
PHARMACOKINETICSl 

By JOHN G. WAGNER 

Medical Research Division, The Up john Company, Kalamazoo, Michigan 

"It will be at once admitted that the medical practitioner ought to be 
acquainted with the strength of the various compounds which he applies as 
remedial agents, and that he ought, if possible, be able to regulate their 
potency"-John Snow, 1847. 

"Upon closer examination, it is usually found that the black boxes of 
biology are actually various hues of grey"-Grove C. Nooney, 1966. 

The word pharmacokinetics means the application of kinetics to phar­
makon, the Greek word for drugs and poisons. Material reviewed here con­

cerns the kinetics of absorption, distribution, metabolism, and excretion of 
drugs, poisons, and some endogenous substances. The purpose of phar­
macokinetics is to study the time course of drug and metabolite concentra­
tions and amounts in different tissues and excreta, and to construct suitable 
models to interpret such data. The relationship between pharmacokinetics 
and pharmacologic effect is not covered in this review. 

The past ten years of feverish activity in the field of pharmacokinetics 
was preceded by a century of relative calmness. The writings of John Snow 
(1) are analogous to the taproot of pharmacokinetics. The contributions of 
many authors to the pharmacokinetics of the inhalation anesthetics are 
noteworthy and were reviewed by Butler (2). The birth of modern phar­
macokinetics, both from practical and theoretical standpoints, occurred dur­
ing the years 1937-1948 (3-7). 

With some exceptions, the review of Nelson (8) and the book by Re­
scigno & Segre (9) are considered to cover the literature to 1961. Hence, this 
review is principally concerned with literature of the period 1961-1966. 

THE ANALYSIS OF PHARMACOKINETIC DATA 

Philosophy of modeling.-Major contributors (10--18) in the application 
of mathematical models to physiological systems and pharmacokinetic data 
have developed a philosophy of modeling. Their articles should be read by all 
who elaborate models from blood level and urinary excretion data. These 
authors, who contributed much of the mathematics, were frequently more 
cautious than some of the later investigators who applied the mathematics 
to particular data. 

Parameter spaces and confidence interttals.-Estimates of pharmacokinetic 
parameters obtained graphically should be considered preliminary estimates 

1 The survey of literature pertaining to this review was concluded in November. 
1966. Some papers cited were published in 1967. 
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68 WAGNER 

only, since they may usually be refined by application of a digital computer. 
Additional information about the derived parameters, such as the nature of 
surfaces or spaces and confidence intervals, may be obtained simultaneously 
along with the least squares estimates of the parameters. At the Gordon Re­
search Conference on Biomathematics in 1966, Berman discussed the 
theory of model building, placing emphasis on the tests required to lead one 
to the "best model." The closeness of fit, as measured by residuals, is a strong 
point; but he cautioned that one must look for trends in areas of poor fit to 
test the adequacy of the model. The digital computer is a most useful tool in 
investigation of the error map. If the calculated parameter has converged 
into a "steep-sided error hole," Berman judges the parameter useful. How­
ever, if the parameter resides in "a plane or in a shallow hole," the parameter 
should be eliminated. Details of least squares nonlinear estimation and ex­
ploration of the parameter spaces are given by Booth & Peterson (19). Papers 
concerned with nonlinear regression, confidence regions, applications of 
digital computers and related subject matter have been written by several 
authors (20-53). Many companies and institutions are developing digital 
computer software for both simulation and data-fitting models. With these 
and high speed digital computers at their disposal, the ability to interpret 
pharmacokinetic data will expand greatly in the next few years. 

Deterministic and stochastic models.-Most pharmacokinetic models are 
deterministic in nature. They assume that results are decided by antecedent 
causes which may be inherited or environmentaL There is no particular 
emphasis on discrete events, and transformations are followed only in bulk. 
Such models give the expectation of a smooth concentration or amount-time 
course. Deviations and fluctuations are usually attributed to experimental 
error. Parameters, such as rate constants and volumes, are assumed to re­
main constant over the entire experimental period. 

Bartholomay (54) and other investigators have proposed stochastic 
models for chemical reactions and for enzymatic catalysis, in particular. 
These provide a mathematical model sufficiently complete to account for 
random fluctuations and the differentiation between so-called "reproduc­
ible" (small fluctuations) and "irreproducible" (large scale) fluctuations. 
Ideally, the smooth concentration-time course of the deterministic model 
may be thought of as the central tendency of a stochastic process, i.e. the 
stochastic model is "consistent in the mean" with the deterministic model. 

Estimation of absorption rate.-Hellman et al. (55) showed that dietary 
cholesterol is largely absorbed through the lymphatics of man and that the 
major portion is esterified during the absorptive process. Schedl & Clifton 
studied small intestinal absorption of various steroids in rats (56) by tying 
inlet and exit cannulas into the duodenum and terminal ileum, respectively, 
then infusing the steroid solution with an infusion pump. In man they (57, 
58) have studied absorption of L-methionine and various steroids with the 
method of steady-state perfusion through a transintestinal tube using so­
called nonabsorbable indicators to follow volume changes. Berkowitz et al. 
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PHARMACOKINETICS 69 

(59) studied rates of stomach emptying and fat absorption following ad­
ministration of fatty meals containing triolein-1311 by externally counting six 
abdominal areas. The method may also be used to evaluate the effectiveness 
of antimotility medications on gastric emptying and intestinal transit times. 
A similar method was used by Lutwak & Shapiro (60) to study calcium ab­
sorption in man. Sund & Schou (61) measured absorption rates following 
subcutaneous and intramuscular administration of various labeled com­
pounds by excising tissues at various times, post administration. 

Absorption rates may also be estimated from blood concentration and 
urinary excretion data. The method of Wagner & Nelson (62) is applicable to 
both blood (serum, plasma) concentration data and, in modified form, to 
measurement of urinary excretion of unchanged drug. This method leads to a 
plot of amount, or per cent, of drug absorbed per milliliter of the apparent 
volume of distribution against time. Such plots may then be resolved to 
determine the kinetics of absorption (63-65). Nelson (66) extended the 
method to allow estimation from measurement of metabolite concentration 
in blood; this method, however, is restricted to cases where little or no un­
changed drug is eliminated via the urine. A more generalized form of the 
equation was given by Riegelman & Ballard (67). Scholer (68) also reported a 
method for determination of absorption rates by integration of rates of ap­
pearance and disappearance. Levy & Miller (69) showed that the time of on­
set of a suitable pharmacologic response under conditions where a constant 
drug concentration gradient is maintained across the absorbing membranes 
reflects absorption rate. Garrett et al. (70) estimated the rate constant for 
absorption by using an analogue computer to fit a line through serum con­
centrations observed following oral administration, after the other rate con­
stants of the system had been estimated from studies involving intravenous 
administration in the normal and nephrectomized dog. The integral equation 
approach was elaborated by Stephenson (71) and was applied to estimation 
of absorption rates of 28Mg by Silverman & Burgen (72) and of 47Ca by Birge 
et al. (73). This method relates the plasma concentration curves following 
both intravenous and oral administration of the same substance to the same 
subject at different times. Some of the pitfalls of this method are as follows. 
If the two routes are used at different times, the intrasubject variation in the 
rate parameters, which can be quite large (65, 74, 75), is ignored; the large 
errors may not be obvious, but they exist. There is no reason to expect a 
priori that the drug is handled the same after intravenous and oral adminis­
tration. Finally, the rate and interval of the intravenous injection probably 
greatly affects the shape of thc plasma concentration curve obtained by this 
route, and the assumption that this curve is the resultant of a "spike" dose is 
most likely invalid in many practical situations. The rate constant for ab­
sorption may sometimes be estimated by plotting residuals on Cartesian or 
semilogarithmic paper as illustrated by Wagner (35, 74) . However, if the 
model contains reversible transfers between compartments, the rate param­
eters taken from the curves are just intermediate computing parameters 
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70 WAGNER 

and cannot be directly associated with one or more rate constants of the 
model as was practiced by Hecht et aI. (76); for details of another practical 
example, see Wagner et al. (77) ; for the equations, see Frost & Pearson (78). 

