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I. Introduction

CLEARANCE was developed by renal physiologists in
the early 1930s as an empiric measure of kidney function
(231, 313). The pharmacokinetic basis of the term was
defined at about the same time with the recognition that
the concept could be more generally applied to other
organs and elimination pathways (reviewed in ref. 323).
Over the subsequent years, clearance approaches have
been applied to a wide variety of in vivo and in vitro
systems involving both endogenous and exogenous com-
pounds. Pharmacology in particular has recently pro-
vided new emphasis and additional insights into so-called
clearance concepts that extend beyond the simple esti-
mation of functional parameters. This review will de-
scribe some aspects of the current understanding and
application of clearance as it broadly relates to the dis-
position of xenobiotics, especially their metabolism in
humans.

* This work was partially supported by USPHS grants GM-31304
and AG-01396.

Because of its multidisciplinary usage and application
to a wide variety of situations, “clearance” has been used
in several different contexts with slightly different mean-
ings. The number of different approaches used to esti-
mate clearance potentially adds further confusion. The
most general definition of clearance (CL) is that it is a
proportionality constant describing the relationship
(equation 1) between a substance’s rate of transfer, in
amount per unit time, and its concentration (C), in an
appropriate reference fluid (238). Clearance, therefore,
has the unit of volume rate (e.g., ml/min), and this is
often expressed by the concept of a virtual volume of
fluid from which the substance is completely removed
per unit time. The true nature of clearance is better
illustrated, however, by considering it as a rate of sub-
stance transfer “normalized” to a concentration (C). This
definition has the advantage that reversible transfer, as
occurs, for example, with xenobiotic distribution between
plasma and tissues, may be considered (180) as well as
the more customary processes of irreversible elimination.
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However, unless explicitly stated, clearance usually re-
fers to elimination rather than intercompartmental
transfer. Clearance may be expressed in terms of the
concentration of unbound (CL“) or total drug (CL**).
Also, depending on the time period over which either the
rate of transfer or concentration is determined, clearance
can reflect an instantaneous process or a time-averaged
value. In the latter case, significant alterations in instan-
taneous clearance due to a variety of factors may be
dampened, and possibly obscured.

CL = rate of Ctfransfe:- tion 1

Elimination may arise as a result of processes occur-
ring in the kidney, the liver, the lung, and a number of
other organs. Total clearance (CLror) is equal to the
sum of all of these individual and simultaneously occur-
ring organ clearances. That is, it is an additive term in
the same way that no single milliliter of reference fluid
has all of its drug removed during one transit through an
eliminating organ(s); rather a fraction is cleared from
each of the many milliliters perfusing the organ(s). This
amount is summed and expressed as if it were derived by
completely clearing a smaller volume of perfusate of all
of its contained drug. Generally, a xenobiotic is elimi-
nated by a combination of excretory and biotransfor-
mation pathways; often the processes involved in the
latter are collectively termed metabolic clearance. It is
also possible to “partition” such overall elimination path-
ways into their composite fractional clearances reflecting
a specific route of elimination, e.g., conversion to an
individual metabolite. Finally, intrinsic clearance (CLiy.)
is becoming increasingly used as a measure of intracel-
lular drug removal. For example, metabolism by an organ
such as the liver can be additively expressed according
to the Michaelis-Menten kinetic parameters of each in-
dividual ith enzymatic pathway (equation 2).

Clun = 5 ot

2K, +C equation 2

The large majority of drugs exhibit linear (dose/con-
centration-dependent) elimination kinetics over the
range of interest, because the K, for overall metabolism,
or its analog when active transport is involved, e.g.,
biliary, renal tubular secretion, is substantially greater
than C. In this situation, intrinsic clearance is approxi-
mated by the summed ratio of V., to Ky, and clearance
is a constant. For drugs that have nonlinear (dose/
concentration-dependent) kinetics, the K,, for one or
more routes of elimination may not be sufficiently
greater than C, and clearance will then vary depending
on the drug concentration.

II. Estimation of Clearance
A. Total Clearance

Total clearance is probably the most commonly deter-
mined clearance term, not only because it reflects the

contribution of all elimination pathways in the whole
system under study, but because of its practical value in
predicting the steady-state concentration (C,), espe-
cially in clinical situations (equation 3).

- drug delivery rate
total clearance

The usual technique for estimating the time-averaged
CLrot under linear pharmacokinetic conditions consists
of administering a single dose of the xenobiotic of interest
and calculating the ratio between the available dose and
the area under the circulating concentration/time curve
(AUC) measured from time zero to infinity

F dose
s1AUC

C- equation 3

CLror = equation 4
where F is the fraction of the administered dose that
reaches the sampling site in the circulation, often termed
availability. Unless metabolism occurs within the vas-
culature, F is unequivocally known to be unity only after
intraarterial administration (vide infra). Nevertheless,
total clearance is generally estimated after intravenous
dosing with an implicit assumption that F = 1 by this
route. When availability is unknown, as for example after
oral or intramuscular injection, then the administered
dose/AUC ratio provides an apparent clearance value
that requires qualification regarding the route of admin-
istration, e.g., apparent oral clearance (CLora1). AUC may
be measured directly using the linear trapezoidal and/or
the log trapezoidal rules with appropriate correction for
the “missing” area from the time of the last experimen-
tally determined concentration value to infinity (85, 518).
Alternatively, AUC may be estimated by integrating the
mathematical equation describing the concentration/
time curve. Frequently, this is a multiexponential func-
tion and, therefore, the total area is given by the sum of
the ratios of the coefficients and exponents (467). In the
case where the dose of drug is administered rapidly as a
“bolus” dose, it is conventionally assumed that distribu-
tion is instantaneous and homogeneous throughout the
central pool from which sampling occurs. This allows
extrapolation of concentrations at times earlier than the
first experimentally determined values, which potentially
represent a significance fraction of the total area. Often,
however, it is practially difficult to accurately measure
and describe the very rapidly declining concentrations
that are present initially after a bolus dose. Moreover,
the venous concentration is initially zero rather than the
value obtained by back-extrapolation to the time of ad-
ministration. Thus, back-extrapolation of the curve
based on data collected at a later time may result in an
incorrect estimation of the actual concentrations. Also,
mixing, recirculation, and other hemodynamic factors
probably produce a much more complicated concentra-
tion/time profile immediately after rapid intravascular
drug administration than generally considered (86).
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Thus, the early AUC after bolus administration may be
poorly estimated (89). Because of this, it is often more
prudent to estimate total clearance, especially in vivo,
following short term intravascular infusion of the xeno-
biotic rather the bolus injection. A further means of
estimating AUC is by use of continuous sampling of the
blood at a constant rate through a nonthrombogenic
catheter (265-267, 465). This approach provides a single
concentration representing the integrated value over the
period of withdrawal. Extrapolation of the concentration
to infinite time is possible if the sampling is discontinued
prior to the actual blood level reaching zero (465). Con-
tinuous sampling for as long as 24 h has been achieved
(267), and the approach has the advantage that far fewer
concentration determinations are required compared to
the more conventional multiple sampling designed ex-
periment. The technique has also proven useful in ob-
taining accurate AUC determinations in the first few
minutes after rapid intravenous drug administration
(217). Nevertheless, the approach has not been as widely
applied as might be expected.

It is also possible to determine total clearance by means
of equation 3, i.e., continuous drug administration and
the measurement of the resulting steady-state concentra-
tion. Again, administration must be intravascular in
order to obtain an absolute clearance term, otherwise the
estimate is only an apparent value. At steady-state the
AUC during a dosing interval following repetitive, mul-
tiple dosing is equal to the total AUC following a single
dose, providing that linear pharmacokinetics are present
(470). Accordingly, total clearance may also be estimated
using this type of dosing regimen. Such steady-state
estimates are critically dependent on the actual attain-
ment of steady-state, since total clearance will be over-
estimated if this is not the case. Accordingly, evidence of
such a condition must be present before the estimate can
be accepted. Moreover, the possibility of nonlinear elim-
ination is more likely following multiple dose adminis-
tration that results in drug accumulation and, therefore,
the clearance estimate may not necessarily be valid at
lower drug concentrations. Similarly, time-dependent
changes in clearance may occur during prolonged drug
administration that may perturb the system under study,
e.g., autoinduction and inhibition of drug metabolism.

Ideally, total clearance should be based on the AUC

determined from arterial concentrations, but in practice

venous drug levels are invariably used. Provided that
elimination does not occur between the arterial side of
the circulation and the venous sampling site, then theo-
retically the two AUCs will be equivalent, and no error
will occur in estimating clearance (88, 453). Few studies,
however, validate this assumption. Similarly, little con-
sideration is usually given to the possible difference
between total clearance estimated after giving the drug
intravenously rather than the more appropriate central-
arterial route of administration. All of the venous blood

must circulate through the lungs prior to reaching the
arterial side of the circulation, and pulmonary elimina-
tion by excretion and/or metabolism is possible with
many drugs. Accordingly, a first-pass effect (vide infra)
may occur after intravenous dosing such that only a
fraction of the administered dose reaches the aorta. Thus,
application of equation 4 with the assumption that F
equals unity after intravenous administration leads to
an overestimation of CLyor (86, 99). Viewed somewhat
differently, CLyror estimated after intravenous dosing
always reflects any initial pulmonary clearance in addi-
tion to the summed contributions of the other individual
eliminating organs, including the lung.

B. Organ Clearance

Based on steady-state, mass balance considerations,
the instantaneous rate of organ elimination is equal to
the difference between the rate of drug delivery to the
organ in the arterial inflow and its rate of exit in the
venous outflow. This is equal to the product of the organ’s
perfusion rate (@) and the arteriovenous concentration
difference (Cux — Cven). Accordingly, organ clearance
(CLorg) may be defined by equation 5.

equation 5
Since the arteriovenous difference “normalized” to the
inflow concentration is equal to the fraction of the xe-
nobiotic entering the organ which is removed during
transit, i.e., the extraction ratio (E), organ clearance is
equivalent to the product of perfusion rate and extraction
ratio.

It is possible to estimate CL, by direct determination
of the parameters of equation 5. However, the practical
problems involved in applying this approach usually
preclude its use, especially for in vivo studies. First, an
accurate estimation of organ perfusion rate is extremely
difficult to obtain unless it is mechanically controlled as,
for example, in an isolated perfused organ preparation
or a hemodialysis system. Moreover, total flow may not
necessarily be constant over the study period or reflect
“functional” flow because of the presence of intraorgan
shunts. Also, the analytical methodology for measuring
the drug concentrations may not be adequate to deter-
mine either the low venous levels associated with a high
extraction ratio or alternatively the small arteriovenous
difference present when extraction is low. Finally, an
arteriovenous difference obtained under non-steady-
state conditions will not be the same as that at steady-
state (522), even though distribution equilibrium is pres-
ent (406).

When a single organ is solely responsible for the com-
plete elimination of all of a xenobiotic, then a time-
averaged organ clearance can be measured by application
of either equation 3 under steady-state conditions or
equation 4, since organ and total clearance are synony-
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mous. For a drug completely eliminated by metabolism
it is, however, virtually impossible to definitively asso-
ciate such a process with a single organ, since multiple
putative sites frequently exist. Often there may be evi-
dence or a suspicion that one organ plays a predominant,
if not exclusive, role, e.g., liver. However, such associa-
tion is, at best, an inferred one that requires cautious
application. In contrast, the excretion of a large number
of substances is not only complete but also limited to the
kidney. In this particular situation, the measurement of
total clearance provides an accurate estimate of renal
clearance. However, a more general means exists to
determine directly renal clearance (CLgr) because the
rate of excretion (AAg/At) can be assessed from urinary
rather than blood/plasma data (equation 6).

