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PHARMACOKINETICS OF DRUG ACTION
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This is a review of the literature since 1960 on the kinetics of reversible
pharmacologic effects in intact animals including man. No claim is made
that this is a complete survey. It is practically impossible to conduct an
effective literature search on the pharmacokinetics of drug action, since ti-
tles of papers and index terms do not usually indicate that the investigations
are concerned with the time course of pharmacologic effects in relation to
dose or drug concentrations. The kinetics of drug absorption, distribution,
and elimination are not included in this review. The literature in this field
has been reviewed only recently (1) and this subject has been dealt with in
a number of recently published books (2—4). This review will consist of
four sections. These will summarize the literature on the relationship be-
tween drug concentration and pharmacologic effect, the kinetics of drug ac-
tion in cases where the body can be characterized as a single compartment,
the kinetics of drug action when the body acts as a multi-compartment sys-
tem, and the kinetics of indirect pharmacologic effects. While there has
been some theoretical work on these subjects before 1960, most of the ex-
perimental studies and the quantitative correlations between the time course
of drug levels in the body and the time course of pharmacologic effects have
been carried out since then. These investigations were made possible largely
by the extensive progress in analytical and computational methodology as
well as in the ability to quantitate certain pharmacologic effects in animals
and man.

DRuc CONCENTRATION AND PHARMAcoLoGIC EFFECT

The concept of a direct and rapidly reversible pharmacologic effect im-
plies that a given intensity of effect is associated with a particular drug
concentration at the site of action. Consequently, there is likely to be a cor-
responding relationship between the intensity of a pharmacologic effect and
the post-distributive concentration of drug in plasma or serum. For exam-
ple, in studies of individual differences in the effect of drugs in relation to
drug concentration in tissues of rats, it has been found that the duration of
narcosis produced by a constant dose of pentobarbital sodium differed
widely in different rats. However the concentrations of pentobarbital in the
brain and serum of these rats upon awakening showed no such differences
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and were essentially independent of the duration of effect (5, 6). This was
also found with zoxazolamine which produced paralysis lasting from about
100 to 800 minutes under the experimental conditions at a dose of 110 mg/
Kg intraperitoneally. Plots of zoxazolamine concentrations in the serum or
brain at the time of recovery versus duration of paralysis were essentially
horizontal, indicating that the rats eliminated the drug at widely different
rates but that the minimum effective concentrations were practically con-
stant (5). Similar effects have been noted under clinical conditions; pa-
tients with digoxin intoxication had a mean scrum digoxin concentration
(£S.D.) of 3.7 (*1.0) ng/ml while nontoxic patients had a mean digoxin
concentration of only 1.4 (%0.7) ng/ml (7). There was no significant dif-
ference in the mean daily dose, which was 0.36 (%0.19) mg/day for the
intoxicated patients and 0.31 (*0.19) mg/day for the nontoxic group, indi-
cating that the toxic effect was due to differences in either absorption or
elimination of the drug. A similar relationship between adverse effects and
blood levels has been noted in the case of diphenylhydantoin (8).

There are a number of studies that show a semiquantitative correspon-
dence between the time course of pharmacologic effects and the time course
of drug levels in the body. The self-estimated degree of intoxication from
three different doses of ethanol showed a close relationship with corre-
sponding blood level curves as a function of time (9). The change in heart
rate of dogs after oral and intravenous administration of disopyramide
phosphate was found to be linearly related to the logarithm of plasma con-
centration irrespective of the route of administration (10). The decline of
the pharmacologic response to propranolol in man following intravenous ad-
ministration approximately parallels the decline of propranolol concentra-
tion in the plasma (11). Four different dosage forms of pentagastrin for
subcutaneous injection showed significant differences in in vitro release
rates, biliary excretion rates in the rat as a function of time, and in pharma-
cologic response (secretion of gastric acid) in dogs. There was good agree-
ment between the in vitro data, elimination rate, and pharmacologic effect
data (12).