Estimation of efficiency of absorption.-An equation for calculating per 
cent absorption from data collected in perfusion or intubation studies in 
which a nonabsorbable indicator is used was given by Borgstrom et al. (79). A 
study of experimental errors in estimation of 69Fe absorption by means of 
whole body counting and fecal recovery techniques was reported by Lindell 
et al. (80). Simultaneous administration of an oral dose of 6°Co-labeled vita­
min B12 and an intravenous dose of 67Co-labeled vitamins B12• followed by 
external counting above the liver, was shown by Weisberg & Glass (81) to 
give absorption results which correlated well with a previous, more time-con­
suming method. Similarly, absorption of thyroxine was estimated by Hays 
(82) by administering an oral dose of 126I-labeled thyroxine, an intravenous 
dose of 13II -labeled thyroxine, and calculating the ratio of 1261/1311 in subse­
quent serum samples. Smith (83) showed that net magnesium absorption, ex­
pressed as a percentage of intake, correlated linearly with transit time to the 
distal ileum. Nelson et al. (84) showed that the amount of the metabolite of 
tolbutamide excreted in the urine, and its excretion rate, correlated with the 
surface area of tolbutamide in the dosage form administered. The results of 
these two experiments are not unexpected since, as the latter indicated. 
available surface area and solubility of a poorly soluble drug controls rate of 
dissolution, and ultimately, absorption rate. I n  addition, the amount ab­
sorbed is a sum of the products of the absorption rates and the times over 
which the rates were operative. Transit time in the gastrointestinal tract may 
become extremely important in those cases where absorption of the drug is 
limited to a specific segment of the tract (85). 

The equation where F is the fraction of the dose D which is absorbed, V 

1. 

is the apparent volume of distribution, K is the first order rate constant for 
overall loss of drug from the body, and the integral is the area under the 
plasma or s�rum concentration curve of unchanged drug from time of ad­
ministration to infinite time, was given in modified form by Wagner et al. 
(86), and in the above form by Wagner (85). Equation 1 is implicit in the 
work of Teorell (5) and in the clearance studies of Schuck & Smahel (87). The 
equation indicates that the area under the plasma concentration curve will be 
directly proportional to the fraction absorbed, if the dose and the plasma 
clearance, VK, are constant; and the area will be directly proportional to the 
dose administered, if the fraction absorbed and the plasma clearance are 
constant. Unfortunately, Gladtke (88) erroneously translated the amount 
absorbed, FD, as the rate of absorption. Comparison of the areas under the 
calcium serum concentration curve was used by Neipmann (89) as an index 
of relative absorption of calcium. Wagner & Nelson (64) presented seven 
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PHARMACOKINETICS 71 

methods of estimating relative absorption from blood concentration and 
urinary excretion data. An additional method, reported by Wagner (90) , 
proved useful for estimating relative absorption of a drug in a series of clinical 
studies in which blood levels are measured after single or multiple doses or 
both. Evidence that these equations are valid has been reported by Dost & 
Gladtke (91), Middleton et al. (92), Gladtke (88) , Dost (93), Diller (94) , and 
Wagner et al. (74, 77, 90). 

Estimation of volume of distribution.-Dominguez (95) defined volume of 
distribution as the volume of body fluids which holds the substance in solu­
tion at the same concentration as the plasma. Swintosky et al. (96) estimated 
the volume of distribution of sulfaethidole by dividing the calculated amount 
of drug in the body three hours post administration by the blood concentra­
tion measured at the same time. Czaczkes & Kleeman (97) estimated the 
volume of distribution of antidiuretic hormone by dividing the infusion rate 
(mass/time) by the product of the equilibrium state plasma concentration 
and the first order rate constant for elimination: the latter was estimated 
from the down slope after the infusion had ceased. A modification of this 
method, which does not require continuing the infusion until the equilibrium 
state has been reached, was reported by Wagner & Alway (98) . Volume of 
distribution may also be estimated by dividing the renal clearance of the 
compound by the rate constant for renal excretion of the compound (99). 
Renal clearance is equivalent to the slope of the straight line when the excre­
tion rate of the compound is plotted against the total plasma or serum con­
centration of drug at the midpoints of the excretion intervals. Such a linear 
relationship has been reported for penicillins G and V (100) , tetracycline 
(101) , salicylate (102) , chloramphenicol (74) , and digitoxin (103, 104). 
Chulski et al. (101) showed that this method provided a more plausible vol­
ume of distribution of tetracycline than had been reported by other authors, 
who used the extrapolation method discussed below. Smith et al. (105) esti­
mated the volume of distribution of 5-methylpyrazole-3-carboxylic acid by 
dividing the amount of compound excreted in the urine in infinite time by the 
product of the area under the plasma concentration curve from zero to in­
finite time and the rate constant for elimination which was estimated from 
the terminal plasma concentation data. In this case, the entire dose was ex­
creted in the urine. 

Kriiger-Thiemer (106) criticized the equations and models of Wagner 
(85, 107). The basis of the criticism is the lack of cognizance of protein bind­
ing of the drug in estimating the volume of distribution. As an alternative, 
Krtiger-Thiemer (106) suggests that for the description of the distribution of 
all drugs of low molecular weight, the body should be divided into only three 
invariable, real volumes: plasma water, interstitial water, and intracellular 
water. It would be desirable if the real world were as Kriiger-Thiemer hypoth­
esizes. However, such is not the case. Few drugs and tracer substances are 
ever distributed into exactly the same fluids and tissues of the body; hence, 
there are no real volumes which are applicable to all drugs. Thus, the prac-
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72 WAGNER 

tice of assigning numerical values to two or three volumes of distribution, on 
the basis of body weight or other such criterion, as KrUger-Thiemer does 
(106), is incongruous and not in keeping with known facts relating to drug 
distribution. The literature on this subject is vast and space allows only 
limited documentation (77, 108-113). 