AA./AL

Cuia

CLg = equation 6a
where A indicates a finite increment of change, and Cpia
is the blood or plasma drug concentration at the mid-
point of the urine collection interval (455). Renal phys-
iologists usually write equation 6a in the form:

CLR=M—

equation 6b
Cuia

where Quine is urine flow rate, and Cyrin is the drug
concentration in urine. Provided that renal clearance is
neither concentration or time dependent, then CLg may
be obtained by averaging several estimates based on
equation 6. Alternatively, renal clearance can be esti-
mated from the slope of the curve of AAe/At versus Cpig.
The latter approach is particularly useful in detecting
nonlinearities which are not unusual if the drug is ad-
ministered as a rapid intravenous bolus. Such deviations
may reflect an actual biological phenomenon, for exam-
ple, saturation of an active secretory and/or reabsorption
process, but often they are artifactual. Ideally, Cpnia
should be measured in the arterial circulation, but fre-
quently the peripheral venous concentration is used in-
stead. After rapid intravenous administration, such ve-
nous levels may be considerably lower than the renal
artery concentration (72), especially if little cutaneous
dilatation is present at the sampling site (264). As a
result, time-dependent renal clearance appears to be
present (90, 274, 278). In contrast, underestimation of
renal clearance may occur because the observed rate of
excretion lags behind the blood/plasma drug concentra-
tions. This may reflect the time necessary for urine to
pass through the dead space of the kidney and ureter,
which is normally about 5 min in man (455). Alterna-
tively, if renal tubular secretion contributes significantly
to the net clearance, then slow equilibration between
drug in the blood and that in the interstitial fluid may
also lead to nonlinearity, especially when the concentra-
tions are rapidly changing (102).

Equation 6 provides the time-averaged estimate of CLg

rather than an instantaneous value. The accuracy of the
determination, therefore, depends on the length of the
urine collection interval. Providing the At is not longer
than the half-life of the drug, then the error appears to
be less than about 2% under first-order conditions of
elimination (294). Unless bladder catheterization is used,
a practical lower limit for At in man is about 0.25 to
0.5 h. Hence, the greatest errors are again likely to occur
using data collected during the initial period after intra-
venous bolus administration when distribution equilib-
rium is being established. Water-induced diuresis may
be used to facilitate short urine collections, and this has
the added benefit of reducing the volume error due to
incomplete bladder emptying (455). It is also possible to
use the logarithmic mean [(C; — C;)/In(C,/C:)] of blood
or plasma concentration during the urine collection in-
terval to reduce errors when the levels are rapidly chang-
ing. However, providing that At is reasonably small, the
error in assuming AAe/At is the instantaneous rate of
excretion is probably less than normal experimental error
from other factors. One exception where this may not be
true is when appreciable drug reabsorption occurs in the
bladder (511). For example, the plasma clearance of
saccharin in the rat is faster if urine is removed from the
bladder at 5-min intervals compared to 60-min collec-
tions periods (92). Mathematical modeling suggests that
a similar situation occurs with N-hydroxyarylamines; the
longer the period prior to micturition, the smaller the
recovery of this type of metabolite in the voided urine
and, most importantly, the greater the underestimation
of the exposure of the bladder epithelium to such ulti-
mate carcinogens (519). However, this is not a particu-
larly well-studied aspect of renal elimination. Many of
the sampling and collection problems associated with
equation 6 can be avoided if renal clearance is measured
under steady-state conditions during constant rate intra-
venous infusion of the drug, and this is the customary
approach.

An alternative approach to estimating renal clearance
is based on the integrated form of equation 6a:

Clg = a3 Ae

= % | AUC equation 7

where Y Ae is the cumulative amount of drug unchanged
in the urine in the time interval ¢, to t;, and AUC is the
area under the blood or plasma concentration/time curve
during the same period. Generally, ¢, is the time at which
the drug was administered, i.e., zero time. Also, ¢, may
be set to the limit so that CLy is given by the ratio of
the total amount of drug excreted unchanged in the urine
to the AUC extrapolated to infinity. If the drug is known
to be entirely eliminated by the kidney, then the numer-
ator may be equated with the administered intravascular
dose. In general, however, this step must be taken with
great caution. Again, a time-averaged estimate of renal
clearance is obtained with equation 7, but over a longer
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time period than equation 6 so that the value is less
sensitive to time-dependent changes in renal clearance.
The method is also critically dependent on complete
urine collection during the defined interval. However,
there is the advantage that precise timing of urine col-
lection is not required, except in the final instance, nor
is there any problem with incomplete bladder emptying.

C. Blood versus Plasma Clearance

Xenobiotic present in blood is distributed not only in
the plasma but also to a varying extent in the formed
elements. The plasma clearance of many drugs exceeds
plasma flow through the eliminating organ(s) indicating
that drug present in these elements, such as the eryth-
rocyte, must be available for extraction. Accordingly,
clearance from the blood is generally a more appropriate
measure of organ function than is plasma clearance. In
certain comparative types of investigations, for example,
bioavailability studies, the difference is not critical. But,
whenever physiological interpretation is placed upon
clearance, then drug in the total perfusate must be con-
sidered. Exceptions to this generality are limited to the
situations where the blood/plasma concentration ratio is
unity, e.g., ethanol, antipyrine, where distribution of drug
within the blood is limited to the plasma, and where the
rate of equilibration of drug between the formed elements
and plasma is sufficiently slow that drug removal from
the plasma does not lead to significant re-equilibration
during organ transit. The latter situation appears to hold
with many of the substances used to estimate various
renal clearance values. For example, erythrocyte concen-
trations of both creatinine (469, 490) and p-aminohip-
purate (379) are the same in the renal artery and renal
vein despite the fact that significant arteriovenous
plasma level differences are present. Accordingly, the
measured clearance of these compounds reflects plasma
clearance and plasma flow rate. Studies using the mul-
tiple indicator dilution technique also suggest that, de-
pending on the drug’s permeability, the erythrocyte
membrane can serve as a complete or partial diffusion
barrier with respect to hepatic uptake (190). For example,
the mean transit time of thiourea through the isolated
perfused liver is different after preequilibration with
erythrocytes compared to direct injection into the per-
fusate. In the latter situation there is little opportunity
for the thiourea to enter the red cells during its single
passage through the liver. The effect, however, is much
smaller with urea and chloride, which exchange more
rapidly between plasma and erythrocytes. Generally,
however, it is assumed that the plasma/erythrocyte dif-
fusion equilibrium is sufficiently rapid that it does not
limit the exchange of drug between the erythrocyte and
organs (404).

Drug distribution into and out of the erythrocyte, and
probably to other formed elements, appears to be accord-
ing to classical, non-ionic diffusion (416, 417). Accord-
ingly, the rate of translocation across the erythrocyte

membrane is determined by the lipid solubility of the
transported moiety, i.e., the unionized form of a weak
electrolyte, or a neutral nonelectrolyte. This may be at a
rate too rapid to experimentally determine for com-
pounds with very high partition coefficients, but equilib-
rium may not be achieved for several hours with more
polar compounds (416, 417). An often underappreciated
consequence of such slow equilibration is that, unless
specific steps are taken, the blood/plasma concentration
(B/P) ratio may change during the collection, handling,
and storage of the biological sample. That is, drug is
extracted only from the plasma in vivo, but diffusion out
of the erythrocytes continues to occur in vitro prior to
harvesting of the plasma. Rapid centrifugation immedi-
ately after drawing the blood is, therefore, important in
situations where plasma clearance is to be estimated
(379). Other poorly understood blood/plasma distribu-
tional and storage phenomena affecting plasma clearance
determination may also be minimized by immediate cen-
trifugation (84, 279, 280).

Additional precautions may also be necessary to ensure
that redistribution of drug does not occur during sample
processing because of other factors. For example, the
erythrocyte/plasma concentration ratio of aldosterone
changes by about 3-fold over the temperature range of
4°-37°C (83). A similar temperature-dependent redistri-
bution occurs with cyclosporin; plasma separated at room
temperature has up to 50% lower cyclosporin levels than
samples separated at 37°C. This process is reversible,
since reequilibration occurs within 2 h when the sepa-
rated blood is incubated at body temperature (385).
Whether this type of phenomenon occurs with other
drugs is largely unknown, but plasma is almost routinely
harvested at room rather than body temperature. Small
volumes of heparin solution are frequently injected into
the circulation to facilitate the collection of blood sam-
ples, and clinical procedures such as hemodialysis and
cardiopulmonary bypass require extensive hepariniza-
tion. Administration of heparin releases lipoprotein li-
pase from the capillary endothelium and hepatic lipase
into the blood. This leads to the hydrolysis of triglycer-
ides and an increase in the circulating concentration of
nonesterified fatty acids which can then act as competi-
tive inhibitors of drug binding to albumin. As little as
100 units of intravenous heparin doubled the total free
fatty acid plasma level within 5 to 10 min, and the dose-
related effect was greater after a meal than in the fasting
state (135). A 5-fold increase was observed after 800
units (512). Significant relationships between such hep-
arin-induced changes and a decrease in the in vitro
binding of several drugs have been reported (135, 249,
322, 331, 401, 508, 512). In contrast, with warfarin an
increase in binding occurs (322, 331, 400). The effect is,
to some extent, dependent on the source and particular
lot of heparin (322). It is likely, however, that such
perturbations in binding are, to a large extent, artifactual
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and related to the continued in vitro formation of free
fatty acids by the in vivo liberated lipases subsequent to
withdrawal of the blood sample. Thus, when in vivo
heparinized plasma was rapidly incubated at 0°C to
reduce lipase activity (176), or the enzymes were inacti-
vated with an inhibitor such as paraoxon (71, 174) and
protamine (71), the increase in free fatty acids and
changes in binding were minimal. Since the B/P concen-
tration ratio is frequently dependent on the unbound
fraction of drug in the plasma (equation 8b), the plasma
concentration may alter during processing of a blood
sample prior to harvesting unless precautions are taken
to minimize this type of “heparin effect.” Artifacts in the
binding of basic drugs to a;-acid glycoprotein can also
occur as a consequence of the collection system used to
obtain the blood sample, and this can result in the
measured plasma concentration being different from that
in vivo. In particular, the tube into which the blood is
placed after withdrawal is critical for these types of drugs.
Many studies have documented that the “rubber” stop-
pers of certain commercial collection tubes, Vacutainer
in particular, contain a binding inhibitor(s) which may
leach out when in contact with blood (380). It is suspected
that the plasticizer, tris(2-butoxyethyl)phosphate, is re-
sponsible in large part for the phenomenon (45). A
similar binding displacement interaction may also occur
if the blood is collected through certain types of cannulae
(112).

Ideally, if blood clearance is to be determined, then
drug concentration in the blood should be directly deter-
mined. However, analytical considerations and other fac-
tors may preclude this approach, and plasma levels may
have to be measured and then “corrected” to the equiv-
alent blood values from knowledge (equation 8) of the
B/P concentration ratio. Mass balance consideration
indicates that this ratio is related to the hematocrit (H)
and the drug concentration in the blood cells (Cpc) and
plasma (Cp) by equation 8a (453)

B Csc

=Q-H+HZ

Cr equation 8a

Since partitioning of drug from plasma into the blood
cells is usually limited to drug that is not bound to plasma
proteins, then equation 8a can be modified to reflect the
partition coefficient of drug concentration in the blood
cell to that unbound in the plasma (Kp) as reflected by
the unbound fraction in plasma (fp“), providing that
equilibrium distribution is achieved.

%= (1 = H) + HKpfp"

equation 8b
Thus, the B/P concentration ratio varies between the
limits of an infinitely large value, when the drug has an
affinity for blood cells greatly exceeding that for plasma,
to a value of (1 — H), when the drug is highly bound to
plasma proteins or partitions poorly into the formed

elements. As previously noted, the measured clearance
in the latter situation reflects plasma clearance and
plasma flow through the organ (404). Because of the
dependence of the plasma drug level on the hematocrit,
it is possible for plasma clearance to change without
necessarily reflecting alteration in the eliminating effi-
ciency. This appears to be the case with propranolol in
renal failure where the reduced hematocrit in such pa-
tients results in an increase in the B/P concentration
ratio, but the clearance of propranolol from the blood is
similar to that in healthy control subjects (509). This
confounding factor is infrequently considered in situa-
tions where the hematocrit is significantly different from
normal.

