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INTRODUCTION

Pharmacokinetics derives its clinical utility from the fact that drug concen-
trations measured in plasma water correlate more predictably with phar-
macologic response than standardized drug doses. This is true because the
relationship between concentration of drug in plasma water and phar-
macologic response is not affected by individual variation in the processes
of drug absorption, distribution, and elimination that influence patient
response when a given drug dose is administered. This was appreciated over
50 years ago when Wuth described serum concentration monitoring as an
essential adjunct to the proper use of bromide as a sedative or anticonvul-
sant drug (1). General application of this approach to clinical therapy has
hinged on the development of analytical methods suitable for measuring
drug concentrations in body fluids and on the description of the processes
of drug absorption, distribution, and elimination in mathematical terms
that permit the precise analysis and design of drug regimens for individual
patients. Drug metabolites must also be considered when they have phar-
macologic activity that contributes to observed clinical responses (2, 3).
The term pharmacokinetics was coined by Dost who defined it as “the
science of quantitative analysis between organism and drug” (4). However,
Widmark can be credited with beginning work in this field, and his publica-
tion in 1919 defines the characteristics of drug distribution, elimination, and
cumulation for a single-compartment open model (5). In 1937, Teorell laid
the foundation for multicompartment pharmacokinetics by presenting a
systematic analysis of plasma and tissue drug concentrations based on a
two-compartment open model (6, 7). More recently, quantitative analysis
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of concentration-response relationships and drug-receptor interactions has
been attempted in man, expanding the scope of pharmacokinetic investiga-
tions to the full extent of Dost’s definition.

This review focuses on those aspects of pharmacokinetics that have the
greatest clinical utility. We also attempt to place recent conceptual and
technologic advances in pharmacokinetics in proper context with previous
approaches. The reader should consult standard textbooks for a more de-
tailed treatment of basic pharmacokinetic theory (8, 9) and Melmon &
Morelli’s textbook of clinical pharmacology for actual case presentations
illustrating the application of pharmacokinetic principles (10). The reader
is referred also to several recent-symposia on pharmacokinetics (11-13).

THE SINGLE-COMPARTMENT PHARMACOKINETIC
MODEL

Under certain circumstances (14) it is sufficient to regard a drug as being
uniformly distributed in a single-body compartment, the volume of which
determines the plasma concentration resulting from the total amount of
drug contained in the body. This volume, termed the apparent volume of
distribution of the drug, derives its clinical utility from the fact that drug
doses (amounts) are prescribed. but plasma drug concentrations are gener-
ally measured. Hence, the apparent volume of distribution of a drug (V)
is defined by the equation,

V, = X/c 1.

where X is the total-body drug content and c is the plasma drug concentra-
tion. Distribution volume often is calculated from the concentration change
resulting from the administration of a known drug dose, but can also be
estimated from the concentration change resulting from hemodialytic re-
moval of a measurable amount of drug (15).

Apparent distribution volumes seldom correspond to .anatomic body
spaces and, in fact, are often greater than total body weight on a liter per
kilogram basis. This occurs because tissues may have far higher affinity for
a drug than plasma. For example, the apparent volume of digoxin distribu-
tion in a 70 kg patient with normal renal function may be expected to
approximate 535 liters (16, 17). This occurs because the tissue:plasma
partition ratio of digoxin is much greater than 1 (18), so that tissues essen-
tially extract digoxin from plasma, causing the distribution volume of this
drug, referenced to plasma, to be far larger than anatomically possible. The
same paradox would result if we placed a known quantity of drug in a 10
ml test tube containing 1 ml of plasma and 9 ml of chloroform. If the
chloroform :water partition ratio of the drug was 10:1 and we attempted
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to estimate the volume of the test tube from the equilibrium plasma concen-
tration of the drug, we would arrive at the apparently absurd value of 91
ml. Nonetheless, this value would allow us to correctly predict the relation-
ship between total drug content and plasma concentration for this particu-
lar system.

GENERAL PRINCIPLES OF DRUG DOSING

When there is an urgent need to establish therapeutically effective plasma
concentrations, it is customary to begin treatment by administering a load-
ing dose of a drug. In the case of digoxin this process is relatively straight-
forward. For example, it can be anticipated for our hypothetical 70 kg
patient that the administration of 0.75 mg, usually given in a divided
loading dose, will give a plasma concentration approximating 1.4 ng ml-!
after distributional equilibrium has been reached.

