average drug concentratioll at steady state (C) foE-

los ing repetitive intermittent administration of a

fixed dose (D) given at fixed intervals (T) (see Fig.

1-9. Under these conditions.

	

= F(DR)/Cl	 (2-34)

where F is the fraction of the administered dose

that actually reaches the bloodstream and DR is

the average dosing rate; if a drug is given in a dose

of 400 ing every 8 hr, then DR = 50 mg/hr.

If a drug is given at irregular intervals during

the day (e.g.. 3 times a day or after meals and at

bedtime rather than every 8 hr or every 6 hr), one

can use Equation 2-34 to calculate the average drug

concentration over the day by setting DR equal to

(total daily dosc)124 hr.
A still simpler method for estimating average

drug concentration at steady state than that sug-

gested by Equation 2-34 is also available. As may

be seen in Figure 1-9, C is a concentration inter-

mediate between the maximum and minimum drug

concentrations at steady state. Specifically,

	

= AUC,)T	 (2-35)

where AM,, is the area under the curse from

C) to t = r during a dosing interval at steady state.

In other words, C is the height of a rectangle of

width T that has an area (C x 'r) equal to the area

under the curve during a dosing interval at steady

state. Steady-state bioavailability studies compar-

ing AUC for test product and reference standard
are widely used for evaluating sustained-release

time
Fig. 2-5. Steady-state concert rations alter repetitive ad-
ministration of a rapidly distributing drug with a 12-hr half-
life given every 8 hr. The ratio of C. to CC,,. is 1.6.

dosage forms. By definition. AUC is equal to

ALC, the total area under the curve from if = 0

tot = x after a single dose. Under these conditions

= i\UC/i-	 2-36)

By merely knowing the AUC of a drug after a

single dose administered in the same way that will
he used for repetitive dosing, we can predict the.

aserage drug concentration at steady state.

Although C is a useful parameter and easy to

calculate, we must remember that it tells us nothing

about the time course of drug concentrations during

a dosing interval. This limitation is of little con-

sequence for drugs with long half-lives that dis-

tribute rapidly and are dosed relatively frequently

(i.e., r < t½). In this case, the steady-state ratio

of C to C,,5 vihl be less than 2 and the drug

concentration profile at steady state will be rela-

tively flat (Fig. 2-5). On the other hand, large

fluctuations may he seen with drugs having rela-

tively short half-lives that are given less frequently

than every half-life (Fig. 2-6) and with drugs that

distribute slowly and display rnulticompartment

characteristics (Fig. 2-7). In these cases, the

steady-state ratio of C,,. to C_ will exceed 2. For

certain drugs, the attainment of an acceptable value

of C, well within the therapeutic concentration

range, may belie the fact that C_ is too hi gh and

adverse effects may result or that C,,,, is too low

and for some time during the dosing interval the

patient may not be receiving the optimal benefit of

the drug. Nonconipartniental methods are generally

not useful for describing the time course of drug

in the blood. It is probably best to handle such

considerations with the concept of half-life and the

application of compartmental analysis. Questions
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regarding drug accumulation and loading dose may
also be better answered by applying compartment
theory, as described in Chapter 1. A noncomPart-
mental alternative based on the principle of super-

position is described in Appendix II.

Predicting the Time to Steady State
The time required to reach steady state on con-

tinuous constant rate intravenous infusion of a drug
that distributes rapidly is a function of the half-life
of the dntg. After a period of infusion equal to 4
half-lives, the drug concentration in blood or

plasma will be within 90% of the steady-state con-

centration: after a period equal to 7 half-li ves, drug

concentration is within 99% of the steady-state

level. The same drug given as repetitive intrave-
nous boluses of fixed doses at fixed intervals will

8-

2L
time

Fig. 2-7. Steady-state concentrations after repetitive ad-
ministration of a slowly distributing drug with a 12-hr hail-
life given e-very 12 hr. The ratio of C,,., to C... is 4.

show similar characteristics; after a period of dos-
ing equal to 4 hall-lives, the average drug concen-

tration wilt be within 90% of the average stead)-

state concentration.
In practice the time after the start of dosing to

attain a certain fraction (e.g.. 90%) of the steady-
slate concentration is not only a function of half-
life, but also of the way we give the drug and of
the distribution characteristics of the drug. Repet-
itive extravascular or non instantaneous administra-
tion of a drug requires a longer period to attain
steady state than we would predict from its half-
life. On the other hand, repetitive administration
of a drug that distributes slowly and shows mul-
ticonspartment characteristics requires a shorter pe-
riod to reach steady state in the plasma than we
would predict from its terminal half-life. Exact
equations to solve for the time after starting dosing
at which a certain percentage of steady state is
reached for different drugs under different condi-
tions of use are both complex and difficult to solve.