In many studies, the B/P concentration ratio is deter-
mined in vitro; i.e., drug is added to freshly drawn blood
and, after allowing sufficient time for equilibrium to be
achieved, the concentration in the blood and a harvested
plasma sample is determined. Provided that evidence is
obtained that distribution equilibrium is actually at-
tained and that hemolysis does not occur during the
incubation procedure, then this approach probably pro-
vides a valid estimate of the B/P concentration ratio.
However, extrapolation to the in vivo situation requires
caution, since the in vitro conditions may not accurately
reflect those in vivo (258). Moreover, the B/P concentra-
tion may not be a constant value, so that the plasma and
blood concentration/time curves may not parallel each
other. For example, erythrocyte distribution may involve
slowly reversible and saturable binding rather than par-
titioning. This occurs with certain carbonic anhydrase
inhibitors, where the dissociation from the enzyme pres-
ent in erythrocytes is very slow (292). Accordingly, the
erythrocyte functions as a peripheral tissue binding site
rather than a readily available intravascular source of
drug for elimination. Plasma elimination is faster than
that from the blood, and urine clearance, for example,
reflects plasma not blood flow to the kidney (153, 154,
293). It is far preferable, therefore, to estimate the B/P
concentration ratio by direct measurement of the two
concentrations following drug administration, and
ideally on several occasions during the study period. This
approach also reveals time-dependency in the B/P con-
centration ratio due to factors such as altered plasma
binding, the accumulation of metabolites, etc.

In general, serum drug concentrations are considered
to be the same as plasma levels, and the two clearance
values are similar. Limited data suggest that this might
not always be correct. For example, the concentration of
chloroquine and its metabolite, desethylchloroquine, was
about 2 and 4 times greater, respectively, in human serum
compared to plasma (39). These differences result from
extensive distribution of the compounds into granulo-
cytes and other white blood cells, as well as platelets,
and their release from the latter during the coagulation
process. An additional complication of such distribution
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into the formed elements is that the duration and force
of centrifugation used for separation affect the concen-
tration in the harvested plasma (399). Heparin per se,
and possibly other anticoagulants, may also affect drug
binding leading to an alteration in distribution within
the blood. For example, the serum binding of warfarin,
salicylic acid, and phenytoin in the rat is smaller than
that is plasma, while the reverse applied for bilirubin
(493). Such poorly studied phenomena may, however, be
species as well as drug specific since the difference is not
seen in human samples or with all drugs (492, 493).

D. Absolute versus Normalized Clearance

Experimental estimates of clearance always have the
units of volume rate (e.g., ml/min); however, attempts
are frequently made to normalize the measured value
with an anthropomorphic parameter related to size. The
rationale for this appears to be an attempt to take into
account differences in clearance which simply reflect
organ size rather than inherent eliminating ability. While
there is merit for and validation of allometric scaling for
interspecies comparisons (vide infra), the application of
this type of approach within a species is mostly intuitive
with little experimental support. With the exception of
organ weight, which is only routinely and easily available
in isolated perfused organ systems and to a very limited
extent in humans (213, 381, 396), the difficulty is the
selection of the most appropriate normalizing factor.
Unfortunately, there is no firm basis to choose one over
another.

Normalization of renal function has become customary
to account for the developmental changes that occur
from birth to adulthood. Generally, a factor of 1.73 m?
body surface area is used (296). A recent attempt to
confirm the original finding upon which this procedure
is based, however, failed, and it was concluded that the
definition of a unique normal clearance range for all ages
was not realistic based on either body surface area or
lean body mass (204).

An increasing number of studies have investigated the
effects of obesity on drug disposition with an implicit
hope that some normalization factor would emerge that
could be useful in determining appropriate drug regimens
in such individuals (4). However, a confusing picture has
emerged. For drugs that are oxidatively metabolized and
have a low hepatic extraction, absolute clearance is min-
imally altered in obesity with the exception of diazepam
(5), ibuprofen (3), prednisolone (309), and thiopental
(237). For the latter three drugs, the increase in clearance
is highly correlated with total body weight, but the reason
for this is unclear. Unknown mechanisms are also in-
volved in the enhanced clearance by glucuronidation of
drugs such as lorazepam (6), oxazepam (6), and acet-
aminophen (1, 6) in obese individuals. In view of the
known secondary effects of obesity on cardiac output
and organ blood flow (12), it is surprising (vide infra)
that the clearance of drugs with high hepatic extraction

ratios such as lidocaine (2) and verapamil (7) is similar
in obese and normal weight individuals. Finally, it ap-
pears that glomerular filtration rate (136) and the renal
clearance of drugs are generally increased by about 50%
in obese patients, and this is approximately proportional
to the change in total body weight.

Undoubtedly, anthropomorphic normalization of
clearance values will continue to be used, especially in
comparative studies where size may be a factor. In certain
instances, this may result in decreased interindividual
variability in clearance values. However, the interpreta-
tion of the normalized clearance value should be made
cautiously, and in certain instances the conclusions
drawn from normalized data may be different from those
based on the absolute values. There appears to be no
substantiated inherent value of normalized versus abso-
lute clearance, or vice-versa. Interindividual variability
in all of the determinants of various clearance processes
appears to be the rule, and there is no reason to expect
that a simple anthropomorphic value such as body size
will uniformly and universally take into account such
variability.

III. Clearance and Rate of Elimination

Following the termination of any absorption/distri-
bution phase, drug levels of any system decline, and in
many instances a large proportion of this latter phase
may be described by a monoexponential relationship.
This type of concentration/time profile led to the use of
a half-life (t1£), often described further by the term
“elimination” or “biological,” and a corresponding first-
order rate constant (k = 0.693/t14). For many years this
parameter alone was extensively used to characterize the
elimination process, even though its dependence (equa-
tion 9) on the drug’s volume of distribution (Vd) had
been well established at an earlier time (75).

- 0.693 Vd
CLror

Subsequently, it was recognized that, if appropriate
samples were taken and a sufficiently sensitive assay was
available, the concentration/time profile usually declined
in a multiphasic fashion, frequently described by a
polyexponential relationship. Accordingly, several effec-
tive half-lives could be present, depending on the time
period under consideration. In many instances the ter-
minal half-life is considered to be more relevant than
values at earlier times. However, this choice is highly
dependent on the particular pharmacokinetics of the
drug and the purpose for which the half-life is being used
(34).

Half-life is, therefore, best conceived as a derived
expression of the relationship between volume of distri-
bution and total clearance. These are determined by
different physiological factors, and the two parameters
are independent of each other. The existence of several

th equation 9
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half-lives can be accounted for by time-dependency in
the attainment of the final pseudo-equilibrium distribu-
tion volume (325). Accordingly, half-life, even in the
terminal phase, has little value as an indicator of intrinsic
drug elimination. Appreciation of this fact is particularly
important in comparative studies such as investigation
into the effects of disease states on drug disposition or
drug interactions. Many examples exist where distribu-
tion and total clearance are both affected in such situa-
tions, and often with offsetting results with respect to
the half-life. Accordingly, a half-life is best used as an
indicator of the time required to attain or decline from a
steady-state situation after beginning or stopping a par-
ticular rate of drug administration, and as a determinant
of peak to trough fluctuations after repetitive dosing at
a particular dosing interval.

Another way of appreciating the relationship between
total clearance, volume of distribution, and elimination
is to express equation 9 in terms of the equivalent first
order rate constant (equation 10).

k= %d'm = %%: equation 10
This relationship emphasizes that k is a derived constant
reflecting the fraction of the volume of distribution which
flows to the organ(s) of elimination and is then extracted.
Rearrangement of equation 10 provides an expression
for total clearance.

CLror =k Vd equation 11

Equation 11, or the equivalent form of equation 9,
therefore, provides a means of estimating CLyor. How-
ever, estimation of the Vd term often requires procedures
that are implicit in the more standard approaches (equa-
tions 3 and 4) and, therefore, these are more generally
used. The relationship does, however, provide a useful
link between different multicompartmental models of
concentration/time data. Importantly, equation 11 does
not indicate that total clearance is dependent on a drug’s
volume of distribution. These two parameters are biolog-
ically independent of each other, so that factors that
affect Vd should not have any effect on total clearance
unless a common determinant is involved, such as the
unbound fraction in the plasma. Alternatively, independ-
ent changes in the different determinants may occur as,
for example, in obesity where alterations in organ per-
fusion arise along with the increase in body/organ mass.

IV. Clearance and the First-Pass Effect

Xeniobiotic elimination may occur in many different
organs and tissues that are anatomically arranged in
both parallel and series. Additionally, administration of
the xenobiotic can be by a variety of routes relative to
the site(s) of elimination. Likewise, the sampling site for
determining the concentration term necessary for esti-
mating clearance may be spatially different with respect

to both of these factors. Therefore, with the exception of
intraarterial administration and sampling, the potential
exists that an estimated total clearance (equations 3 and
4) will be an apparent value dependent upon the relative
locations of the above. This complicating factor is ex-
emplified in fig. 1 where, for simplicity only, a single
organ of elimination is considered. In this system, blood
perfuses an organ and then recirculates through a reser-
voir representing the remainder of the body and the
sampling site. In both the blood and the organ, drug
exists bound (C®) to macromolecules and also in an
unbound (C*) form. If drug is administered at site II, i.e.,
distal to the organ of elimination, and sampling occurs
from the reservoir, then the previously classic concept of
total clearance is valid (equations 3 and 4). On the other
hand, if drug administration is immediately proximal to
the organ of elimination (site III), then a fraction of the
dose, equivalent to the extraction ratio (E), will be elim-
inated during the initial transit through the organ.
Therefore, only the fraction (1 — E) of the administered
dose will be delivered to the sampling site and reservoir
(404). Accordingly, total clearance will be overestimated
when based on the administered dose, by a factor reflect-
ing the organ’s “availability” (Forgan), which is equal to
(1 = E) or Cyen/Cyn for that organ. This phenomenon is
frequently termed “first-pass” or “presystemic” elimina-
tion (172, 382, 402).

Dependent upon the sites of administration and sam-
pling, several organs capable of first-pass may be ar-
ranged in a series. For example, a drug must be available
for absorption (ABS) after oral administration and then
may be eliminated by a number of organs arranged in
series, e.g., gastrointestinal lumen (GL), gastrointestinal
mucosa (GM), liver (L), lung (LU), and blood (B) prior
to sampling. In such instances, the oral availability meas-
ured at the peripheral sampling site (F,r.) may be viewed
as the continuous mathematical product of the fractions
of drug that escape loss in each successive tissue (80,
187, 382).

Focas = Fags-FoLFom:Fr-Fry-Fp equation 12

If sequential elimination occurs by two or more organs,
then such first-pass effects result in total clearance being
less than the sum of the actual individual organ clear-
ances (186). Two simple and alternative approaches have
been developed to indicate the potential quantitative
significance of such a difference (186). The “partitioned
blood flow method” is based on distributing the cardiac
output according to the arterial flow rate through indi-
vidual organs that consistute the sampled, central com-
partment. Simple mass balance equations can be devel-
oped based on the rates of drug delivery and elimination
according to the physiological arrangement of the various
organs. A somewhat simpler and more versatile approach
is based on “poly input” organ clearances. According to
this method, the apparent clearance of a particular organ
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(CLypinorgan) i8 given by the product of its extraction ratio
(Eorgan) and its blood flow (Q;) modified by the continu-
ous product ([]) of the individual availabilities of the
organs through which the delivered blood passes before
reaching the organ of interest, i.e., Fyreorgan, Where Fpreorgan
is the Fopy of a given preorgan (equation 13). In both
approaches, total clearance is obtained from the sum of
the individual partitioned blood flow or polyorgan input
clearances.