It is common practice to plot the plasma or serum concentration of a 
compound, observed following rapid intravenous injection, on semilogarith­
mic graph paper, draw a straight line through the terminal linear segment, 
extrapolate the line back to time zero, and divide the intercept obtained into 
the dose administered to estimate the apparent volume of distribution, pool 
size, or space. The practice is almost universal (113-117), but complete docu­
mentation is impossible here. If the model which applies to the particular 
system involves a single compartment, and the initial non-linearity of the 
semilogarithmic plot is assumed to be attributable to mixing, then the esti. 
mate of the volume of distribution made by this extrapolation method would 
be very close to that expected on the basis of the appropriate mathematical 
expression. However, Wagner & Northam (117) showed that if the two-com­
partment open model applies to the data, then the volume estimated by the 

extrapolation method is always an overestimate of the true volume, and the 
error depends upon the relative values of the ratios of the rate constants and 
the two volumes of the system. If the extrapolation method is applied to data 
obtained after administration of a compound by any route other than intra­
venously, the number obtained is not a volume of distribution at all, but is a 
complex function of many variables (117). The above discussion should ex­
plain why the extrapolation method and the constant rate infusion method 
failed to yield the same estimate of the distribution volume of antidiuretic 
hOl,"mone (87). Factors involved in blood volume measurement were dis­
cussed by Albert et al. (118). 

Volume of distribution is model-dependent as Dominguez (95) indicated. 
It is feasible to interpret the same set of data in terms of two or more com­
partment models and to obtain different estimates of the volume of distri­
bution. It is appropriate to define the volume of distribution, Vi, of a given 
compartment of a model as the quotient of the total amount of drug in the 
compartment, divided by the concentration of the total drug in the compart­
ment, where both the amount and concentration are estimated and mea­
sured, respectively, at the same time. For a system of n compartments, the 
total volume of distribution, V, is then 

n 
L Vi where i = 1, 2, . . .  , n 
i_l 

2. 

Estimation of other rate constants and clearances.-Samachson (119) intro­
duced the useful concept of gastrointestinal clearance in reporting results of a 
study in which 86Sr and 45Ca were given intravenously to human patients. He 
defined gastrointestinal clearance as the ratio of the amount of isotope 
secreted into the gastrointestinal tract and not reabsorbed in a given time to 
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PHARMACOKINETICS 73 

the average plasma concentration of the isotope in the same time intervaL 
He showed that the numerator is the true fecal excretion in the given time 
and is equivalent to the urinary excretion in the same time multiplied by the 
ratio of the gastrointestinal clearance to the renal clearance. Also, the gastro­
intestinal clearance is equal to the product of the renal clearance and the 
ratio of the total amount ultimately excreted in the feces to the total amount 
ultimately excreted in the urine. The method circumvents the problem of the 
lengthy and variable delay in fecal excretion. 

By plotting ratios of certain parameters, Cavalieri & Searle (120) were 
able to estimate the rate constant for loss from compartment 2, namely k2+ 
ka, for the system 

1 � 2 � 3. 
k2 

They applied the method to l3lI-labeled thyroxine, where compartment 1 
represents the plasma and compartment 2 represents the extravascular 
space of the liver. It appears that the method may be applicable to data 
derived from transintestinal intubation studies in man and perfusion studies 
in animals; in these cases, the compartments would be redefined in such a 
way that compartment 1 would be the gastrointestinal contents and com­
partment 2 would be the blood and other fluids of distribution. Hence, kt 
would be the rate constant for efflux from the intestine to blood; k2 the rate 
constant for influx from blood to gastrointestinal contents; and ka would 
represent the rate constant for elimination except for that portion of drug go­
ing back into the gastrointestinal tract. 

Bloom & Nelp (121) reported a discrepancy between the plasma half life 
of tritiated digoxin and the so-called biological half life. The discrepancy is 
probably an artifact since considerable digoxin-3H is excreted in feces ; and 
because of the time lag in fecal excretion, the authors were not plotting the 
correct quantities to obtain the so-called biological half life. 

Wagner (122) described a method for estimating the rate constants for 
absorption, metabolism, and elimination from the time course of urinary 
excretion of a metabolite when there is an independent estimate of the rate 
constant for renal excretion of the metabolite. The method applies to a model 
in which there is a catenary chain with parallel paths branching from the 
compartment representing drug in blood and other fluids of distribution. 

Compartment models.-Most pharmacokinetic models have been elabo­
rated by joining together, in appropriate fashion, a series of unit processes. A 
unit process may represent the movement of a species from one location 
through a membrane to another location, or it may represent a biotransfor­
mation, a metabolic process, or a hydrolytic reaction. Each unit process may 
be considered to be composed of two compartments which have one or two 
rate parameters associated with them. 

Practically all pharmacokinetic models ar� composed of five basic types 
of unit processes. These are: (a) the conversion of a chemical species to an­
other chemical species by an enzymatic reaction or a hydrolytic reaction 
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74 WAGNER 

catalyzed by a chemical constituent of the body; (b) transfer of a species 
across a barrier or membrane where the volume of the compartment on one 
side of the barrier may be ignored; (c) transfer of a species across a barrier or 
membrane where the volumes of the compartments on both sides of the mem­
brane must be considered; (d) transfer of a species from inside the body to the 
urine, feces, sweat, or expired air, all of which are considered to be outside the 
body; and (e) a system composed of free, or nonprotein-bound, species and 
the corresponding protein-bound species. 

The approximation arrived at by considering that the Michaelis constant 
is much greater than the substrate concentration, when the enzyme responsi­
ble for a biotransformation is far below saturation by the substrate, is con­
sidered valid in most enzymatic biotransformations of drugs and their meta­
bolites (9) j hence, processes of type (a) above may usually be regarded as 
obeying first order kinetics. It is possible, however, for the kinetics to be zero 
order or second order. Teorell (5) discussed the absorption of a drug from the 
fluids of the gastrointestinal tract, through the gastrointestinal barrier into 
the blood, as an example of a type (b) unit process. In this case, the volume of 
the fluid in the gastrointestinal tract may be ignored, and the more com­
plicated differential equation for the process may be replaced by a simple 
first order rate equation in which the variable is the amount of drug. Wagner 
& Nelson (64) showed that when such an equation is integrated, one of the 
terms should be the amount absorbed, FD, where F is the fraction of the 
dose, D, which is absorbed, and not the dose. The two-compartment open 
system, discussed by several authors (117, 123, 124), incorporates an ex­
ample of unit process (c) above. The most common example of a type (d) unit 
process is urinary excretion of a drug or metabolite. Renal excretion may 
usually be represented by a first order rate constant, but there are reasons 
why this may not be valid at all plasma concentrations. The papers of Kru­
ger-Thiemer et al. (106, 125, 126) provide adequate examples of unit pro­
cesses of type (e) . 

Pharmacokinetics has inherited a vast knowledge of schematic and 
mathematical models which have been applied to the interpretation of data 
arising from experiments using tracer or isotopic compounds (9, 11-13, 16-
18, 31, 33, 112, 127-147). This knowledge is applicable not only to data 
arising from the administration of isotopically-labeled drugs, but also to 
blood concentrations and amounts of drug excreted in the urine which are 
measured by chemical and microbiological assay methods. Literature (25, 26, 
29, 37 , 78, 117, 123, 124, 148-163) on compartment models from the fields of 
biophysics, chemistry, medicine, pharmacology, and physiology is applicable 
also to pharmacokinetic modeling. Compartment models for drugs and their 
metabolites have been elaborated by Teorell (5), Nelson (8, 164--169), Re­
scigno & Segre (9), Campbell,et al. (170) , Garrett and co-workers (70, 171-
173), Stelmach et al. (174), Riggs (175), Wiegand & Taylor (176, 177), No­
dine et al. (33), Levy (178, 179). Von Wittenan & Yeary (180) Bray et al. 
(181), Elliott (182), Portmann, Moore and co-workers (183, 184). Martin 
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PHARMACOKINETICS 7S 

(185), Krliger-Thiemer (34, 106, 126, 186), Hecht et al. (76), Smith et al. 
(105), Wagner and co-workers (35, 63, 64, 74, 85, 98, 107, 117, 187) and 
others. Space limitation does not allow classification or discussion of these. 