Concurrent determinations of drug levels in the body and pharmacologic
activity have been useful in determining whether a drug possesses intrinsic
activity or whether this is due to a metabolite. Inhibition of the biotransfor-
mation of acetophenetidin to N-acetyl-p-aminophenol in rats by administra-
tion of SKF 525-A increased antipyretic activity, while stimulation of the
biotransformation process by treatment with 3-methylcholanthrene de-
creased the antipyretic effect (13). N-acetyl-p-aminophenol does have anti-
pyretic activity of its own (14), but acetophenetidin is apparently more po-
tent. The plasma propranolol concentrations associated with a given degree
of blockade of exercise-induced tachycardia were about three times higher
after intravenous administration than after oral administration. This sug-
gested the presence of a pharmacologically active metabolite of propranolol
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which is apparently formed only when the drug is administered by mouth
(15).

It is sometimes feasible to establish the relationship between the inten-
sity of the pharmacologic effect at a given time after drug administration
and the intravenously administered dose over a wide dose range. Intrave-
nous administration of tropicamide to rabbits resulted in rapid appearance
of the maximum mydriatic response (16). The effect-dose relationship thus
obtained was used as a “reference curve” to determine from pharmacologic
effect measurements the time course of drug levels at the site of action un-
der different conditions of drug administration. If the drug distributes prac-
tically instantaneously between plasma and the site of action (i.e., plasma
and site of action are in the same pharmacokinetic compartment) then the
time course of drug levels thus determined reflects also the time course of
drug concentrations in the plasma. It has been proposed that the extent of
absorption (bioavailability) of a drug administered by routes other than
intravenous can be determined from pharmacologic effect data on the basis
of the relationship between intensity of effect at a given time and the intra-
venous dose (16). This presumes however, that there is no apparent mini-
mum effective intravenous dose and that the effect-dose “reference curve”
clearly goes through the origin. The practically instantaneous attainment of
mydriatic effects after intravenous administration of tropicamide indicated
that the site of action of that drug is in the same apparent pharmacokinetic
compartment as the plasma. On the other hand, the maximum mydriatic re-
sponse to tridihexethyl chloride in rabbits occurred some time after intrave-
nous injection, suggesting that with this drug the plasma and site of action
are in different compartments (17). The “reference curve” technique was
used to determine the rate of access of drug to the biophase and the extent
of drug absorption under different experimental conditions but no direct
(chemical) determinations were made to verify the bioavailability esti-
mates.

SiNngLE ComMPARTMENT KINETICS

Pharmacokinetics deals in part with the mathematical description of the
time course of drug absorption, distribution, and elimination by means of
suitable models. Depending on the drug, the available experimental data, and
the purpose for the pharmacokinetic characterization, such models represent
the body as a system of one or more apparent compartments. If a drug dis-
tributes very rapidly in the body it is usually convenient and feasible to ap-
ply single compartment models. Implicit in this pharmacokinetic approach is
the assumption that a change in drug concentration in any one tissue (in-
cluding the site of action) is accompanied by a corresponding change in
drug concentration in all other tissues (including the plasma) at the same
time. This section will deal with the effects of drugs that have single com-
partment characteristics.
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The process of drug elimination from the body is often describable by
first-order kinetics. The intensity of a direct and reversible pharmacologic
effect is in many instances approximately linearly related to the logarithm
of the concentration or amount of drug in the body. This linear relationship
holds reasonably well from at least 20 to 80 percent of the maximum attain-
able intensity of effect and is therefore applicable particularly under clinical
conditions. It has been shown that the intensity of effect of drugs with these
elimination and dose-effect characteristics decreases at an essentially con-
stant rate after intravenous injection (18). That rate is equal to k-m/2.303
where k is the apparent first-order rate constant for drug elimination and m
is the slope of a plot of intensity of effect versus the logarithm of the dose
or plasma concentration. A number of examples of such essentially linear
decline of effect with time have been noted including the locomotor activity
of rats given dextroamphetamine and pseudonorephedrine (19), the inhibi-
tory effect of warfarin on the synthesis of clotting factors in man (20), and
the neuromuscular blocking effect of tubocurarine in man (21). As will be
noted in the next section, tubocurarine is not a “one-compartment” drug but
the decline of drug levels in the first fifteen minutes after intravenous injec-
tion is practically monoexponential (22), and therefore one observes an es-
sentially linear decline of effect during this time. It has been pointed out
that the averaging of sets of linear data of intensity of effect versus time
will result in a curvilinear plot when zero effect values are included (9).
Such curves can be mistakenly interpreted as being monoexponential.