CLiinowgma = (T Qi I Fixeorgan) Ecegen equation 13

These types of considerations indicate a number of
important relationships (187), some of which are non-
intuitive.

1. The apparent total clearance of a drug estimated
from either equations 3 or 4 is dependent on the route of
administration (equation 14). It is highest after oral
administration; second highest when given intraperito-
neally with absorption through the intestinal wall; third
highest after intraperitoneal administration followed by
absorption by the mesentery; fourth highest when given
intramuscularly, subcutaneously, and intravenously; and
lowest after intraarterial administration.

CL®T™ = CL1or/Fowen equation 14

where Fo.rn i8 the overall ability equivalent to equation
12, by the particular route of administration.

2. Providing that no diffusional barriers exist between
the blood and metabolizing enzymes in the lungs and all
the administered dose reaches the pulmonary mucosa,
the apparent total clearance after inhalation and intra-
venous administration of the drug will be identical.

3. After oral administration of a drug that is rapidly
cleared by several sequential tissues, the apparent total
clearance will be greater than the individual organ clear-
ances because only a fraction of the administered dose
reaches the arterial side of the circulation and the sam-
pling site. Therefore, alterations or differences in the
activity of the metabolizing enzymes (intrinsic clearance)
in the first-pass organ(s) may cause a disproportionately
greater effect on apparent total clearance than the per-
turbation in intrinsic clearance would suggest. For ex-
ample, a 2% decrease in hepatic clearance from 99 to
97% of hepatic blood flow results in a bioavailability of
(1 — E) increase of 200% (from 0.01 to 0.03).

4. Regardless of the route of administration, the ap-
parent clearances by the lungs and kidneys are additive,
and the first-pass effects of the intestinal lumen, mucosa,
and liver will affect both apparent clearances equally.

5. The apparent clearance by the kidney can never
exceed its organ blood flow, regardless of the route of
administration. Results are similar for any other elimi-
nating organ which has the same relationship between
the site of administration and the sampling site. Thus,
when clearance by the lungs is absent, apparent total
clearance estimated after intravascular administration

cannot exceed cardiac output. On the other hand, drug
delivery to the lungs is always by way of site III (fig. 1),
and apparent total clearance is given by equation 15.
Therefore, whenever the pulmonary extraction ratio
(EL,) is greater than 50%, apparent total clearance fol-
lowing intravenous administration will exceed the car-
diac output (Q.,). This situation may also arise if elimi-
nation takes place within the vasculature as occurs with
drugs metabolized or degraded within the blood and/or
by enzymes located in the vascular endothelium, e.g.,
nitroglycerin (301).

Cloor = QuEL.

o = h Q- Ew

Since CLror is considered to be the same regardless of

the route of administration, equations 4 and 14 may be

combined following equal doses of drug at two sites

separated by a first-pass organ(s), so that an estimate of

differential or relative availability may be obtained
(equation 16).

equation 15

Fprosimat  AUCprvuima ;
Fam AUCaru equation 16

where AUC is the total area under the blood or plasma
concentration/time curve after giving drug at a site prox-
imal and then distal to the first-pass organ. Providing
linear pharmacokinetics are present, the AUCs may be

SitelL Reservoir
—A—I Ctaot Cg‘“
-------- I;
Cs
Q Q
Liver
- tot Ct
Co __C_L__ _ “ Cin
i | ct
Site I
Site [ CLin
Elimination

F1G. 1. A simple physiologically based model of hepatic elimination
illustrating the importance of the site of drug administration relative
to the organ and sampling site. @, blood flow through the organ;
CLj., free intrinsic clearance of drug within the organ; and C**, C¥,
and C®, the concentrations of total unbound and bound drug in the
blood (B) and liver (L).
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proportionally adjusted to take into account different
doses at the two sites. Frequently, the intravenous route
is used for distal administration, in which case the avail-
ability estimate is considered to be absolute, since in this
case all of the dose reaches the vascular system, and it is
assumed that Fg,., is unity. However, when a pulmonary
first-pass effect is present, this is not correct and drug
administration into the pulmonary vein or aorta is re-
quired to provide an absolute measure of availability
(187). 1t is also possible to use equation 16 to determine
relative bioavailability of two different drug preparations
administered by the same route.

By far the most extensive application of equation 16
has been in the evaluation of drug bioavailability follow-
ing oral administration. A voluminous literature exists
on the relative availability of two or more formulations
of a drug or a drug product’s absolute availability. Since
such studies are generally directed towards the regulatory
aspects of drug product development, the focus is on the
overall availability rather than on an assessment of the
relative contributions of the individual sequential first-
pass effects (equation 12). Consideration of the latter
often lead to complex theoretical interrelationships be-
tween the various elimination processes (93, 97, 187, 256,
350). Nevertheless, a number of studies have successfully
used drug administration at different anatomical sites
and other experimental approaches (169) to separate the
first-pass effects of individual organs in animals. For
example, comparison of the plasma AUCs following oral,
intraportal, and intravenous administration of acetylsal-
icylic acid in the dog indicated that 20 to 30% of an oral
dose is metabolized in the gastrointestinal lumen or
mucosa during absorption. An additional 22 to 41% of

‘the dose is subsequently removed during the initial pas-

sage through the liver, so that the overall oral availability
is only 37 to 52% of the administered dose (206). More
recently, it has been shown that the very low availability
(3%) of an orally administered dose of phenol in the rat
is due primarily to gastrointestinal enzymes that extract
about 92% of the dose during absorption (80). The liver’s
contribution to first-pass elimination is unexpectedly
small, since its extraction ratio is only about 6% (Fy =
94%), but the lung has a pronounced metabolic function
(EpL. = 62%). Subsequent studies demonstrated the dose-
dependency of each of the organs’ extraction ratios (81)
and extended the approach to the hepatic and extrahe-
patic conjugation of naphthol (310). The low oral bioa-
vailability of isotretinoin in the dog was also shown to
be largely due to loss of drug prior to reaching the portal
circulation; i.e., degradation occurred in the gastrointes-
tinal tract (101). Similar studies with buprenorphine
showed that the mean availabilities relative to the intra-
arterial route were 98% for the intravenous route; 54%,
intrarectal; 49%, intrahepatoportal; 13%, sublingual; and
9.7%, intraduodenal (68).

The hepatic first-pass effect has also been assessed in

vivo by surgically constructing a portacaval shunt so that
the venous return from the stomach, small intestine, and
colon is delivered into the vena cava, thus bypassing the
liver. This model was able to show that, of the 78% first-
pass extraction of salicylamide when administered orally
in the dog, 36% is due to hepatic elimination, whereas
the remaining 42% is accounted for by metabolism in
the intestinal wall (197). Similarly, the pre-hepatic and
hepatic first-pass effects were about equal following oral
administration of pentazocine in this model (175). The
analogous situation in patients with various types of
extrahepatic shunts has not, however, been extensively
exploited except for the finding that propranolol’s oral
availability was complete in a patient with an end-to-
side portacaval anastomosis compared to less than 30%
in normal subjects (428). An alternative animal model
for investigating the sequential first-pass effects after
oral administration involves surgical end-to-end trans-
position of the portal vein and inferior vena cava in the
dog (289). With this preparation, an oral dose passes
through the intestinal wall and is delivered to the central
vena cava, thus bypassing the liver. Administration into
the hind limb is equivalent to giving the drug intrapor-
tally, whereas forelimb administration provides the usual
intravenous situation. Studies with propranolol (139,
290) confirm the suggestion in man (428) that intestinal
metabolism is absent, and the liver is the sole contributor
to the overall first-pass effect. Unfortunately, all of these
models cause physiological and metabolic changes that
affect hepatic function, including drug elimination. Ac-
cordingly, extrapolation of the findings to the normal
situation may not be simple, even if the problems of
interspecies extrapolation are absent.

Because of the potentially large first-pass effect after
oral administration, even though all of the drug is ab-
sorbed, there has been increased interest in drug delivery
by other routes, particularly for drugs whose clinical use
is precluded because of this factor. In this regard, there
has been renewed interest in the rectal route of admin-
istration since the lower hemorrhoidal veins drain di-
rectly into the vena cava, bypassing the liver. A number
of studies in both animals and man have demonstrated
that for drugs with a high hepatic clearance the rectal
route of administration can potentially lead to avoidance
of the hepatic first-pass effect (128). For example, in the
rat the availability of lidocaine was 80 to 100% after
rectal administration compared to about 7% following
oral dosing (126), and similar findings were obtained
with propranolol (127). In man, less impressive findings
have been obtained (125, 134) probably related to intrin-
sically poor absorption from the small surface area of the
rectum and the fact that the superior rectal vein drains
into the portal system and the hepatic first-pass effect is
still present.

Transdermal drug delivery has also received increased
attention in part because of the avoidance of hepatic
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first-pass metabolism. The skin, however, possesses a
drug metabolizing ability that can be quite high (488)
and, therefore, a potential first-pass effect is still present
at this site. For example, with topically applied nitro-
glycerin in the rhesus monkey, this percutaneous first-
pass effect was about 20% (489), but additional experi-
mental data on this phenomenon are limited.

The amount and concentration of drug during its
initial presentation to a first-pass organ may be consid-
erably higher than when the same dose is given at an-
other site with the opportunity for subsequent extravas-
cular distribution. The ratio of the initial concentrations
by the two routes is a function of the rate of drug delivery
(absorption), the drug’s volume of distribution, and the
blood flow rate to the organ (382). After oral administra-
tion, for example, the initial concentration entering the
liver may be many times greater than after an equivalent
intravenous dose if the volume of distribution is large
and the rate of absorption is rapid. This may result in
saturation of one or more of the individual clearance
processes, and the first-pass effect becomes nonlinear
with availability being a function of the administered
dose and its rate of absorption (382). A number of drugs
in man exhibit “hockey-stick” shaped curves when over-
all oral availability is plotted against administered dose,
and it is generally considered that this reflects saturable
metabolism during a first-pass effect. An additional fac-
tor that may also be involved is that the higher initial
blood concentration may decrease the binding of drug to
plasma proteins resulting in increased first-pass organ
uptake and elimination. This possibility has not, how-
ever, been experimentally investigated. A similar situa-
tion exists with respect to the potential effects of slow
distribution of drug from the plasma into the formed
elements of the blood. Following absorption, only a few
to several seconds are available for equilibration before
the blood reaches the first-pass organ(s). If distribution
is still incomplete after this period, the first-pass effect
will be greater than expected based on data obtained
after equilibration or the measurement of blood clearance

. after intravascular administration (87).

Because of these types of factors, and also the potential
for large intrasubject variability in drug elimination, it
is increasingly recognized that the optimal application of
equation 16 for the assessment of availability requires
simultaneous drug administration by the two routes un-
der consideration. Such concurrent administration en-
sures that each dose will be identically handled regardless
of the kinetics of the clearance processes. An exception
to this appears to be in relative oral availability studies,
where one drug preparation is administered in a far more
rapidly absorbed form, e.g., solution, than the other drug
product. If a nonlinear first-pass effect is present, then
the initial: availability associated mainly with the more
rapidly absorbed drug will be lower than at later times
when drug from the second preparation passes through

the involved organs (419). Obviously the concurrent ad-
ministration approach requires labelled drug so that the
contributions of each dose to the overall blood/plasma
concentration/time profile can be differentially assessed.
Both radiolabelled (263, 474) and stable-isotope labelled
(140, 210, 321) compounds have been successfully used
for this purpose.