Distributional equilibrium is generally thought to occur when a semiloga-
rithmic plot of plasma concentrations versus time reaches a terminal linear
slope (Figure 1). Back-extrapolation of this slope, termed the elimination
phase slope, yields at the y-intercept an estimate of the hypothetical plasma
concentration that would have occurred had drug distribution been instan-
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Figure I The pharmacokinetic model of Reuning and colleagues (17), based on data from
Bloom & Nelp (19), was used to simulate plasma (solid lirie) and tissue (broken line) digoxin
concentrations after intravenous administration of a 0.75 mg loading dose to a 70 kg patient
with normal renal function. C, is estimated from back extrapolation (dotted line) of elimina-
tion phase plasma concentrations.



Annu. Rev. Pharmacol. Toxicol. 1979.19:105-127. Downloaded from www.annualreviews.org

by Central College on 12/14/11. For personal use only.

108 ATKINSON & KUSHNER

taneous when the loading dose was administered (5). This y-intercept value
(G,) is often used to estimate distribution volume from the equation,

V.., = Dose/C,. 2.

Plasma levels measured prior to the attainment of distributional equilib-
rium will lie above the back-extrapolated elimination phase slope, reflecting
the distribution of drug from plasma to other tissues. Even after the elimina-
tion phase is reached, tissue drug levels do not equal plasma levels but only
parallel them (Figure 1). The utility of plasma level monitoring is critically
dependent on the proportionate relationship between plasma and tissue
drug concentrations and on the assumption that this ratio is relatively
constant from one individual to the next. For digoxin, 12 hr may be required
for 99% completion of the distribution phase, as shown in Figure 1 (17).
However, in practice plasma drawn 6 to 8 hr after a digoxin dose is generally
regarded as satisfactory for clinical monitoring (20, 21).

After the distribution phase, plasma concentrations and tissue stores of
digoxin decline in a monoexponential fashion and, at the end of 24 hr,
approximately two thirds of the initial loading dose remains in a patient
with normal renal function (19, 21). The goal of continued therapy then
would be to maintain a steady state by replacing daily losses with a dose
that is one third that of the appropriate initial loading dose or, in the
example given, 0.25 mg per day. Of course, if the patient’s clinical condition
does not warrant immediate digitalization, this same steady state can be
reached by the daily administration of this maintenance dose (22). This is
easily visualized as follows:

0.25 mg X 2 =0.17 mg End of Day 1
+0.25 mg Daily Dose
0.42 mg X 2 =0.28 mg End of Day 2
+0.25 mg Daily Dose
0.53 mg x 2 =0.36 mg End of Day 3
+0.25 mg Daily Dose
0.61 mg X 2 =0.41 mg End of Day 4
+0.25 mg Daily Dose
0.66 mg X % =0.44 mg End of Day §
+0.25 mg Daily Dose
{169 mg X% =0.46 mg End of Day 6
+0.25 mg Daily Dose
0.71 mg

It can be seen that a situation is being asymptotically approached in which
total body stores will reach a peak of 0.75 mg and fall in the course of each
day to 0.50 mg. This is identical with the steady state reached more rapidly
by administering a 0.75 mg digoxin loading dose, followed by a daily
maintenance dose of 0.25 mg.
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KINETICS OF DRUG ELIMINATION

Fortunately, the elimination of most drugs used in clinical practice is simi-
lar to that of digoxin and can be described by first-order kinetics. In a
single-compartment model, the rate of drug elimination (dX/d¢) after ad-
ministration of a single drug dose is given by the equation,

dX/dt = -KX, 3.

where X is the elimination rate constant and X is the total drug in the body
at any time, ¢. This first-order differential equation is easily solved by first
separating variables to give,

dX/X = -Kdt 4.

and then integrating from time equals zero, when a drug dose of X, is
administered, to time equals ¢

X t
on dX/X = —Kfo de. 5.

X'_ ,t

nX X, = -Kt 0 6.

In X/X, = -Kt. 7.
X = Xek 8.

These equations can also be expressed in terms of drug concentrations by
making the appropriate substitutions given by Equation 1.

Elimination Half-Life

Elimination half-life is a commonly used indicator of the rapidity with
which a drug is eliminated from the body. Elimination half-life can be
defined as the time required for the amount, or concentration, of an admin-
istered drug to fall to one half its value at some previous time. Elimina-
tion half-life (#,/;) can be calculated directly from Equation 7 by letting
X/X, = 1/2, so that,

In1/2 = _Ktl/?. 9.
In2= Ktl/z 10.
tyy = 0.69/K. 11.