There are instances where the intensity of a pharmacologic effect is ap-
parently linearly related to drug concentration rather than to the logarithm
of drug concentration. The time courses of pharmacologic effects and drug
concentration will be parallel in such case. There is an essentially linear
relationship between performance decrement determined by means of a
number facility test, a time estimation test, and an eye-hand coordination
test, respectively, and the concentration of ethanol in the serum of normal
human subjects (23). The slopes of plots of each of these effects against
ethanol concentration in the serum are the same, but intercepts on the con-
centration axes differ appreciably. The ethanol concentrations in the serum
as a function of time after ethanol administration and the performance de-
crements decline in parallel (23). There is a linear relationship between
urine flow rate and the excretion rate of 203Hg following subcutaneous in-
jection of 203Hg mercaptomerin sodium, which extrapolates to the normal
flow rate of approximately 1 ml/min (24). The intensity of the anticoagu-
lant effect of *°S-labelled sodium heparin in dogs as a function of time par-
allels the isotope concentration in the plasma, suggesting a linear relation-
ship between heparin concentration and clotting time (25). A more direct
indication of this linear relationship has been obtained by determining the
clotting time of blood to which various amounts of heparin were added in
vitro (26). It has also been found that there is a linear relationship between
the maximum extrapolated clotting time in human subjects after intrave-
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nous injection of heparin and the dose of that anticoagulant (27). As a
consequence of this linear relationship and of the elimination of heparin by
apparent first-order kinetics there occurs a monoexponential decay in clot-
ting time after intravenous injection of heparin in man (27).

It has been found empirically that the decline of pharmacologic activity
of a number of drugs is describable by apparent first-order kinetics some
time after drug administration. Examples are the mydriatic effect of an an-
ticholinergic agent in mice (28), the pyretogenic effect of d-lysergic acid
diethylamide and of d-lysergic acid morpholide in rabbits (29), the antisial-
ogogue effect of tincture of belladonna in man (29), and the heart rate in-
crease after intravenous injection of isoproterenol in dogs (30). The area
under the effect versus time curve for mydriasis in mice has been used as a
measure of “total drug effectiveness,” which in turn was taken as an index
of absorption efficiency of oral and subcutaneous doses (28). However, this
approach is valid only if there is a linear relationship between the amount
of drug in the body and the intensity of effect, and if the elimination kinet-
ics are dose-independent. The pharmacokinetic characteristics of the sympa-
thomimetic effect of isoproterenol in dogs, as reflected by the increase in
heart rate, are difficult to interpret. The heart rate effect decreases by ap-
parent first-order kinetics with a half-life of about one minute after intra-
venous administration, and there is a linear relationship between maximum
effect and the logarithm of the dose (30). In other experiments, the steady-
state quantities of isoproterenol in the dog during intravenous infusion of
the drug at various rates were calculated on the basis of the known rates of
infusion and the rate constant for disappearance of the pharmacologic
effect (30). This data treatment should be valid only if the half-life for the
decay of effect equals the half-life of elimination of the drug from the body.
The linear relationship between effect and the logarithm of dose indicates
that this assumption is incorrect, but the results of the calculations are in
fact internally consistent in that the relationship between effect and loga-
rithm of the amount of isoproterenol in the body is the same for the single
injected doses and for the amounts of drug maintained in the body by con-
stant rates of intravenous infusion (30).

As explained in the previous paragraphs, the shape of the decay curve of
pharmacologic effect after intravenous administration of a drug depends on
the relationship between effect and drug concentration. Based on classical
receptor theory (31) it has been shown that a plot of the logarithm of
R/(Ry — R) versus the logarithm of concentration should be linear where
R is the intensity of the pharmacologic effect and R, is the maximum attain-
able intensity of that effect (32). From this relationship and the assumption
that drug is eliminated from the body by apparent first-order kinetics, it has
been shown by theoretical calculations that the intensity of the pharmacologic
effect after intravenous injection declines in nearly linear fashion in the 20
to 80 percent effect region, but that the total decay curve (i.e., from 100 to 0
percent) has a sigmoid shape (32). The same type of effect decay curve is
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predicted for inhibitory effects by assuming (a) that the decrease in the
intensity of an effect is proportional to the product of the intensity of that
effect and the change in drug concentration, and (b) that drug concentra-
tion decreases by apparent first-order kinetics (33). This pharmacokinetic
approach has been used to describe the time course of the antisialagogue
effect of hyoscyamine administered to human subjects in ordinary and sus-
tained-release tablets (34).