It is generally assumed that the organ extraction ratio
operating on a drug undergoing a first-pass effect is the
same as that for systemically delivered drug. While this
appears to be valid for the liver and many other organs,
it does not necessarily apply to gastrointestinal drug
elimination. First-pass metabolism within the lumen
would seem unlikely to reoccur once the drug has been
absorbed or after administration by other routes. Simi-
larly, there is no a priori reason that mucosal metabolism
after luminal exposure should occur to the same extent
as when drug is delivered to the intestine by the mesen-
teric blood supply, of which only 20% is distributed to
the mucosa (40). In both of these situations, the fraction
of the dose presystemically eliminated is greater than
would be predicted based on the systemically determined
organ extraction ratio (402). Experimental determina-
tion and quantification of such “true” first-pass effects
are difficult, but a number of examples support the
possibility of the phenomenon. For example, the availa-
bility of methyldigoxin in man is about 80%, which is
significantly less than that predicted from a calculated
splanchnic extraction rate of 8% (212). Similarly, levo-
dopa, which is well absorbed from the gastrointestinal
tract, is not eliminated to any extent by the liver, yet it
undergoes significant presystemic elimination in man (8)
and the dog (113), and evidence exists for metabolism in
the intestinal lumen and mucosa (395). Quantitative
changes in metabolite patterns may also indicate a “true”
first-pass effect; for example, with terbutaline the uri-
nary excretion ratio of the glucuronide metabolite to
unchanged drug in the rat was 1:1 after subcutaneous
administration, 2:1 after intraperitoneal or intraportal
dosing, but 13:1 following oral administration (109, 429).
A similar finding was observed with salbutamol in man
where the major metabolite constituted 61% of the dose
after oral administration compared to the intravenous
value of 27% (146). Isoproterenol’s metabolism has also
been extensively studied for the presence of “true” pre-
systemic elimination, since the pathways of metabolism
differ between the gastrointestinal tract, which forms
sulfate conjugates, and the liver, which O-methylates the
drug. In the dog (108), the fraction of conjugates was
greater (50%) after oral than after intravenous or intra-
portal administration (<10%). Similarly, in man only
unchanged isoproterenol, 3-O-methylisoproterenol, and
its conjugates were excreted in the urine after intrave-
nous administration, but isoproterenol’s sulfate conju-
gate appeared after oral dosing (105). Direct evidence
that this sulfation pathway is used largely after direct
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mucosal exposure and not on systemic recycling of the
drug also has been obtained in the canine, isolated per-
fused gut preparation (170). Pentazocine also undergoes
extensive first-pass elimination after oral administration
with the production of a glucuronide conjugate. However,
no such metabolite was observed following mesenteric
infusion of drug in the in situ rabbit jejunum preparation
(227).

It is also probable that the pulmonary extraction after
inhalation may also be greater than that affecting drug
already present in the pulmonary vascular bed. For ex-
ample, when isoproterenol was introduced into the “vas-
cular” system of the isolated dog lungs, the plasma con-
centration of unchanged drug, particularly early after
administration, was high and little metabolite was
formed (69). In contrast, when the drug was introduced
intrabronchially, the 3-O-methyl metabolite was the pre-
dominant plasma moiety, and its concentration always
exceeded that of isoproterenol. However, quantification
of this phenomenon has not been reported with any other

drug.
V. Clearance Models of the Liver

Estimation of a clearance value provides a measure of
the efficiency of the involved removal process(es) and as
such has predictive utility, but only for a particular
xenobiotic and under conditions of the original deter-
mination. Thus, it is possible under linear conditions to
estimate steady-state blood concentrations for any given
dosage regimen and, along with knowledge of the half-
life, the blood concentration/time profile. However,
clearance per se cannot predict the quantitative changes
in these concentrations when a determining factor such
as the activity of the drug metabolizing system is per-
turbed as, for example, by enzyme induction or inhibi-
tion. This is because the clearance estimate is simply a
descriptor whose value is determined by the biology of
the system; it does not provide in itself any insight into
this “black box.” Such knowledge requires an under-
standing of the physiological determinants of the process
and, most importantly, how these interrelate with each
other in a quantitative fashion, i.e., a model of organ
elimination.

The liver has been the focus of much of this modeling
in an attempt to develop a unified and general system
that would account for the different and apparently
contradictory eliminating characteristics of this organ.
Subsequently, similar approaches have been applied in a
more limited fashion to other eliminating tissues such as
the kidney. The critical modeling issue has been the
mathematical relationship between the a priori biological
determinants of organ uptake and removal, namely drug
delivery to the organ as controlled by blood flow rate,
reversible binding of drug to blood constituents like
albumin and a;-acid glycoprotein, and the inherent abil-
ity of the eliminating process such as the activity of drug
metabolizing enzymes. Several different models have

been successfully developed which have certain similar-
ities in their general ability to describe and predict broad
phenomena, but differ at a finer level of resolution.

A. The Well-stirred or Venous Equilibration Model

In the late 1960s—early 1970s, Bischoff and Dedrick
(reviewed in refs. 173 and 291) made a major contribution
to pharmacokinetics by developing physiological model-
ing based on an understanding of actual anatomical and
physiological considerations that determine drug dispo-
sition, e.g., blood flow, tissue and organ size, membrane
transport, clearance rates, etc. Rowland et al. (406) ap-
plied this approach to a consideration of hepatic clear-
ance, and their analysis was subsequently refined and
extended (498) into what is now commonly referred to
as the well-stirred or venous equilibration model of he-
patic elimination (357, 498). In this model, the liver is
conceived to be a single well-stirred compartment with
intimate mixing between portal and hepatic arterial
blood in the sinusoids. Also, it is considered that only
unbound drug can translocate into the hepatocyte, and
the subsequent rate of drug elimination is a function of
the concentration of this moiety. The degree of ionization
of drugs that are weak electrolytes and the possibility of
intratissue pH gradients are rarely considered, although
it is theoretically possible to incorporate these factors
(41). Accordingly, at steady-state, hepatic clearance may
be defined by equation 17 (184, 187).

- Qfs“CLECLayr .
= CLt(fs'CLar + Q) + QCLg, ~ Sduationl7

where Q is liver blood flow, CLY. is the free intrinsic
clearance of unbound drug from liver water, CLg; is the
diffusional clearance of total drug between blood and
liver tissue, and fg* is the fraction of unbound drug in
the blood. The latter is related to the more commonly
determined fraction in plasma, fp“, by the relationship
fs* = fp* + (B/P), where B/P is the concentration ratio
of blood to plasma (equation 8). Thus, the rate-limiting

CLy

step in the overall process may either be the rate of

diffusion of drug out of the blood into the tissue (CLy
<« fg*CLi,) or, if this step is sufficiently rapid, the rate
of delivery of drug to the tissue (CL4it > fz“CL%.). Rarely
is experimental evidence available to determine which of
these alternatives is appropriate. Instead, a particular
mechanism is assumed, which in the case of many xe-
nobiotics is the perfusion-limited case. It should be
noted, however, that subsequent interpretation may de-
pend upon the correctness of this assumption for any
given drug (133, 409). In the case where diffusion is not
limiting, the concentration of unbound drug in the emer-
gent blood is assumed to be in equilibrium with that in
the liver tissue, and the concentration profile across the
organ is constant (fig. 2). Accordingly, equation 17 de-
generates into the relationship (equation 18)
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- o f2“CL& ] .
CLy @+ fo"ClL. equation 18
where the parenthetical term is equivalent to the steady-
state hepatic extraction ratio.

The important contribution of equation 18 was the
development of the concept of intrinsic clearance, a
measure of the liver’s inherent ability to eliminate a
drug, i.e., administration at site I (fig. 1). Originally, this
was conceived in terms of total drug (CL{%) and indicated
the maximal eliminating ability in the absence of flow
limitations (406, 498). Subsequently, it was recognized
that the free intrinsic clearance (CLY.) of a drug whose
elimination was rate limited by an intracellularly located
process, such as biotransformation, could be conceptual-
ized as the clearance rate from liver water, i.e., irrever-
sible removal of unbound drug subsequent to dissociation
from binding sites in the blood, transport into the hep-
atocyte, and equilibration with intracellular binding
sites. When rate-limiting steps other than drug metabo-
lism or biliary excretion are present, for example, active
transport across membranes, then free intrinsic clear-
ance is less readily visualized, but it still corresponds to
the liver’s intrinsic clearance of total drug corrected for
the degree of binding in the blood (CLiSt = fz“CLi: =
rate of elimination/C.", where C.* is the unbound drug
concentration in liver water).

From a biochemical standpoint, free intrinsic clear-
ance is related to the kinetic constants of the overall
eliminating process, which in the case of biotransfor-

mation (equation 19) are the maximal rate of metabolism
(Vmex) and the concentration at half-maximal velocity
(Km)-

=1 K-.n + Ct. n19

where i different individual enzymes contribute to the
overall elimination, and C." is assumed to be equal to
the unbound level in the emergent blood (357).

In many instances, the driving concentration for me-
tabolism (C.“) is far less than the K, of the enzyme
system, and the kinetics become independent of the drug
concentration. Under such linear or first-order condi-
tions, the free intrinsic clearance reaches a constant
maximum value equal to the summed ratios of V., to
K. (equation 20) (181).

Vousi
Cle= £ 3=

Rearrangement of equation 18 under the assumption
of first-order provides an empirical definition of total
intrinsic clearance after oral administration of a com-

equation 20

pletely absorbed drug (equation 21).
CLE = f*CLe = o = & ~ e = fa) S0 oquation 21

where fr and fgy are the fractions of an intravenous dose
which are eliminated unchanged and by metabolism at
extrahepatic sites, respectively. Drug excretion is fre-
quently limited to the renal route and, therefore, fz is
readily estimated. Furthermore, if there is no extrahe-
patic metabolism, then the drug’s total intrinsic clear-
ance by the liver is equal to the ratio of the fraction of
the orally absorbed dose not excreted to the total area
under the blood concentration/time curve. This simpli-
fies even further to dose/AUC, for a drug which is totally
eliminated by the liver (375, 498). If extrahepatic metab-
olism and/or extrarenal excretion unknowingly occurs,
then the determined CL!% will be an overestimate of the
actual value. Such considerations apply regardless of the
absolute value of CL{%; thus, the approach is valid for all
drugs, providing absorption from the gastrointestinal
trace is complete. If the latter is not true, then the
calculated value will again be an overestimate.

B. The Undistributed Sinusoidal Perfusion or Parallel-
Tube Model

At the same time that the venous equilibration model
of hepatic elimination was being developed by investi-
gators with a pharmacological interest, gastroenterolo-
gists were also attempting to model gross hepatic func-
tion from their viewpoint. Starting in 1973, Winkler and
coworkers published a number of analyses based on an
earlier approach (66, 491) on what has become known as
the undistributed sinusoidal perfusion or parallel-tube
model (26, 243, 244, 503-505).

2102 ‘8 Jaqwiadaq uo Alslaniun Lesewwey | ye Bio'sjeuinofiadse asiwreyd woly papeojumoq


http://pharmrev.aspetjournals.org/

PHARMACOLOGICAL REVIEWS it

aspet

14 WILKINSON

In this model, the liver is conceptualized as a large
number of identical cylindrical tubes, representing the
sinusoids, that are arranged in parallel and with the
hepatocytes, each having the same drug eliminating ac-
tivity surrounding the cylinder. Drug uptake may be
limited by diffusion from the unidirectionally flowing
blood into the cell, but there is currently no adequate
mathematical description of this that is useful for the
practical analysis of bulk concentration changes across
the organ (191). Accordingly, diffusion is considered to
be rapid, and equilibrium exists between drug within the
cylinder and at the eliminating site (metabolizing en-
zymes). For similar mathematical reasons, the unbound
drug concentration at the eliminating site is often con-
sidered to be far less than the K., for the process, so that
first-order conditions apply. This is not, however, a
prerequisite (26, 243-246, 503-505). Finally, the unbound
fraction of drug within the sinusoidal cylinder (fz") is
assumed to be the same as that in the emergent blood
and at other sites within the body. Under these condi-
tions and assumptions, a concentration gradient exists
across the liver (fig. 2), and hepatic clearance may be
defined by equation 22.