If the model which applies to a particular set of data contains a pair of 
model rate constants indicating a reversible transfer between two compart­
ments, or if there is a cyclic structure formed from three or more compart­
ments, or there is a catenary chain with parallel paths, then some or all of the 
observable rate parameters which may be estimated from the data are not 
equivalent to the model rate constants, but rather are complicated functions 
of them. 

Blood levels and urinary excretion following multiple doses of drug.-U sually 
therapy with a drug involves the administration of multiple doses and not 
just a single dose. Koppanyi & Avery (188) pointed out that all drugs are 
cumulative provided the rate of administration exceeds the total rate of 
elimination. Some indices of drug accumulation were given by Wagner (189). 
One index is the ratio of the average amount of drug circulating in the body, 
and lost from the body, during a dosage interval at the equilibrium state, to 
the amount of drug absorbed, and lost from the body in infinite time, after a 
single dose of the drug. The index is based on the assumption that if D is the 
single dose of drug, then D is given at the beginning of each uniform dosage 
interval. If the dose becomes a variable, then the equation (189) to estimate 
the extent of drug accumulation is revised. KrUger-Thiemer's (125, 190) 
concept of drug accumulation implies that drug accumulation is associated 
not with the final state, but only with the transition between the initial and 
final states. 

Earlier literature (7, 149, 192-194) contains some mathematical descrip­
tions of drug accumulation curves. More recent literature (74, 98, 125, 191, 
195-202) provides additional equations useful for prediction of blood con­
centrations and urinary excretion as a function of time following multiple 
doses of drug. Accurate prediction in such cases would require constancy of 
all pharmacokinetic parameters, such as efficiency and rate of absorption, 
volume of distribution, and rate constant for elimination. In light of the 
known inter- and intra-subject variation of such parameters (35, 65, 75, 7 7, 
178, 182, 203), one would not expect an accurate prediction on an individual 
subject basis, but a reasonably accurate prediction for the average of a panel 
of subjects is possible (74, 98, 202). 

Wagner et aI. (191) showed that the area under the blood concentration 
curve during a dosage interval at the steady state will be equal to the total 
area under the blood concentration curve following a single dose, providing 
certain conditions are satisfied. These workers supplied a simple equation to 
estimate the average blood concentration at the steady state; since the rate 
constant for absorption is not included in this equation, the latter has more 
utility than equations which attempt to predict the entire blood concentra­
tion-time course at the steady state. Modifications of this equation (191) 
and Equation 1 of this review, given by Wagner (35, 74, 90), allow estimation 
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of: (a) relative contributions of half life. and the ratio of the fraction of the 
dose absorbed to the volume of distribution in causing variability of blood 
levels; (b) relative absorption of a drug in a series of clinical studies; and (c) a 
method to show relative constancy of the fraction of the dose absorbed, the 
volume of distribution, and the rate constant for elimination which is based 
on plotting the average blood concentration at the equilibrium state against 
the dose of drug in mg/kg; for an example of the latter, see Wagner et al. 
(77). 

Although blood levels and urinary excretion are usually measured follow­
ing single doses of drug, a number of investigators (104, 204-215) made such 
measurements after multiple doses of drug. Wagner et al. (77) pointed out 
the advantages of defining blood levels during a dosage interval at the equili. 
brium state, rather than attempting to measure the peaks and nadirs after 
various doses. The reviewer agrees with Sugarman & Rosen (210) that in 
order to run a valid comparison of dosage forms that contain the same drug, 
but which release the drug at different rates, it is necessary to establish a 
steady state between input and output before measliring blood levels and 
urinary excretion as a basis of comparison. The urinary excretion study of 
Sugarman & Rosen (210) ,  and the serum concentration study of Wagner 
et al. (77) are examples. The variability of equilibrium state serum con­
centrations of salicylate following administration of aspirin in two different 
dosage forms (215) , and the variability of equilibrium state serum concentra­
tions of indoxole following administration of indoxole in four different dosage 
forms (77) are worthy of note. The equation of Wagner et al. (191) also indi­
cates that the average serum or plasma concentration at the steady state will 
be the same following equal doses of drug in a readily available form and in a 
sustained or prolonged action form, providing the efficiency of absorption is 
the same from the two dosage forms. The data of Sugarman & Rosen (210) 
and Green (215) support this mathematical prediction. These considerations 
suggest that the concept of the blood levels of drug, following administration 
of a sustained action dosage form, skirting between the level needed for 
biological activity and some level below the side effect level is not scienti­
fically sound. This concept, illustrated with blood levels expected after single 
doses (216), falls down when one recognizes the individual subject variability 
of blood levels at the equilibrium state, and the expectation of the same 
average blood level independent of dosage form under the conditions stated 
above. 

Real and potential errors in the analysis of data.-Gibaldi & Kanig (217) 
discussed errors in the use of polynomial approximation of urinary excretion 
rates. Wagner (218) discussed errors in plotting pharmacokinetic data and 
causes of curvature in semilogarithmic plots. Absorption rates of tolbu tamide 
as reported by Nelson et al. (220) are in error since (a) the assay used was 
non-specific as shown by Thomas & Ikeda (219), (b) polynomial approxima­
tions were used, and (c) the wrong equation was used (66). The practice (97, 
221-223) of drawing two or three linear segments through data points on 
semilogarithmic plots, without estimating residuals, does not conform to 
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theory. Preliminary estimation of the absorption rate constant by the method 
of Moore et al. (224) is really only valid when the ratio of the absorption rate 
constant to the loss rate constant is equal to two, in light of the equation of 
Teorrell (5). Differences in the apparent volumes of distribution of salicylic 
acid and sodium salicylate reported by Borzelleca & Lowenthal (225) de­
pended only on inappropriate use of a digital computer program. Curvature 
in the semilogarithmic plots of Cameron et al. (226) following injection of 
bilirubin-14C in monkeys suggests a more complicated model than the au­
thors employed. The analysis made by Fincher et al. (227) appears inappro­
priate in light of the large body of theory which should have guided the 
analysis. The apparent enhancement of absorption of tetracycline by chymo­
trypsin, reported by Seneca & Peer (228), depended mainly on the authors' 
method of averaging individual percentage changes, which gives great weight 
to extreme values. There were no significant differences in average serum 
concentrations of the antibiotic when it was administered alone or with 
chymotrypsin. The data of MacDonald et al. (229) support this viewpoint. 
The apparent volume of distribution of salicyluric acid calculated by Levy 
(178) may be in error since he misinterpreted the data of Schachter & Manis 
(230). 