Moment analysis provides a unique solution to
this problem. Chiou has shown that by means of
AUC analysis one can calculate the time to steady
state for any drug after a single dose given in the
same way that sill be used for repetitive dosing. °
In essence, the time required after giving the dose
for the partial area under the curve (AUC) to be
equal to a certain fraction of the total area under
the curve (AUC) is the same as the time required
to reach the same fraction of steady state on re-
petitive dosing of the drug.° This idea is expressed

in the following equation:

Fig. 2-6. Steady-state concentrations after repetitive ad-
ministration of a rapidly distributing drug with a 2-hr half-
life given every 6 hr. The ratio of C.,, to C,. is 8.

f,,	 AUC,/AUC	 (2-37)

where f, is the fraction of the steady-state concen-
tration reached at time t on repetitive dosing and
the area terms refer to a single dose.

When using Equation 2-37, one does not ex-
plicitly solve for time. Rather, one selects a time
after giving the dose and carries out an area analysis

to calculate L. The time required to reach a dcsircd

f. (e.g., 90%) is estimated by trial and error. Usu-

ally two trials followed by interpolation should he
sufficient to provide a useful estimate of the re-

quired time.

Parameters Based on Free Drug Concentration

The noncornpartnlefltal methods described' in
this chapter are based on total drug concentrations
in blood or plasma. Most drugs are bound to sonic
extent to plasma proteins and formed elements in
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the blood. Therefore, we can speak of a free drug
concentration and a total drug concentration (free
plus bound) in blood or plasma.

The usual analytic methods determine total drug
concentration in plasma (C). Total drug concen-

tration in blood (C b) can be etimated by the fol-

lowing equation:

Cb = C,5,. HCT + C( 1 - HCT) (2-38)

where C. is drug concentration in the red blood
cell and I ICT is hematocrit.

The ratio of free (Cr) to total drug concentration
in blood or plasma is termed the free fraction M.
Free fraction is usually determined in plasma (fe)
by means of equilibrium dialysis or ultrafiltration.
Free fraction in blood is calculated by the following

equation:

15 = fC/C	 (2-39)

The plasma or blood binding of most drugs given
in usual doses is independent of drug concentra-
tion. Therefore, by determining total drug concen-
tration and by determining free fraction at a given
concentration, we can calculate free drug concen-

tration.
In theory, free rather than total drug concentra-

tion in blood or plasma is more closely related to
pharmacologic effects. There is some experimental
and clinical data to support this idea. In the absence
of inter- or intrasubject differences in binding, a
given total drug concentration always reflects the
same free drug concentration. However, some pa-
tients bind a drug much more or much less effec-
tively than average because of disease-related fac-
tors. During a course of therapy, there may he a

change in binding because of concomitant drug
therapy. Therefore, an undesirably low or high total
drug concentration may not reflect a corresponding
low or high free drug concentration.

Total drug concentration at steady State 15 a func-

tiomof clearance (see Eq. 2-34). The clearance of
drugs with a low hepatic or renal extraction ratio
depends on binding as well as the efficiency of the
eliminating organs. The clearance of total drug Inay
increase or decrease simply because of a change
in binding. In this case, there will be a change in
the steady-state concentration of total drug but not
of free drug. Since free drug concentration at steady
state is unchanged, an unusually high or low total

drug concentration may not require a change in
dosing rate.	 -

Under these conditions, it may be desirable to
determine the clearance of free drug (Cl 5) as well
as the clearance of total drug. Free drug clearance
from plasma is given by the following equation:

Ci t. = CIif	 (2-40)

CONCLUSIONS

The noncompartmental methods described in
this chapter permit a comprehensive pharmacoki-
netic analysis without resort to curve-fitting, com-
puters, or tedious mathematical equations. Al
though these methods cannot be applied to all
pharmacokinetic problems, they are useful for most
problems and are particularly useful for the clinical
application of pharmacokihieties. In the following
pages, you will find many of these relationships
used to answer important clinical questions.
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