In practice, K is often conveniently estimated by determining the time for
the plasma concentration of a drug to fall by half during its elimination
phase, then using the value of t,/; to calculate K from Equation 11.
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Elimination Clearance

As descriptions of the rate at which a drug is eliminated from the body, both
K and t/, suffer from their dependence on the apparent volume of drug
distribution. The primary pharmacokinetic parameter that rigorously char-
acterizes the kinetics of drug elimination is elimination clearance. It is
generally known that clearance can be used to assess renal function, as
described by the equation,

Cl = UV/¢, 12.

where CI represents clearance, ¢ plasma concentration, and UV the
amount of a substance eliminated by the kidneys in a given period of time
(23). This is a disguised first-order differential equation since U-V is actu-
ally an excretion rate (24). Hence Equation 12 can be rewritten,

dE/dt = Clc, 13.

where dE/dt is, for example, the rate of creatinine appearance in urine.
With a change of sign, this is equivalent to the rate of creatinine elimination
from the body, d.X/ds Substituting X/ ¥, for C (Equation 1) then gives,

dX/dt = CIX/V, 14.
Comparison with Equation 3 thus indicates that,

K = Cl/v, 15.
From Equation 11 it can be seen that,

ty, = 0.69V,/ClL 16.

Thus a drug may have a long elimination half-life, either because its clear-
ance by eliminating organs is slow or because its apparent volume of distri-
bution is large.

EFFECTS OF DISEASE ON DRUG ELIMINATION

Assessment of the effects of disease on drug elimination requires an appreci-
ation of the interaction of parallel renal and hepatic mechanisms of drug
elimination. In Equation 14, Cl is usually a composite of renal and hepatic
drug clearances such that,

Cl = Cl, + Cl,. 17.

Wagner has provided a detailed analysis of the different components com-
prising renal clearance of drugs (25). It is expected that CI, will be reduced
in patients with impaired renal function and that Cl; will be reduced in
patients with sufficiently advanced liver disease. Reductions in either one
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of these parameters will prolong elimination half-life in a hyperbolic fashion
(26), as is found by substituting Equation 17 into Equation 16,

ty, = 0.69 Vy/(Cl, + Cly). 18.

Hepatic blood flow is a major determinant of the hepatic clearance of
some drugs, and a number of mathematical models have been proposed to
relate hepatic clearance, hepatic blood flow, binding of the drug within the
blood, and the intrinsic metabolizing activity of liver enzymes (27-30). One
model that is compatible with existing experimental evidence predicts that

_ _fClint__
= [Q T fCIim]’ 1

where Q is hepatic blood flow, f is the fraction of drug in the blood that
is unbound, and Clj; is the intrinsic metabolic clearance of the drug (31—
33). The intrinsic clearance can be thought of as the clearance that would
be measured if hepatic clearance were not limited by binding or blood flow
(31, 34).

In certain cases intrinsic clearance is concentration dependent and must
be described by the Michaelis-Menten equation,

Clim =V, max/ (KM + ﬁ:): 20.

where V.., and K, denote the apparent Michaelis-Menten constants (35,
36). Estimates of these parameters made from in vivo pharmacokinetic
investigations seldom correlate with the results of in vitro drug metabolism
studies for reasons that have been discussed in a recent review (36). Fortu-
nately, K, is usually far greater than the therapeutic concentration range
of most drugs, so that intrinsic clearance reduces to a constant. Hence, even
hepatic elimination can be regarded generally as an apparent first-order
process. There are, however, important exceptions. For example, ethyl
alcohol (37) and phenytoin (38, 39) have been shown in man to have overall
elimination rates described by Michaelis-Menten kinetics. Furthermore,
drugs are often metabolized by several parallel pathways so that Cl,
comprises the sum of several Michaelis-Menten processes (34, 36, 40). Since
each pathway may involve several serial steps that could include the forma-
tion of potentially toxic compounds and their subsequent deactivation, the
variability with which different metabolic steps become rate limiting may
be of critical importance in explaining the biochemical basis of certain
adverse drug reactions that now appear to be idiosyncratic (41). In addition,
inhibition or induction of many of these metabolic steps by other drugs to
which patients are exposed forms the basis of many known drug interac-
tions (42). Few of these have been the subject of formal pharmacokinetic
analysis.
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Therapy of Patients with Reduced Renal Drug Elimination
Considerable attention has been devoted to the design of effective and safe
drug dosage regimens for patients with impaired renal function, and several
excellent reviews are available (26, 43—46). Fortunately, creatinine clear-
ance provides a valuable indicator of the adequacy of elimination for many
drugs that are primarily excreted by the kidneys. Dosing recommendations
have been based on experience (47), have been presented in nomographic
form based on systematic empirical observations (21), and have been pre-
sented in nomographic form based on the application of pharmacokinetic
principles to the results of studies in normal subjects (26, 47, 48).