CLy = Q(1 — e-"CLWN) equation 22

Free intrinsic clearance is conceptually the same as in
the venous equilibration model, i.e., rate of hepatic re-
moval/C.“; however, its absolute value is different. This
is because the drug concentration within the sinusoids
decreases from an initial level upon entry into the liver
to the final emergent value. Accordingly, the “driving
force” for elimination in the sinusoidal perfusion model
is considered to be the logarithmic mean of the inlet (C;)
and outlet (C,) concentration (C) rather than the level
in the emergent blood (26, 243, 244, 503-505), where ¢
= (C; = C,)/In(C;/C,). Thus, for any given hepatic clear-
ance value, the free intrinsic clearance has to have a
lower value in the sinusoidal perfusion model than in the
venous equilibration model or, viewed another way, for
any value of free intrinsic clearance, hepatic extraction
and clearance will be higher in the case of the sinusoidal
perfusion model.

An estimate of intrinsic clearance for the sinusoidal
model (29) can only be obtained after giving the drug
both orally and intravenously (equation 23); cf. equation

21 for the well-stirred model.
D - fz — fa)in ﬁg—gj
CLE = f5“CLt = AUC, — AUG, equation 23

The distinction between the model-independent con-
cept of free intrinsic clearance as a rate of drug removal
from liver water and the model-dependent means of its
estimation from experimental data has unfortunately
caused some confusion (243, 469, 471). But in many
experimental sitautions, a precise value of intrinsic clear-

ance or model-dependent differences between estimated
values are not particularly important. Nevertheless, this
model-dependent characteristic of the estimated value
must be recognized.

C. The Distributed Sinusoidal Perfusion Model

An attraction of the sinusoidal perfusion model over
the venous equilibration system is its closer resemblance
to the known physiology of the liver, particularly with
respect to the intrahepatic concentration gradient pro-
file. However, it is still oversimplified and deviates from
known hepatic characteristics. This is especially true
with regard to the assumption that all of the sinusoids
are functionally identical. It is well established, for ex-
ample, that the capillary transit times of labelled eryth-
rocytes and other markers are quite heterogeneous (189,
192). Similarly, heterogeneous distribution of drug me-
tabolizing enzymes within the liver acinus is well estab-
lished (20, 107, 200, 389, 457, 475). In order to overcome
such ideality and improve model predictions, the simple
undistributed sinusoidal perfusion model has been theo-
retically extended to include a distribution of blood flow
and enzyme activity within the liver (fig. 2). Analyses
have been presented for the general case of the Michaelis-
Menten type elimination (24, 28) and also the limiting
case of first-order removal (22, 415) when blood flow and
intrinsic clearance are assumed to be normally distrib-
uted. Differences in prediction of the undistributed and
distributed models are determined by the coefficient of
variation of this distribution. An alternative approach
(155) utilizes a skewed distribution with the potential to
utilize other forms. Attempts have also been described
to develop an approach that would permit determination
of the density function necessary to generate a known
hepatic removal profile from a given input function (57).
In general, these distributed models involve complex
mathematics and are focused on describing intrahepatic
events rather than the more global aspects of hepatic
clearance following delivery of a drug to the liver. Be-
cause of these factors, their application to analyzing the
latter type of experimental data has been limited.

D. The Dispersion Model

A new unifying model of hepatic elimination has re-
cently been developed which is not only consistent with
hepatic physiology (fig. 2), but simplifies under limiting
conditions to all of the already existing models. This has
been termed the dispersion model because of its analogy
to non-ideal flow in a packed-bed chemical reactor (397a,
397b). The model is characterized by two main parame-
ters: the efficiency number (Ry) which describes the
efficiency of drug removal by the liver and is equivalent
under first-order conditions to fg“CL%./Q; and an axial
dispersion number Dy. The latter is a measure of the
dispersion or spread in residence times of drug molecules
moving through the liver; the higher the value of Dy, the
greater the degree of axial dispersion. The mathematical
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solution for hepatic clearance in the dispersion model is
quite complex (equation 24)

CL){ b Q[l 40

~ (1 + a)%expl(a — 1)/2Dx]

equation 24
= (1 - a)’exp[—(a + 1)/2Dn]

where a = (1 + 4RyDx)"2 Interestingly, when Dy — o,
i.e., when there is extensive axial dispersion, equation 24
devolves to equation 25 which is identical in form to the
expression for the venous equilibration model (equation
18).

Ry
1+ Ry

CLy = equation 25
Similarly, if Dy — 0, i.e., axial dispersion is negligible,
equation 24 reduces to equation 26, which describes the
undistributed sinusoidal perfusion model (equation 22)

CLy = Q(1 — e~®n) equation 26

Moreover, when Dy is small, the dispersion approximates
to a normal distribution, and equation 24 simplifies to

CLB = Q[l - e‘(‘ll’kfrbll)] equation 27

This equation is equivalent to the form of the distributed
model of Bass et al. (28).

Development of the dispersion model addresses some
of the difficulties caused by the existence of two different
and sometimes contradictory models of hepatic elimina-
tion. However, its application to experimental data is
limited (398), and its advantages/disadvantages need to
be further defined (25).

E. Model Predictions of Hepatic Clearance

The importance of the development of physiologically
based models of hepatic elimination was that it provided
an opportunity to predict the effects of perturbations in
the biological determinants of elimination on clearance
and blood concentration/time profiles. Because the in-
terrelationships between these factors are different for
the various models, the predictions differ. It is, however,
important to recognize the levels at which such discrep-
ancies occur. In global terms, all of the models provide
similar predictions with respect to the overall effects
based on the relative values of the determinants and
perturbations in these. Thus, a change in free intrinsic
clearance, or liver blood flow, or binding in the blood has
the same general predictive effect regardless of which
model is used. This has permitted the definition of broad
and useful characteristics of pharmacokinetic behavior.
On the other hand, intermodel differences exist in the
precise value of any prediction. However, such differ-
ences only become significant and experimentally deter-
minable when considering drugs which are very effi-
ciently cleared by the liver, i.e., high total intrinsic clear-
ance.

1. Intrinsic clearance relationships. Intrinsic clear-

ance is a measure of the inherent ability of the hepato-
cytes to irreversibly remove a drug in terms of either
unbound or total concentrations. Importantly, its rela-
tionship to the liver’s eliminating capacity is nonlinear,
and the contribution to the organ’s overall function is
dependent upon its value relative to that of liver blood
flow (fig. 3). Accordingly, two extreme characteristics
exist. When total intrinsic clearance is small relative to
liver blood flow, then hepatic extraction and clearance
are low and primarily reflect the removal process, for
example, drug metabolizing activity. Thus, a change in
intrinsic clearance caused by enzyme induction/inhibi-
tion or a difference related to interindividual variability
is expressed as an almost proportional change in organ
elimination. On the other hand, if the drug metabolizing
activity is high so that CL}% > Q, then hepatic extraction
and clearance are also high and relatively insensitive to
changes in intrinsic clearance. This is because drug de-
livery to the hepatocytes by liver blood flow, rather than
the eliminating activity of the hepatocytes, is essentially
the rate-limiting factor for the overall removal process.
Thus, drugs may be classified by whether their hepatic
clearance is “enzyme-limited” (E < 0.3) or “flow-limited”
(E > 0.7), with an intermediate class where both factors
are involved (26, 498, 504). Since availability is inversely
related to the extraction ratio, it follows that the first-
pass effect is also a reflection of total intrinsic clearance.
All drugs will exhibit some first-pass elimination, but
this will only be significant and important for those with
high total intrinsic clearance values.

Differences in blood concentration/time profiles after
intravenous and oral administration as well as at differ-
ent values of total intrinsic clearance can, therefore, be
examined. Importantly, such differences manifest them-
selves in characteristic fashions depending on whether
the drug has a low or high total intrinsic clearance
relative to liver blood flow (fig. 4). For example, when
total intrinsic clearance equivalent to a hepatic extrac-
tion ratio of 0.1 is increased by 2-fold, as might occur
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F1G. 3. The relationship between total intrinsic clearance and he-
patic clearance, extraction, and availability according to the venous
equilibration model, assuming a liver blood flow of 1.5 liters/min. The
inset indicates on an expanded scale the relationship at low values of
CLE&:. Modified with permission from Wilkinson and Shand (498).
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F1G. 4. The effects according to the venous equilibration model of
increasing hepatic total intrinsic clearance (CL{%) on the total blood
concentration/time curves after intravenous (top) and oral (bottom)
administration of equal doses of two totally metabolized drugs. The left
panels refer to a drug with an initial CLIZ equivalent to an extraction
ratio of 0.1 at a liver blood flow of 1.5 liters/min, and the right panels
to one with an initial extraction of 0.9. Essentially similar profiles
would be predicted by the other models of hepatic elimination. Modified
with permission from Wilkinson and Shand (498).

during enzyme induction, then the major effect is an
increase in the efficiency of hepatic extraction by a
similar order of magnitude (E = 0.18). Systemic clear-
ance is, therefore, altered, and the elimination half-life
is approximately halved (fig. 4, left). Although the
change in extraction is large, the relative effect on oral
bioavailability (1 — E) is small and, therefore, doubling
CL!% only decreases the systemic availability after oral
administration from 90% to 82%. Accordingly, the re-
duction in AUC;, is predominantly due to the shortening
of the elimination half-life. On the other hand, when
CLZ is such that the initial extraction ratio is 0.9,
completely different alterations in pharmacokinetics are
elicited by a doubling of CL!% (fig. 4, right). The extrac-
tion is increased by only a small factor (E = 0.95);
consequently, there is minimal alteration in clearance or
half-life. However, this change increases even further the
already pronounced presystemic elimination after oral
administration, and systemic availability falls by one-
half (10.0% to 5%) as indicated by the large decrease in
peak blood concentration. Accordingly, for a highly ex-
tracted drug, the reduction in AUC, is mainly caused by

a similar reduction in the fraction of the dose of drug
reaching systemic circulation.