Several reports (178, 182, 231-234) claim that man has a limited capacity 
for the synthesis of salicylurate from salicylate and glycine, and that the 
kinetics of elimination of salicylate change to parallel zero order and first 
order paths above some critical salicylate concentration in the body after 
doses of aspirin of about 1.5 g or more. Evidence presented by Nelson et al. 
(232) for rats at doses above 20 mg/kg is very convincing. However, the re­
viewer believes that the kinetics of elimination of salicylate, following oral 
doses of 1.5 to 4 g of aspirin to adult man, are first order at all times post 
administration for the following reasons. First, the data of Levy (178) indi­
cate that following ingestion of 1.5 and 2 g of aspirin in two subjects, the 
percentage of salicylurate excreted in each urine collection from two to 39 
hours remained essentially constant and independent of time for each sub­
ject. Secondly, Wagner (235) has shown that approximately 50 per cent of a 
metabolite excreted in the urine may be excreted at such rates that the 
cumulative urinary excretion plot would appear to be nearly linear when the 
model is a catenary chain with parallel paths involving only first order rate 
constants. In addition, when excretion rate rather than formation rate of a 
metabolite is used to prepare a 'Lineweaver-Burk' plot (236), based on the 
kinetics of Michaelis & Menton (237), as practiced by Levy (231-233), the 
resulting plots are artifacts and do not have the significance attributed to 
them. 

FACTORS ALTERING THE KINETICS AND MAGNITUDE 
OF PHARMACOKINETIC PARAMETERS 

The variability of pharmacokinetic parameters.-The variation of serum or 
plasma concentrations at a given time or urinary excretion during a given 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. 1
96

8.
8:

67
-9

4.
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 U

N
IV

E
R

SI
T

Y
 O

F 
M

IA
M

I 
on

 1
2/

16
/1

1.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



78 WAGNER 

interval of time is such that, assuming a normal distribution, the coefficient 
of variation (per cent standard deviation) usually ranges from 25 to 75 per 
cent. The variation of estimated pharmacokinetic parameters, such as lag 
time, half life, area under the serum or plasma concentration-time curve, 
rate constant for absorption, rate constant for elimination, apparent volume 
of distribution, and renal clearance, is usually in the same range. The data of 
Juncher & Raaschov (238) yielded coefficients of variation of the areas of 
46.5, 40.9, 43. 1 ,  and 49.0 per cent for potassium penicillin V, calcium peni­
cillin V, penicillin V acid, and sodium penicillin G, respectively. Both inter­
subject variation and intra-subject variation are important. Levy & Hollister 
(239) reported that in 12 subjects the rate constants for salicylate elimination 
obtained in two tests differed by less than 20 per cent for any one individual, 
while somewhat greater differences were found in five other subjects. Levy & 
Hollister (65) showed that coefficients of variation calculated from serum 
salicylate concentrations and per cent absorbed values were generally the 
same, except for the greater homogeneity of the absorption values when ab­
sorption was near completion. They also reported that the half life of mepro­
bamate in 12 healthy human volunteers varied from 6.2 to 16.6 hrs, with a 
mean of 11.3 hrs, following administration of a single dose of 800 mg of 
meprobamate (240). Wagner (74) showed that the intra-subject variation of 
lincomycin serum concentrations as well as the areas under the lincomycin 
serum concentration curves was somewhat less than the inter-subject varia­
tion. Credit for recognition of such variability should not go to recent au­
thors. Marshall et a1. (4) , in 1938, pointed out that absorption from the 
gastrointestinal tract may be a very important factor in toxicity, and that 
with large doses of both sulfanilamide and acetylsulfanilamide, the variation 
in absorption may explain the variability in the toxic reaction of animals to 
large doses. These authors (4) also were probably the first to point out that 
the efficiency of absorption of poorly water-soluble compounds, such as 
sulfanilamide and acetylsulfanilamide, decreases as the dose is increased-a 
fact that is still not well recognized in toxicology. Brodie (203) pointed out 
that a drug may be inactivated at rates which vary by 500 per cent or more 
among different individuals. 

Ordinarily, panels of 5 to 20 subjects are used in pharmacokinetic studies. 
The assumption is usually made that the measurements or estimated para­
meters are normally distributed when the standard deviation or coefficient 
of variation is estimated. Wagner (35) presented data on larger numbers of 
subjects which indicated this assumption may not always be valid. Half lives 
of novobiocin estimated from serum concentrations observed in 58 adult 
volunteers were found to be log-normally distributed-i.e. the logarithms of 
the half lives were normally distributed. Half lives of lincomycin were also 
estimated from serum concentrations observed in a different group of 58 
adult volunteers. Although one could not reject the hypothesis that the 
lincomycin half lives were normally distributed, the value of Chi-Square was 
lower when the logarithms of the half lives were used than when the half 
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lives were used. The possibility of bimodal and trimodal distributions also 
exist. 

Drug interactions.-Brodie (241) summarized mechanisms of drug inter­
action when drugs are either given in combination or are present in the body 
at the same time. Mechanisms which lead to a reduction in concentration of 
drug at receptor sites include: (a) one drug may interfere with the absorption 
of another drug; (b) one drug may alter stomach-emptying rate and, there­
fore, alter absorption rate of another drug; (c) alteration of plasma pH, such 
as by inhalation of carbon dioxide, will alter transfer rates of an acidic or 
basic drug across internal membranes and, hence, change tissue concentra­
tions; (d) a urinary acidifier or alkalinizer, such as ammonium chloride and 
sodium bicarbonate, respectively, will change the excretion rate of acidic and 
basic drugs; (e) one drug may block transport, or compete for the transport 
mechanism with another drug, in the active tubular secretory pathway in the 
kidney tubules; (1) a diuretic may alter the urinary excretion rate of another 
drug by altering urine flow rate; (g) one drug may displace another drug from 
its protein-bound complex and, hence, alter plasma and tissue concentra­
tions; a drug may also displace an endogenous compound which is protein­
bound; (h) chronic administration of a drug may stimulate its own rate of 
metabolic transformation by enzymes in liver microsomes; and one drug may 
lead to enhanced metabolism of a wide variety of other drugs; evidence sug­
gests that in these cases, the drug increases enzyme activity by inducing the 
synthesis of more enzyme protein; hence, the use of the phrase "enzyme in­
duction." 

Examples of this group of mechanisms are as follows. Bleifeld & Gehr­
mann (242) reported that p-aminosalicylic acid interfered with absorption of 
vitamin B12. Berkowitz et al. (.59) showed that antimotility medications de­
layed and slowed fat absorption. Portnoff et al. (243) and Beckett & Row­
land (244) illustrated the dependency of urinary excretion rate on urine pH. 
Probenecid apparently blocks or inhibits active tubular secretion of" peni­
cillins and some other drugs (245); the pharmacokinetics of this effect was 
discussed by Levy (246). Kostenbauder (247) has found that the half life of 
one drug may be increased by a factor of two to three times when another 
drug is present in the body in sufficient amounts at the same time. This effect 
appears to be attributable to competition for excretion by the active tubular 
transport system, and acids were found to interfere with bases, and vice 
versa. Increasing urine flow rate may increase renal clearance (245), but 
usually the effect is not marked. Sulfonamides can alter serum protein bind­
ing of penicillins in man, but the effect has little practical significance (248). 
Reviews have been written on the subject of enzyme stimulation and inhibi­
tion in the metabolism of drugs (249-251). The future will reveal how im­
portant this phenomenon is in therapy with drugs in man. It is too early to 
make an assessment at this time. 