Pharmacokinetic data have been critically compiled to facilitate applica-
tion of this last approach (49). The elimination phase half-life and percent-
age drug elimination by metabolism in normal subjects is used to estimate
the rate of nonrenal drug elimination, which is then taken as the overall rate
of drug elimination in functionally anephric patients. A straight-line ex-
trapolation of drug elimination rate can be made between the extremes of
zero and normal creatinine clearance and serves to estimate the rate of drug
elimination, and the elimination phase half-life, for a patient with a given
degree of renal impairment (26). This approach has the advantage of great
versatility since the appropriate data are available for many drugs. How-
ever, its validity is critically dependent on the assumptions that the renal
clearance of creatinine and of the drug are proportional, and that nonrenal
drug elimination is unaffected by the uremic state (45, 46). This latter
assumption seems valid for many drugs metabolized by oxidation or
glucuronide conjugation. However, reduction and acetylation pathways
may be slowed (50, 51), and the oxidative metabolism of phenytoin appears
to be enhanced (52) in uremic patients.

Therapy of Patients with Reduced Hepatic

Drug Elimination

The design of dose regimens appropriate for treating patients with advanced
liver disease is hampered by the fact that hepatic clearance of drugs cannot
be predicted accurately from standard tests of liver function (34, 53, 54).
In many cases this could reflect induction of microsomal drug metabolizing
enzymes, concomitant with chemical injury (55) or in response to concur-
rent drug therapy (56), so that hepatic drug clearance is maintained at
normal levels in many patients with liver disease (57, 58). When hepatocel-
lular injury is more extensive, perhaps indicated to some extent by a low
serum albumin or a prolonged prothrombin time (54, 56), this means of
compensation may be inadequate to provide normal drug metabolic clear-
ance (58). Even in normal subjects, the rate of hepatic drug metabolism
varies widely between individuals, reflecting age (59), genetic (60, 61), and
environmental (62) differences. Analysis-of-variance techniques have been
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applied to population pharmacokinetic data to develop dose recommenda-
tions for therapy with one extensively metabolized drug, theophylline (63).
It is likely that methods of this complexity will be required to adequately
account for the major sources of individual variation in the hepatic metabo-
lism of drugs.

Because hepatic clearance is flow dependent, drug elimination by the liver
can be impaired when reduced cardiac output compromises hepatic blood
flow (64). It can be seen from Equation 19 that this is particularly likely to
occur when fCl;, is much greater than Q (34). This accounts for the
finding that lidocaine clearance is greatly reduced in patients with conges-
tive heart failure or cardiogenic shock (65, 66), and has led to the develop-
ment of a nomogram for adjusting lidocaine dosage on the basis of cardiac
output (67). Appreciation of the interrelationship between hepatic blood
flow and hepatic clearance also provides an understanding of the basis for
certain hemodynamic drug interactions (64).

Alterations in protein binding may also affect hepatic drug clearance.
Such changes are prominent when Q is much greater than /- C;,, (33). This
includes most drugs metabolized by the liver, and clinically significant
changes usually involve acidic drugs that are highly bound to serum albu-
min. For example, the protein binding of phenytoin is impaired in uremia
(68) and in patients with hypoalbuminemia secondary to the nephrotic
syndrome (69), causing C/j, to be increased. If Cl,, is estimated from values
of Cl and f published for nephrotic patients, no increase is found and free
phenytoin levels are the same as in normal subjects maintained on the same
dose regimen (69). On the other hand, Cl;; and f appear to be increased
in uremia (52). Because the sum of free plus protein-bound phenytoin levels
will be lower than expected in both uremic and nephrotic patients, dose
adjustments based on total phenytoin levels may cause toxic reactions.
Measurement of free phenytoin levels would be preferable, since they corre-
late best with the therapeutic and toxic effects of this drug (70). However,
these measurements are not routinely available.