The pharmacokinetic characteristics typical of a low
extraction compound would appear to be applicable to a
large number of xenobiotics. In fact, such behavior was
once the common dogma, hence the widespread, but
incorrect, use of elimination half-life as an indicator of
eliminating capacity. This situation arose because few
high extraction drugs had been developed or their phar-
macokinetics fully investigated prior to the 1970s. There
are, therefore, many reports of high oral bioavailability
and, when absorption is rapid, almost identical concen-
tration curves after both intravenous and oral dosing, for
example, antipyrine, warfarin, and tolbutamide (17).
With such compounds metabolic drug interactions, in-
terindividual differences in metabolism, and the effects
of disease states such as liver dysfunction are all reflected
by changes in elimination half-life (103, 460, 461, 500).
In the last 10 yr, however, the total clearance of an
increasing number of drugs which are only eliminated by
the liver has been shown to approach hepatic blood flow.
Accordingly, the oral bioavailability is low even when
gastrointestinal absorption is complete, and AUC, ex-
hibits considerable intersubject variability reflective of
differences in CL% (382). There is also now reasonable
documentation of the lack of effect of enzyme induction
or inhibition on the elimination half-life for this type of
drug as contrasted to the profound changes in AUC,. For
example, stimulation of drug metabolizing activity by
chronic phenytoin treatment substantially decreased the
peak plasma levels and AUC, of metyrapone given orally
to patients, but had no effect on systemic clearance or
elimination half-life after intravenous infusion (304).
Similar effects of daily pentobarbital administration on
the blood concentration/time profile of alprenolol (13)
and chronic antiepileptic therapy on lidocaine disposi-
tion (376) in man have also been reported. The inhibition
of 6-mercaptopurine metabolism by allopurinol in both
man and monkey was characterized by analogous
changes, i.e., 300 to 500% increases in AUC,, but no
effect on the pharmacokinetics after intravenous admin-
istration (524). Likewise, the effects of chlorpromazine
pretreatment of the disposition of propranolol were much
more pronounced on AUC, than elimination half-life
(462). ’

Because intrinsic clearance gifferences are always
manifest after oral administration, whereas this is not
the case after intravenous dosing (fig. 4), the former
route is now often used to quantify such changes caused
by factors such as drug-drug interactions or disease
states. However, the potential pitfalls of this approach
are not always appreciated. First, AUC, not only reflects
hepatic elimination, but also that by any other first-pass
organ such as the gastrointestinal tract, both lumen and
epithelium, and lung (equation 12). Unless the contri-
butions of these other organs to the first-pass effect are
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negligible, the relationship between AUC, and hepatic
intrinsic clearance is not unequivocal. Thus, the plasma
concentration/time profile of phenacetin is profoundly
affected by pretreatment with 3-methylcholanthrene in
rats (485). While enhanced hepatic metabolism is un-
doubtedly contributory, induction also occurs with en-
zymes of the gut flora, the intestinal epithelium, and
possibly the lung (93, 255). In fact, using different routes
of administration and applying equation 16, it was shown
that 3-methylcholanthrene pretreatment doubled the he-
patic extraction ratio from 0.13 to 0.28, but increased the
intestinal extraction ratio from essentially zero to 0.54
(255). A similar situation probably occurs in man as well
following pretreatment with charcoal-broiled beef (104)
and cruciferous vegetables (365). Not only do such data
emphasize the need to account for all sites of presystemic
elimination when interpreting AUC,, but they also in-
dicate that the relative contribution of such processes
may not be the same in control and experimental studies.

Interpretation of AUC, estimates is often limited to
total drug concentrations and, therefore, CLi% so that
any effects of fg* are implicitly included. Thus, when
CL%, is unchanged, a perturbation in plasma binding
leads to an alteration in the AUC, of total drug. Hence,
in renal failure patients, the plasma concentrations of
propranolol tend to be lower than in control subjects
because of reduced binding, but the drug metabolizing
ability of both groups (CLY.) is similar (509). In this
case, disposition is further complicated by the effect of a
decreased hematocrit in the patients which, combined
with the binding change, alters the blood/plasma concen-
tration ratio, and blood concentrations of propranolol
are the same in both groups. In the same fashion, the
almost 2-fold higher plasma concentrations, but similar
elimination half-life, of diphenhydramine in Orientals
compared to Caucasians can be explained by a difference
in plasma binding of similar magnitude. The metabolism
of diphenhydramine as estimated by its free intrinsic
clearance is the same in both racial groups, as is the
distribution of unbound drug (434).

It is also important to recognize that AUC, may also
be altered by a change in liver blood flow if the drug’s
hepatic elimination is according to the undistributed
sinusoidal perfusion model (equation 23). This is in
contradistinction to the situation with the venous equil-
ibration model (equation 21) which predicts that AUC,
and CL{ are independent of this determinant (357).
Examples of such discrepancies have not, however, been
reported.

Finally, it is essential in interpreting AUC, to have
knowledge of the fraction of the administered oral dose
that is actually absorbed from the gastrointestinal tract.
Such information is not always available, and assump-
tion of a particular value and/or its constancy between
experimental protocols often limits the findings.

2. Blood flow relationships. With drugs having a small

total intrinsic clearance relative to liver blood flow, the
effects of the latter on hepatic extraction/clearance and
the blood concentration/time profile are negligible re-
gardless of the route of administration (fig. 5). However,
when CL}, > Q, then the limiting step in the removal
process is the rate of delivery of drug to the hepatocyte,
and hepatic elimination and half-life become dependent
on liver blood flow (fig. 5). Between these extremes,
partial dependency is present dependent upon the actual
extraction ratio. In the case of an orally administered
drug, the venous equilibration model predicts that the
change in the rate of elimination of a high clearance drug
is offset by that in its bioavailability, so that AUC, is
independent of liver blood flow (357, 498). On the other
hand, if elimination follows the undistributed sinusoidal
perfusion model, AUC, increases when liver blood flow
falls relative to its normal value of 1 to 2 ml/min/g liver
(194) and decreases with enhanced flow (357). This
model discrepancy is most pronounced when E > 0.9 and
manifests itself as a difference in peak blood levels.
Flow-dependent clearance of highly extracted xeno-
biotics, such as dyes like sulfobromophthalein, rose ben-
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F1G. 5. The effects according to the venous equilibration model of
decreasing liver blood flow on the total blood concentration/time curves
after intravenous (upper panels) and oral administration (lower panels)
of equal doses of two totally metabolized drugs. The left panels show a
drug with a total intrinsic clearance equivalent to an extraction ratio
of 0.1 when blood flow equals 1.5 liters/min, and the right panels to a
drug with a CL{2 value equivalent to an extraction ratio of 0.9. Essen-
tially similar profiles would be predicted by the other models of hepatic
elimination. Reproduced with permission from Wilkinson and Shand
(498).
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gal, and indocyanine green, and of certain colloids has
long been recognized and provides the basis for their use
as an indirect measurement of liver blood flow in man
and other intact animals (168, 337). However, an appre-
ciation that this factor could play an important role in
the disposition of drugs did not become apparent until
the early 1970s (329, 496). While resting liver blood flow
is about 25 to 33% of cardiac output, and 75 to 80% is
portal in origin; a number of physiological and patholog-
ical conditions as well as drugs and hormones can alter
these values (392, 393). In addition to such reactivity to
a variety of stimuli, the splanchnic circulation is also one
of the major vascular beds used to meet the demands of
other parts of the body. Thus, total liver blood flow is
very variable within about a 4-fold range, and this is
often amplified by disease states.

A change in posture from supine to upright decreases
cardiac output and increases total peripheral resistance
so that liver blood flow is reduced by 30 to 40% (115,
122). Surprisingly few studies have, however, investi-
gated the possible effects of such a change on hepatic
clearance and drug disposition despite its obvious rele-
vance to bed rest versus ambulation by subjects or pa-
tients under study (284). In one such investigation (46),
a 2-fold difference existed in the systemic clearance of
aldosterone between upright and supine postures, and
adaptation between these positions took considerable
time. Also, smaller interindividual variability in the
clearance estimate was obtained in the upright posture
relative to an overnight supine state. The maximum
plasma concentration of nitroglycerin after sublingual
administration was 3 to 4 times higher in subjects who
were lying down compared to sitting (119). On the other
hand, prolonged recumbency for 7 days had no effect on
the systemic clearance of lidocaine (242). As would be
predicted from its low hepatic extraction ratio, bed rest
produced only very modest changes in the total clearance
of antipyrine (143). Additional attention probably needs
to be addressed to this area, particularly with respect to
drugs with high hepatic clearances.

Rather more information is available on the effects of
acute exercise and thermal stress on hepatic elimination.
Both factors may produce large increases in cardiac
output, but redistribution of blood leads to a significant
reduction in liver blood flow. For example, both stresses
led to a 40 to 60% reduction in the clearance of indocy-
anine green in man, along with a doubling of its elimi-
nation half-life (122, 403, 445). Not surprisingly, the
steady-state plasma concentrations of lidocaine, a drug
with a high hepatic extraction, were increased by stren-
uous exercise (446). On the other hand, and as expected
for a drug with a low hepatic extraction, the clearance of
antipyrine was unaffected by either exercise or normal
stress (445). Similarly, the clearance of diazepam (260)
and amobarbital (19) was not altered by acute exercise.
In contrast, chronic exercise appears to induce hepatic

metabolism as assessed by the clearance of aminopyrine
(44, 137), antipyrine (44, 137, 165), and spironolactone
(165); effects on the disposition of high clearance drugs
are presently unknown.

Ingestion of food is known to affect oral drug availa-
bility (305, 486). In many cases, this arises because of
gastrointestinal factors such as altered stomach empty-
ing and/or a direct interaction between drug and food
constituents resulting in a change in absorption. How-
ever, there is considerable evidence that presystemic
elimination by the liver of high intrinsic clearance drugs
may be affected by food. For example, concomitant inges-
tion of food results in a 40 to 50% increase in mean
AUC, of hydralazine, labetalol, metoprolol, and propran-
olol (306). Since these drugs are completely absorbed in
the fasting state, the cause of the alteration is probably
subsequent to this step. Interestingly, the food effect is
not observed following administration of slow release
preparations of these drugs (306). Studies on the putative
mechanisms of such increased oral bioavailability have
largely focused on a possible role of the well-established
increase in splanchnic blood flow after a meal, which is
sufficient to affect the systemic clearance of highly ex-
tracted drugs such as lidocaine (144). Computer simula-
tions suggested that a transient increase in liver blood
flow during the drug absorption phase which returns
toward normal within a few hours could account for the
food effect (298). The fact that the vasodilator, hydrala-
zine, which is known to enhance splanchnic blood flow,
also enhances propranolol oral bioavailability (299, 421)
is consistent with this hypothesis. However, subsequent
studies have demonstrated that, although certain types
of food can lead to a variable and transitory increase in
liver blood flow, this is not of sufficient magnitude to
account for the observed change in propranolol’s oral
bioavailability (441-443). Other factors related to hepatic
uptake and elimination appear to be involved, and a
similar situation also appears to occur in the interaction
with vasodilators (111, 441).

Whenever cardiac output is pathologically decreased,
liver blood flow is reduced to a similar to slightly greater
extent. In such situations, the systemic clearance of drugs
with high hepatic extractions is likely to be impaired (37,
501). For example, liver blood flow and cardiac index in
patients with cardiac failure were directly correlated with
one another, and each was inversely related to steady-
state arterial blood concentrations of lidocaine (437).
Subsequent studies confirmed that lidocaine’s systemic
clearance is reduced by about 40 to 60% in congestive
heart failure (437, 450, 451, 525), and this is the basis of
lidocaine’s toxicity when usual dosages are administered
to such patients. Interestingly, lidocaine’s distribution is
reduced to a similar degree in this disease state, and
consequently, no significant change is observed in the
drug’s elimination half-life. Because of the dependency
of lidocaine’s systemic clearance on liver blood flow, it
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was suggested that its value in individual patients with
congestive heart failure could be readily predicted by
determining indocyanine green clearance (525). How-
ever, this potentially valuable approach has not been
confirmed (32). A similar effect of heart failure on al-
dosterone clearance has also been reported (79). While
altered hemodynamics undoubtedly contributes directly
to the impaired systemic clearance of drugs with a high
hepatic extraction, it is also possible that a reduction in
intrinsic clearance is also involved secondary to hepatic
ischemia. This might be a factor in the altered plasma
concentration/time profiles of certain drugs adminis-
tered orally to patients with congestive heart failure (31,
501). Unfortunately, studies of this possibility are lim-
ited. A similar situation exists with the effects of myo-
cardial infarction in the absence of cardiac failure on
hepatic clearance (501). However, studies with indocy-
anine green and lidocaine would suggest that liver blood
flow and clearance are not dissimilar from those in
normal subjects (32, 525).

Circulatory collapse with shock is another situation
where liver blood flow is compromised, and this can affect
the hepatic elimination of high intrinsic clearance drugs.
For example, the elimination half-life of indocyanine
green was prolonged 2- to 6-fold in patients with shock
of varying etiology (394). It has also been noted that, in
patients with idiopathic orthostatic hypotension, the re-
duction in lidocaine’s systemic clearance is related to the
decrease in liver blood flow as estimated by indocyanine
clearance, and both fall in proportion to the degree of
hypotension (148). Generally, however, it is difficult to
attribute any reduced clearance to altered perfusion per
se rather than the reduced oxygen supply to the liver,
which would lead to an impaired CL!%. The latter was
suggested to explain the effect of hemorrhage on the rate
of hexobarbital metabolism in the dog (118), and the
decrease in lidocaine’s systemic clearance in the rhesus
monkey following 30% hemorrhage was greater than
could be explained by the fall in liver blood flow alone
(36).