Pharmacogenetics.-Several examples of genetically determined, indi­
vidual differences of drug metabolism in man are well established. The differ-

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. 1
96

8.
8:

67
-9

4.
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 U

N
IV

E
R

SI
T

Y
 O

F 
M

IA
M

I 
on

 1
2/

16
/1

1.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



80 WAGNER 

ences have one of three causes: (a) alterations of the properties of an esterase; 
(b) a failure involving acetylation; and (c) several conditions affecting the 
conjugation of drugs with glucuronic acid. All of the examples seem to in­
volve alterations of enzyme activity in the liver. The first fully documented 
observation of hereditary control of drug metabolism was that of atropin­
esterase in rabbits. The hereditary alterations affecting esterase activity in 
man were first noted in studies of individual differences in the response to 
succinylcholine, which is widely used as a muscle relaxant during anesthesia 
and for anticonvulsive therapy (252). Evans & White (253) reported that 
sulfamethazine acetylation is polymorphic in human populations, and that 
the isoniazid inactivator polymorphism is due to the same! acetylation 
phenomenon. Studies performed with human liver homogenates revealed 
that the polymorphism lies in the activity of the acetyl transferase enzyme, 
which transfers acetyl groups from acetyl coenzyme A to the acceptor drug 
molecule. Hydralazine is also an acceptor molecule which is subject to the 
same polymorphic acetylation. Andersen (254) reported that with respect to 
isonicotinic acid hydrazide in man, the rate constant for renal excretion of 
acetylated compound, and the rate constant for other forms of elimination 
were normally distributed; whereas the rate constant for acetylation was 
bimodally distributed. 

Nelson (255) pointed out that in pharmacogenetic studies, decisions as to 
the existence of polymorphism is often based on the distribution of blood con­
centrations of the drug measured at some arbitrary time following adminis­
tration to a large number of subjects, but that this procedure may yield re­
sults that are artifacts. Simulations performed by the reviewer with a digital 
computer and simple model tend to confirm this prediction of Nelson. Using 
B=(AO)(kdkl-k2) (e-k2t_e-kll) , for a given AO, when kl and k2 were normally 
distributed, values of Bat t=4 were normally distributed, but values of Bat 
t = 9 were not normally distributed. Other simulations produced similar re­
sults,' Nelson suggested that half life was the appropriate parameter to use 
for histograms. 

Porter (256) reviewed the evidence that certain drug reactions are caused 
by variations in metabolic patterns that are genetically determined. The 
books of Meier (257) and Kalow (258) constitute extensive reviews of phar­
macogenetics. 

The effect of urinary pH and flow rate on urinary excretion and metabolism 
of acidic and basic drugs.-When the urine pH is high, basic drugs are ex­
creted slowly and more extensive metabolism occurs. When the urine pH is 
low, basic drugs are excreted more rapidly and metabolism is less extensive. 
With acidic drugs, the relationships are reversed (243, 244, 259-264). The 
tubular epithelium of the distal convoluted tubules is selectively permeable 
or more permeable to the unionized lipid soluble molecule than to the poorly 
lipid soluble anion or cation (259). The pKa of the compound and the pH and 
volume of the tubular fluid determine the concentration of un-ionized mole­
cules in the tubular fluid; the rate of reabsorption from tubular fluid back 
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into the circulation depends on this concentration and on the partition char­
acteristics of the molecules. There is probably a limiting ratio of concentra­
tion of molecules in the tubular and peritubular fluids below which reabsorp­
tion is neglible, since water loading can eliminate volume-dependent fluctua­
tions in urinary excretion rate of drug (264). The implications of the above 
factors in experimental design were discussed by Beckett (264). 

There is an effect of posture on urinary pH, electrolyte excretion, and 
urinary flow rate (265, 266), and there is a diurnal variation of both urinary 
pH and flow rate in man (264). Dreaming sleep in man causes changes in 
urine volume and osmolality (267). Careful controls and sequential studies in 
the same subjects would be necessary to distinguish these effects from the 
effect of alteration of pH at the absorption site, such as in the studies of 
Gibaldi & Kanig (268, 269) with salicylate and creatinine. 

The biological response to amphetamine was shown to be a function of 
urinary pH by Smart & Turner (270) ; hence, pharmacokinetic considerations 
have been correlated with biological response. Also, the intensity and dura­
tion of the primary pharmacologic action and of side effects of a drug may de­
pend on the time of day the dose is given. In the case of intoxication follow­
ing overdosage, acid diuresis in the case of a basic drug, and alkaline diuresis 
in the case of an acidic drug, are indicated (264). 

Several authors (126, 271-273) have published equations which give the 
renal clearance of a drug as a function of the many variables involved. Wag­
ner (273) reviewed these and suggested equations for excretion rate, cor­
rected renal clearance, and uncorrected renal clearance of exogenous com­
pounds which are not actively reabsorbed. Butler (99) pointed out that a 
drug may be largely eliminated in a few minutes, or it may persist in the 
body for years. In the termination of action of a drug, the relative importance 
of metabolic inactivation and elimination of unchanged drug will be deter­
mined by the relative rates of the processes. 

Protein binding.-The significance of protein binding of drugs, partic­
ularly of sulfonamides and antibiotics, and its relationship to therapeutic ac­
tivity and pharmacokinetics, is poorly understood. The excellent reviews of 
Goldstein (274) and Thorp (275) delineate the problem. The fact that plots 
of the logarithm of the total plasma or serum concentration of a drug against 
time are linear in the post-absorptive region for drugs that are protein-bound 
suggests: (a) that the plasma contains a constant proportion of the total 
drug in the body in the region where linearity exists, and (b) that the instan­
taneous rate of drug loss is directly proportional to the concentration of total 
drug and not to the concentration of free drug. The latter suggests that the 
protein-bound drug acts as if it were not protein bound with respect to 
metabolism by body enzymes and excretion by the active secretory path­
way in the kidney. For the protein-drug interaction, 

Drug + Protein � Drug-Protein Complex; where K = kI/k. 
kl 
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Martin (185, 276) indicated that the binding of a model drug to plasma pro­
teins only has an appreciable effect on pharmacokinetics if K > 1 X 104• Two 
considerations largely invalidate the theorizing of Martin. First, for most 
drug protein interactions, reported K values are in the range 102 to 10·, and 
the majority of values are below 1 X I04. Hence, Martin's model curves (276) 
for hypothetical drugs with K values of 106 and 107 do not apply to most real 
drugs. Secondly, Thorp (275) pointed out that the constants, K (the asso­
ciation constant) , N (the number of binding sites per protein molecule) , and 
B (the fraction of bound drug) are determined at equilibrium, and this tends 
to obscure the kinetic nature of the drug-protein interaction. The rate con­
stants, kl and k2, have seldom been determined. Where they have been deter­
mined, the debinding constant k2 was of the order of 10. hr-1 corresponding to 
a half life of 7 X 1 0-6 hrs. Hence, the rate of dissociation of a drug-protein 
complex will have little or no effect on the overall kinetics in the body. Burns 
et aL (277) reported linear plots over a range of plasma concentrations of 10 
to 80 Jlg/ml when the logarithm of the total plasma concentration of phenyl­
butazone was plotted against time; but Martin's theory (276) would not pre­
dict this, since phenylbutazone has a K of 1.25 X10· (275). Such plots may 
have curvature which is obscured by experimental error. Simulation studies 
with computers may throw light on this problem. 