KINETICS OF DRUG ACCUMULATION

For many drugs therapeutically effective and toxic plasma concentrations
are separated by a therapeutic index of two or more so that therapy can be
initiated by administering a loading dose followed by maintenance doses
that are half as large as the loading dose, given at intervals of one half-life
(26). This provides a simple way of using expected half-life changes to
individualize dose regimens for patients with impaired renal or hepatic drug
elimination. In many cases a loading dose may not be required at all. The
kinetics of drug accumulation can be predicted for both continuous intrave-
nous infusion therapy and intermittent administration.
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Continuous Infusion

When a drug is administered by continuous intravenous infusion its phar-
macokinetics can be described by modifying Equation 3 as follows,

dX/dt = I - KX, 21.

where I is the zero-order rate of constant drug infusion. At steady state,
when dX/dt = 0,

I =KX 22.
or substituting for X and X according to Equation 15 and Equation 1,
I = Cle 23.

Thus drug clearance can be estimated directly if the steady state concentra-
tion corresponding to a given infusion rate is known.

In this regard it is important to be able to estimate the time required to
reach steady state plasma concentrations when drugs are administered by
constant intravenous infusion. If a loading dose is not given, integration of
Equation 21 will provide an estimate of total body drug stores at any time
after the drug infusion has been started. Thus,

X t
fo dX/(I - KX) —f 09! 24,
X t
In( - KX)lO = —Ktlo 25.
I
[ — _ p-Kt
X =5U-ef) 26.

Note that when ¢ equals infinity this gives the same relationship between
infusion rate, elimination rate, and steady state total body stores as is
provided by Equation 22, i.e. X, = I/K. Although mathematically steady
state is achieved only after an infinite time, we can calculate the length of
time needed to reach any given percentage of that steady state (71). For
clinical purposes the 90% attainment of eventual steady state (Xggq) is
usually adequate. If we designate the time needed to reach X9 as g go,
then from Equation 26, since X 90/X~ = 0.90,

090 = 1 - e%0.90 g 27.
In0.10 = -Kty 99 28.
toso = 230/K 29.

and from Equation 11,

togo = 3.3t1/2. 30.
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It can be shown similarly that the time to reach any fraction of the eventual
steady state total body stores or drug concentration is determined solely by
the elimination half-life of the drug. This has been termed the plateau
principle (7).

Intermittent Administration

Most drugs are administered on an intermittent rather than on a continuous
basis. Hence for a patient started on a maintenance drug dose without prior
administration of a loading dose, we can estimate from Equation 8 that the
minimum drug concentration just before the second dose will be given by,

Xuin, = Xoe k7 31.

where X, is the maintenance dose and 7 is the dosing interval (72). Just after
the second dose, letting p = e7¥,

Xaaxy = X, + X,p. 32.
Similarly after the nth dose,

Xax, = Xo(1 +p +........ +pr-) 33.

Xax, = X,(1 = p™)/(1 - p). 34.
Since p is less than 1, as n approaches «, p" approaches 0, so,

Xpaxe = X,/(1 = p) = X,/(1 — e7X7). 3s.

The fractional attainment of steady state after » doses can then be expressed
as

Xoazy /Xmax,, = 1 ek, 36.

From Equation 36 the number of doses needed to reach 90% of the antici-
pated steady state level, n¢ g, can be calculated as follows,

0.90 = 1 — eKrngg, 37.
{n0.10 = —-Ktngg, 38.
nog = 2.30/K7, 39.
ngge = 3.3t1,0/7. 40.

This is equivalent to Equation 30 since 7n = 1.

Although Equation 35 estimates peak plasma levels at steady state, 'in-
clinical practice vagaries in the rate of gastrointestinal absorption of drugs
make it preferable to measure minimum or “valley” drug concentrations.
These can be estimated from the equation,

Xpin. = Xpe Xt/(1 - KY), 41.
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Inspection of Equation 35 and Equation 41 indicates that the extent of drug
cumulation at steady state, when compared to the first dose, is given by the
accumulation factor R (73), where,

R = 1/(1 = ekn), 42.

It has been shown that mean steady state plasma concentrations under
conditions of intermittent dosing are also given by Equation 22 (74). Re-
placing I by X,/t, and substituting for X according to Equation 1,

¢ = X,/(rKV,). 43.