Various techniques have been employed to estimate the elimination rate
constant of drugs from pharmacologic activity measurements. The rate con-
stant for elimination of atropine in rabbits has been estimated from the con-
stant infusion rate of atropine necessary to maintain the parasympatholytic
effect of an initial rapidly injected dose (35). In a single compartment sys-
tem the rate of infusion (7) required to maintain the effect of a rapidly
injected dose (D) is equal to k& - D. The rate constant for drug elimination
(%) can therefore be determined from # and D. Another method of estimat-
ing k is to administer a given dose of drug repeatedly at equal intervals
until a defined pharmacologic effect is obtained. It is assumed that the ap-
pearance of this effect reflects the attainment of a certain amount of drug in
the body. That amount is determined by single dose studies. This method
has been used to estimate the elimination rate constants of digoxin and ace-
tyldigoxin in cats (36). Assuming a hyperbolic relationship between effect
(R) and drug concentration, and elimination of the drug by apparent first-
order kinetics, it has been shown that a plot of log R/(R; — R) versus time
should be linear where Ry is the maximum response at infinite drug concen-
tration (37). The slope of that line is —k/2.303 where k is the apparent
first-order rate constant for drug elimination.

It has been pointed out that a linear relationship may be expected be-
tween the duration of a pharmacologic effect and the logarithm of an in-
jected or a relatively rapidly absorbed dose of a drug, provided that (a) the
intensity of the effect at a given time is a function of the amount of drug in
the body at that time, (b) drug metabolites are inactive or very rapidly
eliminated, and (c¢) the drug is eliminated by apparent first-order kinetics
with the rate constant being independent of dose (21, 38, 39). The slope of
the line of a plot of duration of effect versus logarithm of dose is equal to
2.303/k and thereby permits an estimation of the elimination rate constant
(k). This linear relationship has been demonstrated with respect to the hyp-
notic effect of glutethimide and diallyl-barbituric acid in human subjects who
took toxic doses of these drugs (38), the anorexigenic effect of dex-
troamphetamine sulfate in dogs (40), the general anesthetic effect of keta-
mine in human subjects (21), the general anesthetic effect of phencyclidine
and pentobarbital in monkeys (21), the neuromuscular blocking effect of
succinylcholine in man (41), and the anticoagulant effect of heparin in man
(26). In the case of succinylcholine and heparin it has been possible to esti-
mate elimination rate constants not only from the duration-log dose rela-
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tionship, but also from the rate of decline of the effect following adminis-
tration of a single dose (26, 41). The agreement between these two esti-
mates is very good. A linear relationship has also been demonstrated be-
tween the duration of local anesthesia and the logarithm of drug concentra-
tion or dose (42). For example, such relationships were obtained with re-
spect to the durations of sciatic nerve block in rats and guinea pigs, peri-
dural anesthesia in cats, and corneal anesthesia in rabbits produced by lido-
caine and other local anesthetics (43). The slope of the duration-log dose
line reflects in these cases the rate constant for removal of drug from the
site of action to the general circulation, which acts as an infinite sink,

It has been found that some drugs under certain conditions yield an ap-
parently linear relationship between the logarithm of the duration of effect
and the logarithm of dose (44). In the case of the effect of hexobarbital in
mice it has been demonstrated that this relationship could be rationalized
mathematically due to the fact that the elimination rate constant of the drug
decreased with increasing dose while the drug concentration in the brain on
awakening increased with increasing dose (44). In another study, the rela-
tionship between sleeping time and hexobarbital dose in mice was appar-
ently linear in a linear-log plot despite the fact that drug elimination and
drug concentration in the brain on awakening were also found to be dose
dependent (45). This may have been due to the relatively narrow dose
range employed in the study. However, inhibition of drug elimination by
pre-treatment with SKF 525A and stimulation of drug elimination by pre-
treatment with phenobarbital increased and decreased, respectively, the
slope of the duration-log dose curve in accordance with theory.