It is generally accepted that thc antibacterial activity of serum, contain­
ing a sulfonamide or antibiotic, depends on the concentration of free drug 
(125, 248, 274, 275, 278-280), but there is some disagreement (281-283). One 
of the best correlations published related activity to total plasma or serum con­
centration (282). Robinson & Sutherland (279) reported no significant varia­
tion in the extent of binding of benzylpenicillin and cloxacillin between differ­
ent human subjects, and that the extent of binding of several antibiotics was 
largely independent of concentration of antibiotic below 100 Jlg/ml Von 
Wittenau & Delahunt (284) pointed out that the antibiotic concentration in 
interstitial fluid is largely determined by the eqUilibrium of drug between 
tissues and interstitial fluid, since a relatively small percentage of the ad­
ministered dose is bound to serum proteins, even if the serum protein binding 
is high. 

Kruger-Thiemer et al. (125, 280) have done some excellent work devising 
dosage schedules of antibacterial agents, based on maintaining minimum 
concentrations of free drug. The reviewer believes that future studies should 
be oriented towards gaining more insight into the significance of protein 
binding with respect to both therapeutic activity and pharmacokinetics, 
rather than fixation to standard formulas which are not necessarily sup­
ported adequately by scientific facts and appropriate correlations. 

Physiochemical factors.-The physiochemical properties of both the drug 
and the dosage form in which the drug is administered are important in 
pharmacokinetics. Mechanisms of drug absorption and physiological trans­
port of drugs have been reviewed by Schanker (285, 286). These reviews em­
phasize the importance of lipid/water partition coefficient, pKa, and lipid 
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solubility in gastrointestinal absorption, drug distribution, and renal excre­
tion of drugs. Gutman et al. (287) reported an inverse relationship between 
p Ka and rate of renal excretion of phenylbutazone analogues in man and the 
dog. A change in p Ka of only two units changed the plasma half life of the 
compounds from one to 72 hr. Such correlations in a series of analogues 
offer the medicinal chemist tremendous opportunities for improving the 
usefulness of his compounds, but the phenomenon seems to be studied very 
little. Gray & Ingelfinger (288) showed that the enzymatic hydrolytic step is 
not rate-limiting in the overall process of sucrose absorption in man, when 
sucrose is i nfused in solution in the intestinal tract. Wagner (85 ) ,  Nelson 
(289), and others have pointed out that the absorption rate of a drug is often 
a function of the time needed for the drug to dissolve in the fluid at the site of 
absorption. Both the rate at which a given drug is absorbed and the efficiency 
of absorption may differ markedly when the type or nature of the dosage 
form in which the drug is administered is altered. Such effects are not neces­
sarily of a low order of magnitude. Wagner et al. (77) reported that when 
indoxole was administered to human volunteers in an emulsion, serum con­
centrations were i ncreased tenfold at a low dose and twentyfold at a high 
dose as compared with results obtained when the drug was administered as a 
very finely divided powder in a capsule. The new field of biopharmaceutics 
(85) encompasses the study of the relationship between the nature and in­
tensity of the biological effects observed in animals and man, and the physio­
chemical and pharmaceutic properties of the drug, and the dosage form in 
which the drug is administered. One implication of biopharmaceutical knowl­
edge is that poorly soluble drug candidates should probably be administered 
in divided dosage schedules in toxicological studies rather than in single large 
doses once a day. Another implication is that drug candidates should be ad­
ministered in more than one dosage form during the early research and de­
velopment phase (74). The study of drug dosage regimens and formulation 
design is greatly facilitated by use of the analogue computer (85 , 173 ,  290, 
291), but simulations are also quite feasible with a digital computer (35) .  
With the development of new programs for the digital computer, the re­
viewer believes the digital computer will far surpass the analogue computer 
in this area in the years to come. 

Levy and co-workers (292-294) studied the effect of complex formation 
on drug absorption in rats and goldfish. They reported that modification of 
barbiturate absorption by the surfactant polysorbate 80 represents the net 
effect of enhanced absorption and decreased thermodynamic activity of the 
drug due to micellar complexation. Their studies with acidic dyes suggested 
that the apparent lipid/water partition coefficient did not reflect the i ntesti­
nal absorption characteristics of the dye complexes investigated. When 
salicylic acid was complexed separately with polysorbate 60 and caffeine, 
absorption rate in rats was modified. Japanese scientists (295-30 1) have 
performed some excellent i nvestigations that tend to elucidate effect of dos­
age forms and their composition on gastrointestinal and rectal absorption of 
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sulfonamides, the mechanism of absorption of sulfonamides, and the effect of 
complexation and micelle formation on rectal absorption. Levy & Jusko 
(302) studied the effect of viscosity on drug absorption using ethanol and 
salicylic acid as model drugs. They claimed their results provided an ex­
planation for the initial lag time encountered in absorption studies with 
salicylic acid and certain other drugs, and that the results rationalize the use 
of zero time shifts in the analysis of pharmacokinetic data. 

Sorby (303, 304) showed that promazine was adsorbed by attapulgite and 
charcoal in vitro. Administration of promazine with the adsorbents resulted in 
decreased absorption rates and decreased total absorption in man, as judged 
by urinary excretion, compared with administration of promazine alone. 
Wagner (74) reported that the effect of the antidiarrheal preparation Kao­
pectate® on the absorption of the antibiotic lincomycin hydrochloride de­
pended upon the time relationship of administration of the antidiarrheal 
preparation and the antibiotic. The phenomenon of reduced absorption of 
lincomycin hydrochloride when administered with the antidiarrheal prepa­
ration was correlated with in vitro studies in which the antibiotic was ab­
sorbed by the clays present in the antidiarrheal remedy. 

O' Reilly et al. (305) studied the relationship between the in vitro dissolu­
tion kinetics and the in vivo intestinal absorption characteristics of tablet 

preparations of the coumarin anticoagulant, warfarin. The composition of 
the dissolution medium had a significant qualitative and quantitative effect 
on dissolution kinetics in vitro. In man, the kinetics of absorption were some­
times zero order or first order. The variation in kinetics was attributed to 
variation in pH of gastric fluids. Smith et al. (306) reported that an average 
of 2.23 times as much of the principal urinary metabolite of medroxypro­
gesterone acetate was excreted in eight hours after ingesting tablets prepared 
from micronized medroxyprogesterone acetate than was excreted following 
ingestion of tablets prepared from non-micronized steroid. The effects of par­
ticle size on dissolution and gastrointestinal absorption rates of other drugs 
were reviewed by Levy (307) . Correlation of in vitro dissolution kinetics and 
rate and efficiency of gastrointestinal absorption were reviewed by Wagner 
(63) and Levy (308). 

Dose.-The kinetics of absorption may change with increase in dose if a 
drug is absorbed at low doses by a saturable active transport mechanism. 
Most drugs are absorbed by a passive diffusion mechanism (285, 286), but 
some vitamins and drugs, which are analogues of endogenous substances, are 
absorbed at low doses by means of an active transport mechanism. For ex­
ample, Spencer et al. (309) reported that the antitumor agents, azaserine (0-
diazacetyl-L-serine) and DON (6-diazo-5-oxo-L-norleucine), which are gluta­
mine analogues, behave like amino acids so far as transport by the hamster 
small intestine in vitro is concerned. Schanker et al. (310) reported that num­
erous purine and purine-like compounds inhibit the active transport of uracil 
across the intestinal wall in vitro, and presented evidence that suggests that 
purines and pyrimidines compete for a common transport process. Dietschy 
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& Carter (31 1) presented evidence that 5,5-dimethyl-2,4-oxazolidinedione is 
actively transported in everted gut sacs of rats. The uphill transport of the 
sulfonamide sulfisomezole was demonstrated by the everted sac technique, 
but it was suggested that this was explicable on the basis of the pH-partition 
hypothesis (296). Levy & Jusko (312) reported that the urinary recovery of 
riboflavin as a function of dose after oral administration to fasted normal 
subjects shows that the process responsible for the absorption of this vitamin 
is saturable. The saturation effect was not evident when riboflavin doses as 
high as 30 mg were administered after a meal. 