BIOAVAILABILITY

Up to this point we have assumed that the absorption of intermittently
administered drug doses is rapid and complete. This assumption may not
be valid even when drugs are injected intramuscularly. For example, parent-
eral formulations of phenytoin precipitate at tissue pH when administered
by this route (75). However, the rate and extent of absorption of oral drug
formulations have received more general concern. Bioavailability is defined
as the relative amount of an administered drug dose that reaches the sys-
temic circulation unchanged and the rate at which this occurs (76). When
an intravenous drug formulation is used as reference, absolute bioavailabil-
ity can be determined. When two oral formulations are compared, only -
their relative bioavailability is estimated.

Passive nonionic diffusion is the most important mechanism of drug
absorption, but the common belief that weakly acidic drugs are primarily
absorbed in the stomach is probably not generally true because the absorb-
ing surface area of the proximal small intestine is so very much larger (77).
For this reason, the rate of gastric emptying greatly affects the rate at which
drugs are absorbed, regardless of whether they are weak acids, weak bases,
or neutral compounds (77-79). For compounds that are unstable at gastric
pH, delayed gastric emptying can reduce the extent as well as the rate of
drug absorption (78).

Kinetics of Drug Absorption

After drug ingestion there is a delay before any drug appears in the systemic
circulation. This lag reflects the time required for the disintegration of the
drug product, the dissolution of the drug into intestinal fluid, and the time
required to traverse the stomach to the small intestine (80). After this delay,
a plot of plasma drug concentration versus time reflects the combined
operation of the processes of drug absorption, distribution, and elimination.
A peak concentration is reached when drug absorption no longer exceeds
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drug removal from the systemic circulation by distribution to tissues, me-
tabolism, and excretion. It should be emphasized that drug absorption is not
completed when this peak is reached.

A plot of total body drug content versus time, X(#), can be thought of
mathematically as being generated by the convolution of a function, g(?),
describing the drug absorption process, with a function, A(¢), describing
drug elimination (81, 82),

X&) = gt) * h(@). 44.

The operation of convolution, denoted by the asterisk, corresponds to multi-
plication in the domain of the subsidiary algebraic equation given by La-
place transformation of the three functions,

X(s) = z(s) - A(s). 45.
Equation 3 defines 4'(¢), and Laplace transformation of this equation yields

sX(s) - X, = —kX(s). 46.
If X, is normalized to one,

h(s) = 1/(s + k). 47.

Despite the physiological complexity of drug absorption it frequently can
be approximated mathematically by a lag followed by a simple first-order
process characterized by an absorption rate, a (83). If the time axis is shifted
to account for the lag, the differential equation, g'(#), describing the rate
of drug appearance in plasma is

dx/dt = a(M, - X), ‘ 48.

where a is the first-order absorption rate, M, is the total drug dose that will
be absorbed, and X is the amount of drug absorbed at time ¢. Converting
to Laplace transforms,

g(s) = aM,/(s + a). 49.
From Equation 45,

— aM,

X(@s) = S0.

s+ a)yes + k&

Returning to the time domain by obtaining the inverse Laplace transform
for a unequal to k&,

M,

a
X@) = - a (e — k), 51.
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The time required to reach peak plasma concentrations can now be esti-
mated by taking the first derivative of Equation 51 and setting it equal to
zero (84),

tmex = (a — k)ln(a/k). 52.

Then the value of the maximum drug concentration can be obtained by
substituting ¢, in equation 51 and dividing the result by the distribution
volume,

Cmax = (M,/Vy)a/k)k/(ko, 53.

Similar equations can be derived for the special case in which a and & are
equal (84).

Determination of Bioavailability

Several methods are used to determine drug bioavailability (75). The plasma
level versus time curve of a given drug formulation can be compared to that
of a reference standard on a point by point basis, or the area under the
plasma level versus time curve (4UC) of each formulation can be com-
pared. Total drug elimination (E) is obviously equal to total drug absorp-
tion and can be estimated from Equation 13 by separating variables and
direct integration to give (85)

E=le:cdt. 54.
The integral equals AUC so we can rewrite this expression,
F-D = ClI-AUC, 55.

where F is the fractional absorption of the administered drug dose, D. If
two drug formulations are given in sequence to the same individual, their
relative bioavailability can be estimated from the 4UC ratio. Total renal
drug elimination (E,) can be calculated from (86),

E, = E-ClL/Cl 56.

Therefore, bioavailability can also be estimated by comparing the amount
of drug excreted unchanged by the kidneys when two drug formulations are
given.