Some consideration has been given to the effect of additional doses ad-
ministered immediately after cessation of the effect of an initial dose. If
drug elimination is apparent first-order, and a certain minimum amount in
the body is required to maintain a measurable pharmacologic effect, then the
maximum intensity and duration of effect of a second and equal dose admin-
istered upon recovery from the effect of the first dose will be greater (21,
46). This is due to the fact that the second dose is superimposed upon the
minimum effective amount of drug remaining in the body from the first
dose. Third and subsequent equal doses elicit the same intensity and dura-
tion of effect as the second dose. The smaller the initial dose, the larger is
the increase in effect of second and subsequent doses (21, 46). Since dura-
tion of effect is inversely proportional to the elimination rate constant (k)
while the rate of decline of an effect after intravenous injection is fre-
quently directly proportional to k, the product of duration and that rate of
decline of effect will be independent of the elimination rate constant. Based
on these considerations, it has been determined that the longer duration of
the neuromuscular blocking effect of succinylcholine in a group of patients
in New York relative to the duration of effect in groups of patients in Lon-
don and Los Angeles is due to slower elimination of the drug from its site
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of action in the New York patients (47). The same pharmacokinctic ap-
proach has been used to analyze pronounced inter-subject differences in the
effect of succinylcholine in newborn infants (48).

A number of authors have considered the relationship between dose and
the total effect of a drug. The total effect has been expressed as the time
integral of the response curve over given limits, and the concept of an index
of persistence has been developed for the expression of drug potency (49).
The relative pharmacologic activity of a drug (i.e., the total area under the
effcct-time curve divided by the dose) usually changes as a function of dose.
This is due to the nonlinear relation between amount of drug in the body
and intensity of effect. The relative pharmacologic activity of isoproterenol
on the heart rate of dogs increased when the same dose was infused rather
than injected rapidly. Decreasing the infusion rate increased the relative
pharmacologic activity under the experimental conditions (30). Similarly,
the diuretic effect of a constant daily dose of chlorothiazide in human sub-
jects increased when the dose was administered in divided increments (50).
The most pronounced increase in total effect was obtained in going from a
single daily dose to two doses a day; further increases in effect were ob-
tained when the daily dose was administered in four and eight daily incre-
ments. These experimental findings have been rationalized theoretically and
it has also been pointed out on theoretical grounds that the increase in total
effect obtained by subdividing daily doses is most pronounced with drugs
that are rapidly eliminated from the body (32).

The product of concentration and time has been used as an index of the
toxicity of drugs in animals exposed to a constant concentration of the drug
until the appearance of a toxic effect. It has been shown that constant con-
centration-time values can be obtained over a wide drug concentration
range under certain conditions when fish are immersed in a drug solution
(51). This requires that drug absorption proceeds by passive diffusion, that
the pharmacologically effective drug concentration in the fish is negligible
relative to the drug concentration in the bathing fluid, and that drug elimi-
nation from the body of the animal is negligible during the time required to
elicit the effect. Under these conditions a plot of the reciprocal of the time
of onset of effect is linearly related to the drug concentration in the bathing
solution. The slope of that line (and therefore the product of concentration
and time) is not only a function of the intrinsic potency or toxicity of the
drug but also of its absorption rate constant (51, 52). These relationships
have been used to determine the absorption rate constants of different barbi-
turates (52), the relationship between pH and absorption rate of a weak
acid (51), and the effect of complex formation on drug absorption (53).
Linear relationships between the reciprocal of the time of onset of pharma-
cologic effect (usually death) in fish and concentration in the bathing fluid
have been demonstrated for many substances including pesticides, and anti-
inflammatory, choleretic, and central nervous system depressant agents (51,
54). A method has also been developed to determine the elimination rate
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constant of drugs in fish based on exposure time to a drug solution and the
time of recovery after the fish have been transferred to a drug-free medium
(55). A linear relationship between the logarithm of overturn time and the
logarithm of concentration has been found with goldfish exposed to ethanol.
A suitable equation to describe this relationship has been developed by com-
bining occupation and rate receptor theories (56). Apparently the site of
action is instantaneously accessible to ethanol so that absorption rate does
not influence the onset of effect.