Change in the efficiency of absorption, and possibly in the nature of the 
kinetics of absorption, of poorly water soluble substances with increase in 
dose has already been discussed. However, Wagner (235) has pointed out 
that apparent linearity of a cumulative urinary excretion plot may lead to 
the conclusion that constant rate (zero order) absorption is operative, when, 
in fact, all rate constants of the system are first order rate constants. 

The kinetics of metabolism will be apparent first order when the concen­
tration of drug is far below saturation of the enzyme by the substrate, and, 
specifically, when the drug concentration is very much less than the Mich­
aelis constant (9, 1 78). When the enzyme is saturated by drug, the reaction 
becomes zero order. In an intermediate range of drug concentration, one may 
expect the reaction to be second order. Examples of zero order elimination at 
certain dose levels, due to saturation of the metabolizing enzyme, are alcohol 
in man (313) and the conversion of salicylate to salicylurate in rats (232). 
Constant excretion rate of the metabolite hippuric acid, following adminis­
tration of high doses of benzoic acid in the rabbit, was reported by Bray et al. 
(181) ; the data suggested that the availability of glycine for conjugation con­
trolled hippuric acid formation. Similarly, Levy & Matsuzawa (314) showed 
that man has a limited capacity for salicylamide sulfate formation, and their 
data suggested that the limiting factor was the availability of sulfate for con­
jugation. 

There are several other reports of change in the nature of kinetics, or 
changes in the magnitude of elimination rates, with increase in dose, which 
are less understood. Following constant rate intravenous infusions and single 
intravenous injections of a fat emulsion in man, Hallberg (315) showed that 
at high concentrations of plasma triglyceride, elimination was zero order, but 
elimination became first order at low concentrations. Similar results were re­
ported for dogs (316). The elimination of heparin was reported to be first 
order in man and the dog by Olson et al. (317), but the half life increased with 
increase in dose. In man, following doses of 100, 200, and 400 IU kg, the half 
lives were 56, 96, and 152 min, respectively. Dayton et al. (318) reported that 
in two subjects the plasma level decay rate of probenecid was faster following 
0.5 g than following 2 g doses intravenously; this implied more rapid me­
tabolism of probenecid at the lower dose. They reviewed the literature and 
cited streptomycin, dicoumarol, biscoumarate, amethopterin, and diphenyl­
hydantoin as drugs which exhibited the same phenomenon of dose depen-
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dence of first order disappearance rate from the plasma. Following high doses 
of phenylbutazone (204), the protein binding <::apacity of plasma proteins is 
exceeded (275) and, because of the larger fraction of free drug, the drug is 
cleared more rapidly from the body. There are other possible causes of dose 
dependence of half life. If the two-compartment open model ( 1 1 7, 1 24) ap­
plies, then a decrease in the distribution rate constant with increase in dose 
could cause the slope of the log blood level, time line to change with dose even 
though the true rate constant for loss from the body was independent of dose. 
Distribution of a drug may be increased as the dose is raised so that the drug 
reaches sites following high doses which are not reached following low doses; 
the rate of metabolism may be greater or less at one site than at another. 
Also a drug's metabolism or urinary excretion could be inhibited by itself or 
by one of its metabolites. In such a case, dose dependence of clearance rate 
would be expected. 

Route and method of administration.-There are relatively large differences 
in the per cent of the dose which is metabolized and the per cent which is 
excreted unchanged in the urine, when neostigmine methylsulfate is adminis­
tered intramuscularly as compared with orally (319-321). Similar results 
were reported by Cohn et al. (322) for benzquinamide ; however, differences 
in efficiencies of absorption by the two routes could explain the results as 
well as the hypothesis presented by the authors. 

Sullivan & Miller (323) reported that dosage of 5-fluoro-2'-deoxyuridine 
(5-FUD R), when given in 24 hr infusions in the treatment of human cancer, 
need be only 1/30 to 1/60 of that given as a single injection. Clarkson et al. 
(324) found that both 5-FU D R  and 5-fluorouracil (5-FU) were degraded 
more completely when administered by continuous infusion than in a single 
injection. Also, very high local concentrations could be achieved by infusion 
into small arteries and by regional perfusion. 

The assumption that a drug is handled the same following oral, intra­
muscular, and intravenous administration, without supporting evidence, 
may lead to erroneous conclusions. 

Diseased states.-Fluid deposits such as are prevalent in patients with 
ascites alter distribution time and volume of distribution (114). Patients with 
impaired liver or renal function would be expected to clear drugs from the 
body more slowly if significant amounts of the drug are metabolized or ex­
creted via the urine, respectively. Examples were given by Reinarz (325), 
Bates et al. (326), Bulger et al. (327) and Kutt et al. (328). However, Klip­
stein & Lindenbaum (329) reported more rapid clearance of folic acid than 
normal in several patients with chronic liver disease. Although Ueda et al. 
(330) reported longer half lives of tolbutamide in cirrhotic and renal patients 
than in normal subjects and diabetics, Nelson (331) claimed half lives of the 
drug were within normal range in patients with hepatic dysfunction. Results 
reported by Lindberg et al. (332) indicated that if renal excretion of chlor­
amphenicol is impaired, then the drug normally excreted in the urine is 
metabolized. 
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Enterohepatic circulation.-Williams e t  al. ( 1 10) reviewed the influence of 
enterohepatic circulation on the toxicity of drugs. From the kinetic stand­
point enterohepatic circulation may be very important. If a drug or meta­
bolite or both are excreted in significant amounts in the feces, complete 
elucidation of the kinetics would require determination of whether the mate­
rial in the feces was partly or wholly unabsorbed drug, drug which arose from 
biliary excretion, or drug which arose from secretion through the intestinal 
wall. Williams et al. ( 1 10) and Glazko (1 10) pointed out that enterohepatic 
circulation may be responsible for prolonged retention of certain drugs and 
metabolites in the body. Enterohepatic circulation may cause secondary 
peaks, shoulders, or oscillations in blood concentration, time curves (333, 334). 
These are usually most evident in the initial part of the curve following in­
travenous administration (334), but following oral administration may occur 
at later times particularly following food ingestion when the gall bladder 
evacuates (77, 333). If enterohepatic circulation is prominent, the compart­
ment model should have a reversible transfer between the compartments 
representing blood and the absorption sites. For such models, the true rate 
constant for elimination cannot be estimated from the terminal blood con­
centration data (77) . 

Miscellaneous factors.-A number of other factors may contribute to vari­
ation in observed measurements such as blood concentrations or amounts ex­
creted in the urine and in derived kinetic parameters. Wagner (74) reviewed 
the importance of many of these in pharmacokinetic studies and cited several 
examples. 
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