All of these methods estimate only the extent of drug absorption. How-
ever, absorption rate can also be estimated by deconvolution of the plasma
level versus time curve after intravenous drug administration from that
found after oral drug administration. In practice, this deconvolution can be
carried out numerically (81, 82) but is most often accomplished with com-
puter programs capable of iterative least squares analysis of data (87, 88).
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In conventional studies, the assumption is made that the kinetics of drug
distribution and elimination remain unchanged in a given individual and in
the interval between sequential studies. However, this assumption can be
avoided when absolute bioavailability and absorption rate are determined
by simultaneous administration of an intravenous, stable isotope-labeled
drug formulation and the oral drug formulation being evaluated (89).

Factors Affecting Bioavailability

Bioavailability may be incomplete not only because a drug is poorly ab-
sorbed but because it may be inactivated or interact with other substances
in the gastrointestinal tract or be metabolized in the intestinal wall or on
its first passage through the liver en route to the systemic circulation (77,
78, 90). Increasing attention has been focused on the importance of first-
pass drug elimination by the liver as a cause of incomplete bioavailability
(31, 91-93). The extent of this first-pass effect is defined by the extraction
ratio, €, which is equal to the ratio of hepatic drug clearance to hepatic
blood flow (Cl,/Q) (35). If drug absorption is otherwise complete,

e=1-F. 57.
From Equation 19 it can be seen that,

€ = [Clin/(Q + fClin)- 58.

Thus, the first-pass effect will be particularly marked when f- C/;,, equals
or exceeds Q. Oral doses of such drugs, if effective, will be several times
larger than effective intravenous doses. One example is propranolol, a drug
that has been used as a model compound to study the relationship between
hepatic blood flow and hepatic drug clearance (94). When first-pass metabo-
lism does not limit bioavailability, it appears that erratic and incomplete
drug absorption is particularly likely to be found when the rate of drug
absorption is slow (78, 95).

Formal investigation of the effects of disease on drug bioavailability has
generally been limited to patients with renal disease or congestive heart
failure. Drug bioavailability has been found to be unchanged (96), increased
(97, 98), or variably reduced in uremic patients (95). For example, pro-
pranolol bioavailability has been found to be increased in uremia, presum-
ably because first-pass metabolism is impaired (97, 98). Absorption of some
drugs appears to be reduced in patients with congestive heart failure (99).
This probably occurs because mesenteric blood flow is reduced (100), pre-
sumably reflecting intense vasoconstriction of mesenteric and iliac vascular
beds in response to reduced cardiac output (101). It is likely that bioavaila-
bility will also be found to be increased for drugs with a marked first-pass
effect when this effect is attenuated by hepatocellular disease or shunting
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of portal venous blood (102, 103). Drug- or disease-induced alterations in
gastrointestinal motility have also been shown to affect drug bioavailability
(79). However, there is a need for more formal pharmacokinetic studies of
factors affecting the rate and extent of drug absorption in patients.

DRUG DISTRIBUTION AND THE KINETICS
OF PHARMACOLOGIC RESPONSE

Since drug distribution is not instantaneous there is often a lag between the
attainment of peak plasma drug concentrations and the onset of phar-
macologic effect. This lag is apt to be most prominent when drugs are
administered by rapid intravenous injection, and, as is shown in Figure 1,
may coincide with the time required for a drug to distribute from plasma
to its site of action (17).

The single-compartment model is obviously inadequate for analysis of
distribution phase data and investigators have used either multicompart-
ment (104, 105) or perfusion (106-108) models for this purpose. The appro-
priate model will vary with the intent of the investigator, the general
principle being to select the simplest model that.is compatible with the
experimental data, yet reflects physiological reality in those ways that are
critical to the investigation (105, 109). For example, compartmental models
are more widely used because of their simplicity. However, compartment
models provide little insight into the effects of hemodynamic changes on
drug distribution, so more complex perfusion models are needed (110).
Considerable judgment is required because a model cannot entirely resem-
ble reality yet remain simple. For complicated models, computers are usu-
ally used to estimate pharmacokinetic parameters from experimental data,
and several satisfactory programs are widely used (87, 88).