The linear relationship between the reciprocal of the time of onset of
effect and concentration is most pertinent to the effects elicited in animals
exposed to relatively high drug concentrations in the atmosphere or in an
aquatic environment, but this relationship can also be used to determine the
gastrointestinal absorption rate of drugs if the doses are relatively large
and drug elimination is negligible-during the test period (21). Another
means of determining gastrointestinal absorption rate constants is applica-
ble when drug elimination is very rapid as compared to absorption. A plot
of duration of effect versus logarithm of dose will be linear under these
conditions and the slope is inversely proportional to the absorption rate con-
stant rather than to the elimination rate constant as described in a previous
paragraph (21, 30).

MurTticoMPARTMENT KINETICS

Pharmacokinetic studies in recent years have shown that the elimination
of many drugs after intravenous injection is not a simple monoexponential
process. A plot of the logarithm of drug concentration in the plasma against
time often shows a rather steep decline at first, followed by a less rapid
linear phase. This is usually an indication that the drug distributes initially
into relatively slowly accessible tissues and that the body acts as a multi-
compartment system with respect to that drug. Pharmacokinetic models con-
sisting of a “central” compartment (which includes the blood plasma) and
one or more peripheral (“tissue”) compartments are often useful for de-
scribing the pharmacokinetics of such drugs. The time course of pharmaco-
logic effects may be related to the drug concentrations in any one of these
compartments, The central nervous system depressant effect of sodium pen-
tobarbital in rats has been found to correlate well with drug concentrations
in the brain but not with those in the blood (57). The onset and duration of
general anesthesia in rats receiving gamma-butyrolactone did not correlate
with the concentrations of this compound and its metabolite, gamma-hy-
droxybutyric acid (GHB), in the blood, but the animals fell asleep and
awakened at approximately the same concentrations of GHB in the brain
(58). Concentrations of digitoxin and digoxin in the plasma following in-
travenous administration to man showed a pronounced initial distributive
phase, and the maximum cardiac response occurred near the end of this
phase, showing that the myocardial tissue is outside the central compart-
ment (59).
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If the site of drug action is part of the central compartment, then the
duration of action is sometimes primarily a function of the rate of distribu-
tion of the drug into peripheral tissues. Inhibition of thiopental metabolism
in dogs and rats by SKF-525A has no apparent effect on the sleeping time
produced by the barbiturate, indicating that hepatic metabolism is not im-
portant in the termination of the general anesthetic effect (60). Extensive
analog simulations have been carried out to analyze theoretically the time
course of drug action in multicompartmental systems (61). Three general
cases have been considered: (a) where access of drug from the blood to the
noneffective tissues is more rapid than to the site of action; (b) where ac-
cess of drug from the blood to the noneffective tissues is less rapid than to
the site of action; (c¢) where access of drug from the blood to the noneffec-
tive tissues as well as apparent drug elimination from the body are more
rapid than the access of drug to and its egress from the site of action. The
comparative rates of decline of drug concentrations and pharmacologic
effects have been determined theoretically under these different conditions
(61). Another approach to the compartmental analysis of thc time course of
drug concentrations and effects involves the transformation of the effect
data so that they relate linearly to dose or concentration of the drug. The
drug concentrations in the central compartment and the transformed effect
data are then used as input for the usual linear multicompartment analysis
(62). It was shown by this kind of analysis that the site of action of norepi-
nephrine on the circulatory system of the cat is outside the central compart-
ment,

With sufficiently frequent determinations of drug concentrations and in-
tensities of pharmacologic effect following intravenous injection it is feasi-
ble to calculate the time course of drug levels in each of the several com-
partments of a multicompartment system. If the site of action is part of one
of the “tissue” compartments, then one should note identical concentration-
effect relationships in the ascending and descending phases of the concen-
tration versus time curve for that “tissue” compartment (63). Such phar-
macokinetic analyses require sufficient data during the initial distributive
phase since the intensity of pharmacologic effect should relate equally well
to drug concentrations in all compartments in the post-distributive phase
(63). It may of course be found that the site of action is not part of any of
the pharmacokinetic compartments identifiable from drug concentration
data.

Particularly useful for clinical applications is a consideration of the re-
lationship of duration of effect to intravenous dose. In the case of drugs
that confer upon the body the pharmacokinetic characteristics of a multi-
compartmental system, it has been pointed out that the duration of effect is
not linearly related to the logarithm of dose (32, 64). The nature of this
relationship depends on whether the site of action is in the central or pe-
ripheral compartments. Additional differences between the single compart-
ment and multicompartment systems are (e) third and subsequent equal
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doses administered upon recovery from the effect of preceding doses pro-
duce longer durations of effect than the second dose, and (b) apparently
linear relationships between duration of effect and logarithm of dose can be
obtained in a restricted dose range but the slope of the line is not indepen-
dent of the intensity of the effect used as the end point (64). Drugs with
sites of action located in relatively small and very slowly accessible com-
partments show a delayed onset and a prolonged duration of effect. The
behavior of reversibly acting drugs with so-called hit-and-run characteris-
tics can be rationalized on this basis (64). If the site of action of the thera-
peutic effect and that of an adverse effect are located in different compart-
ments, then the therapeutic ratio will not be constant but will vary with time
(64). There are many cases where the time courses of different effects of a
drug do not coincide. For example, the effects of cigarette smoking on blood
pressure and heart rate in dogs show different time courses than the effect
on knee jerk (65), but this may or may not have a pharmacokinetic basis.
The utility of multicompartmental analysis of drug elimination and pharma-
cologic effects for the solution of clinical problems is exemplified by a re-
cent study of the kinetics of tubocurarine elimination and neuromuscular
blocking effect in man (22). Excellent agreement between experimental
data and computer predictions of duration of effect was obtained,

INDIRECT PHARMACOLOGIC EFFECTS

Some pharmacologic responses are indirect and are the net result of a
direct effect of a drug and of an opposing or modifying physiologic effect
which is not influenced by the drug. A good example is the anticoagulant
action of the coumarin drugs that inhibit the synthesis of certain clotting
factors. High degrees of correlation were found between plasma concentra-
tions of warfarin at 48, 72, and 96 hours after oral administration of a sin-
gle dose and the degree of prothrombin complex depression in normal sub-
jects at these times (66). However, the slopes and intercepts of the correla-
tion plots were markedly different at each of these times. It was pointed out
that the correlations should not be construed as evidence of a direct,
cause-and-effect relationship (66). The time of occurrence of the lethal
effect of warfarin in rats was independent of dose in the high dose range
and did not show a constant inverse relationship between dose and time of
death, as would be expected if the drug acts directly and if drug elimination
is negligible in the time before death (67). A direct quantitative correlation
between the anticoagulant effect of warfarin and bishydroxycoumarin and
the plasma concentrations of these drugs has been achieved in man by con-
verting clotting times to estimates of the degree of inhibition of the synthe-
sis rate of clotting factors (20, 68). A pharmacokinetic analysis by this
method of the effect of a barbiturate on the anticoagulant action of warfa-
rin and of bishydroxycoumarin in man has shown that the decreased effect
of these drugs during barbiturate administration is due solely to enhanced
biotransformation of the coumarin drugs and is not the result of a number
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of other possible effects (68, 69). A pharmacokinetic analysis of the poten-
tiating effect of phenylbutazone on the anticoagulant action of warfarin in
man has also been carried out (70). The success of these correlations and
the lack of direct correlation between clotting time and drug concentration
is due to the fact that clotting time is a function of not only the synthesis
rate of certain clotting factors but also of their rate of elimination (which
is not affected by the coumarin drugs). A similar approach should be useful
in principle for relating the antipyretic effect of certain drugs to their con-
centrations in a body compartment, since body temperature is a function of
the rates of heat production and dissipation. It may also be possible in the
future to consider the kinetics of pharmacologic effects that are modified by
homeostatic or feedback mechanisms in man. The next review of the phar-
macokinetics of drug action will perhaps include considerable literature on
these subjects.
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