The Effects of Drug Binding on Distribution

The pharmacokinetic aspects of plasma and tissue protein binding of drugs
have been reviewed recently (111, 112). It is evident that if a drug is
completely bound to plasma proteins, its apparent volume of distribution
would equal that of the proteins themselves. This situation is reasonably
well approximated by thyroxine which is normally 99.95% bound to plasma
proteins and has a distribution volume of 15% of body weight, close to most
estimates of extracellular fluid space (113). As drug binding to plasma
proteins decreases, the apparent volume of drug distribution can be ex-
pected to increase with upper limits determined by the steady state partition
coefficient between plasma water and various tissues (31, 35).

The compartmental distribution pattern of highly protein-bound or large
molecular weight drugs (113, 114) can also be expected to approximate that
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of albumin and to reflect the existence of both fast and slow equilibrating
interstitial fluid spaces (111, 112). This heterogeneity probably results from
the fact that slowly equilibrating tissues, such as muscle and skin, are
supplied with capillaries whose surface appears to be continuous when
examined by electron microscopy, whereas tissues, such as liver, have dis-
continuous capillaries that appear to be more rapidly penetrated by protein
(115). It is possible that capillary structure as well as perfusion rate also
affects distribution rate when smaller molecular weight drugs that are not
protein bound are administered. In any event, it is often clinically helpful
to picture a three-compartment model in which a drug distributes from
plasma to its site of action, the pharmacokinetic biophase, and then to more
slowly equilibrating tissues, such as skeletal muscle, where the drug has no
pharmacologic activity.

Intercompartmental Clearance

Compartmental systems used to describe the kinetics of drug distribution
usually incorporate first-order transfer rates between compartments (6, 7,
105). It has been emphasized recently that intercompartmental clearances
are preferable since they provide a volume-independent estimate of the rate
of drug distribution (116). Few rigorously controlled studies have been
made of the distribution kinetics of closely related drugs, based on a com-
parison of intercompartmental clearances and distribution volumes (117).
However, intercompartmental clearance has been found to limit the elimi-
nation of amphotericin B from the body after long-term therapy (114) and
to restrict the effectiveness of hemoperfusion in removing digoxin from dogs
(118). Thus drug elimination may be affected by intercompartmental clear-
ance as well as distribution volume.

Kinetics of Pharmacologic Response

Relatively few attempts have been made to correlate the kinetics of drug
distribution with the time course of pharmacologic response (119). This can
be done to identify the pharmacokinetic biophase for reversibly acting
drugs. Levy and his colleagues first demonstrated this approach by correlat-
ing impaired arithmetic test performance with lysergide content in the
slowly equilibrating compartment of a three-compartment model (120). It
has also been shown that the inotropic effects of digoxin correlate better
with estimated tissue concentrations than with plasma levels (17), and
it seems likely that this will also apply to antiarrhythmic drugs (121,
122).

When pharmacologic response is characterized by quantal effects, thera-
peutic and toxic threshold concentrations can be defined. However, re-
sponses are often graded in intensity and various nonlinear functions have
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been used empirically to relate drug concentration to effect (119). One
equation proposed by Wagner (123) is

R = RyC/(1/Q + C9), 59.

where R is the intensity of pharmacologic response, and Q and s are
parameters related to the concentration that corresponds to a 50% re-
sponse, ECsp,

ECsg = Q—l/.y. 60.

Meffin and his colleagues have used this approach to describe plasma con-
centration-response relationships for the antiarrhythmic drug, tocainide,
under steady state conditions (124). Under non-steady state conditions it
should be possible to define biophase concentration-response relationships
as well. Clinical study of concentration-response relationships should prove
useful in enabling drugs with similar therapeutic effects to be characterized
systematically in terms of efficacy and potency. If data are determined for
toxic as well as therapeutic effects, utility functions can be constructed to
evaluate rigorously the benefits and risks of a given therapeutic regimen
(125).

Concentration-response studies should also provide fundamental infor-
mation on the contribution of individual variation in receptor sensitivity to
observed variation in pharmacologic response. The antagonism of iso-
proterenol tachycardia by propranolol has been studied to estimate in man
the binding affinity of propranolol for its receptor (126). In this study the
binding affinity constant, K, was calculated from the relationship,

Ky = (DR - D), 61.

where DR is the dose ratio calculated as the isoproterenol dose required to
increase resting heart rate by 25 beats per minute (/5s) in the presence of
propranolol, divided by the control /ys.

The quantitative analysis of pharmacological response possibly provides
the greatest challenge in clinical pharmacokinetics at this time, since the
successful application of measured or predicted plasma concentration data
to patient care hinges on the elucidation of concentration-response relation-
ships.
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