Many drugs can either reduce or increase liver blood
flow, but not until the mid-1970s was it recognized that
this could lead to a hemodynamic interaction when a
second drug with a high hepatic extraction ratio was
present (328). For example, when dl-propranolol was
administered simultaneously with lidocaine, the systemic
clearance of the latter in the dog was reduced to about
the same extent as the 20 to 25% fall in liver blood flow
(64). In contrast, the dl-propranolol-induced change in
the systemic clearance of oxyphenbutazone was much
less as would be expected from the hepatic extraction
ratio of 0.1 to 0.2 (62). Importantly, d-propranolol, which
is essentially without B-adrenergic blocking activity
(326), failed to alter the elimination of either lidocaine
or oxyphenbutazone. Similar studies with norepineph-
rine in the rhesus monkey also supported the role of

decreased drug delivery rate in the impaired clearance of
lidocaine when both drugs are administered together
(36). Subsequently, a similar hemodynamic interaction
between lidocaine and dl-propranolol and other S-adre-
nergic blockers was shown to occur in man (106, 335,
440). A somewhat novel example of a hemodynamic
interaction occurs with propranolol itself. Both enan-
tiomers of this drug have similar high clearances in the
isolated perfused rat liver when perfusate flow is kept
constant (60). However, in vivo only the l-enantiomer
affects cardiac output and liver blood flow (326); accord-
ingly, the pharmacological effect of the l-isomer affects
its own clearance and also that of the d-enantiomer.
Thus, the systemic clearance of dl-propranolol in the
monkey is about 25% less than that of d-propranolol
(327). This interaction probably also accounts in part
for the shorter half-life (171) and larger clearance (343)
of the d-enantiomer compared to that of racemic drug in
man. A similar self-induced hemodynamic effect on drug
disposition through alterations in liver blood flow also
occurs with certain of the calcium-channel antagonists
such as nifedipine and verapamil. Increasing the steady-
state plasma concentration of these drugs in the dog
progressively leads to a reduction in cardiac output and
liver plasma flow which results in an up to 50% decrease
in their systemic clearance (205). A similar situation may
occur in man in that the elimination half-life of verapa-
mil after chronic administration is significantly longer
than after a single dose (423, 426), a change that is
associated with a reduction in liver blood flow (308).
However, these are not consistent findings (142, 422),
and the situation is compounded by pronounced stereo-
selectivity of this drug’s disposition (141, 464) as well as
the possibility of nonlinear intrinsic clearance (468). The
dose-dependent, nonlinear disposition of 4-aminoanti-
pyrine in rabbits has also been explained by reductions
in renal and hepatic blood flows caused by the drug itself
(311).

All commonly used inhalational and other general
anesthetics depress cardiac function, and this may result
in a significant dose-related decrease in liver blood flow
(30, 324). This possibility has long been qualitatively
recognized as a putative mechanism, along with pertur-
bations in drug metabolism and/or distribution, to ex-
plain the altered disposition of high clearance drugs in
anesthetized patients. For example, halothane markedly
reduces the systemic clearance of lidocaine in the dog
compared to nitrous oxide (73) and pentobarbital (56)
treated animals, which alter liver blood flow to a lesser
extent. This relative effect does not, however, preclude a
halothane-induced inhibition of lidocaine’s metabolism.
A similar impairment of lidocaine clearance by halothane
is also observed in man (38). The relative contributions
of altered liver blood flow and intrinsic clearance have
not, however, been extensively investigated except for a
halothane-propranolol interaction in the dog (390). Hal-
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othane anesthesia produced a 40% decrease in the sys-
temic clearance of propranolol along with a 26% fall in
apparent liver blood flow measured pharmacokinetically,
ie., Q (equation 28). The latter was not statistically
significant, and its contribution to the reduced hepatic
extraction was far outweighed by a 60% reduction in
total intrinsic clearance. The perioperative period in-
volves a myriad of often rapidly changing physiological
effects and responses, of which anesthesia is only one
factor. Nevertheless, additional studies of anesthesia-
induced changes in drug disposition and effects, espe-
cially the involved mechanisms, including hemodynamic
changes, would appear warranted. Of particular interest
would be elucidation of any dose-response relationship
in the changes, the comparative behavior of different
anesthetic regimens, and the differential sensitivity of
different types of drugs based on pharmacokinetic and
biotransformation characteristics.

A limited number of drugs are capable of increasing
liver blood flow and, therefore, enhancing the clearance
of another drug with high hepatic extraction ratio. For
example, glucagon causes a dose-related increase in
splanchnic blood flow in the monkey and increases the
systemic clearance of d-propranolol in proportion to this
change (63). Likewise, isoproterenol has been shown to
reduce steady-state plasma concentrations and enhance
lidocaine’s systemic clearance (36). Chronic phenobar-
bital pretreatment induces the activity of many drug
metabolizing enzymes in the liver, but it also increases
liver blood flow in proportion to the increase in hepatic
volume in the rat (63, 330, 338, 339) and rhesus monkey
(65), but not in the guinea pig (517) and probably not in
man (396). Enhanced elimination by phenobarbital of a
drug with a high hepatic extraction ratio may, therefore,
involve two mechanisms. This possibility was elegantly
demonstrated by the phenobarbital-indocyanine green
interaction in the rat, which also illustrated the impor-
tance of the total intrinsic clearance/liver blood flow
relationship (295). After administration of a high dose
(50 mg/kg) of indocyanine green, its hepatic extraction
was small, and the 40% increase in systemic clearance
following phenobarbital pretreatment was almost com-
pletely due to an increase in total intrinsic clearance. A
similar degree of enhanced elimination was also seen
after giving a smaller dose of dye (1 mg/kg) when hepatic
extraction was close to 50%, but in this case the pheno-
barbital-induced increased total intrinsic clearance and
liver blood flow contributed almost equally. In the case
of a d-propranolol-phenobarbital interaction in the mon-
key, only 43% of the increase in systemic clearance of
the pB-adrenergic blocker was accountable for by in-
creased drug metabolizing enzyme activity, while 57% of
the change resulted from an increase in liver blood flow
(65). Again, essentially no hemodynamic contribution
was present in the increased elimination of a poorly
extracted drug, in this case, antipyrine.

Both the venous equilibration (498) and the undistri-
buted sinusoidal perfusion (29) models indicate that, for
a drug which is completely absorbed and only metabo-
lized by the liver, an estimate of liver blood flow (§) may
be obtained after administering the drug by both the
intravenous and oral routes (equation 28).

=1 —fr — fen) .
Q ——AUCi. _ AUG, equation 28
D, D,

So that identical physiological conditions are present
after both routes of administration, it is best that the
intravenous and oral doses be given simultaneously, al-
though a sequential design has been utilized to a more
limited extent. Such concomitant administration re-
quires differentially labelled forms of the drug so that
the separate blood concentration/time profile from each
route can be followed. Both radiolabelled and stable-
labelled compounds have been used, and such use pre-
sumes that no isotope effect be present in the various
processes of disposition. In addition to requiring that all
of the oral dose be absorbed, or in the case of intraperi-
toneal injection that absorption does not occur through
the abdominal wall directly into the systemic circulation,
equation 28 also requires that metabolism in the intes-
tinal mucosa be absent (349). It has also been noted that
the error in the estimation of @ increases as the hepatic
extraction decreases, and therefore, equation 28 is best
applied with drugs having high hepatic clearances (436).

The validity of this model-independent and relatively
noninvasive approach to estimating liver blood flow to
the functioning hepatocytes was first established in the
isolated perfused rat liver system where flow could be
controlled (427). The approach’s feasibility was then
evaluated in normal subjects (263), and subsequently it
has been applied to evaluate the putative effects of var-
ious factors on liver blood flow in man, including chronic
dosing with propranolol (506), aging (210, 463), chronic
hepatitis (222), renal failure (509), thyrotoxicosis (487),
and various drug interactions (149, 390, 462). The drugs
used in these studies, predominantly propranolol but also
lidocaine and meperidine, appear to possess the neces-
sary disposition characteristics so that equation 28 is
valid, and they are essentially metabolized completely so
that the fraction of the drug eliminated by the nonhepatic
routes (fz + fen) can be ignored. In general, the values
of liver blood flow obtained by the pharmacokinetic
approach are consistent with those determined by inde-
pendent procedures using, for example, indocyanine
green. However, formal comparisons between the tech-
niques have been extremely limited. In this regard, it is
important to recognize that estimation of apparent liver
blood flow by equation 28 provides a net or time-averaged
value for the period over which blood samples are col-
lected. Furthermore, it reflects the flow rate as affected
by the drug used in the measurement, which may not be
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devoid of hemodynamic effects, e.g., propranolol. This is
in contrast with other classical means of estimating liver
blood flow (168, 337), which essentially determine the
instantaneous flow rate since the measurement period
requires only a few minutes. Given this difference, it
would not be surprising if the pharmacokinetic approach
provides a somewhat different estimate than other tech-
niques depending upon the conditions under which the
determinations are made.

Application of equation 28 gives an estimate of liver
blood flow to functioning hepatocytes which should cor-
respond to total liver blood flow (Qx) providing that the
hepatic vasculature is normal. If, however, hepatic shunts
are present, as occurs in cirrhosis, then Q is a biased
estimate since only a fraction (fy) of the orally admin-
istered dose is available to the functioning cells of the
liver (equation 29).

Q= Qn Qu

fu (1 - fgs)

It has, therefore, been suggested (424) that the fractional
extrahepatic shunting (fgs), exclusive of any splenic
contribution, could be determined by combining the
physiological approach with a more conventional tech-
nique to measure Qy based on hepatic venous catheteri-
zation (168, 337). However, studies to evaluate this ap-
proach have yet to be reported.

Considerably more attention has been directed towards
intrahepatic shunts. This has arisen because of the ob-
servation in patients with chronic liver disease that the
systemic clearances of drugs which have high total in-
trinsic clearance values in normal subjects, such as pro-
pranolol (507), indocyanine green (59), galactose (16),
lidocaine (164), and lorcainide (261), are positively cor-
related with that of antipyrine, which has a small total
intrinsic clearance, despite the relative preservation of
total liver blood flow (61). Such correlations are unex-
pected since the rate-limiting determinants of systemic
clearance in normal subjects are different for the two
classes of drug. In theory, it is possible that these obser-
vations could arise because of an association between
liver blood flow and total intrinsic clearance, so that
cirrhosis produces a proportional decrement in both. In
this case the hepatic extraction ratio should be the same
in normal subjects and patients with cirrhosis, but nu-
merous studies with a variety of xenobiotics have dem-
onstrated that this is not so. The assumption of the
presence of functional intrahepatic shunts, which have
been anatomically demonstrated (383), provides an op-
erational model, termed the “intact hepatocyte hypoth-
esis,” to account for these conflicting findings (61, 510).

The actual hepatic clearance of the cirrhotic liver in
the presence of intrahepatic shunts is given by equation
30:

equation 29

QuE (ecruat) = QufuE eron) equation 30

where E . i8 the measured hepatic extraction ratio,
E ¢re) i8 the extraction ratio of functional tissue, and fi
is the fraction of blood flowing around it. Unfortunately,
neither E ., or fir can be directly measured. The intact
hepatocyte hypothesis assumes, however, that even in
cirrhosis En,) is normal, so that the reduced extraction
ratio is a result of intrahepatic shunts. That is, the
cirrhotic liver is visualized has having a reduced mass of
normally functioning and perfused tissue. This approach
has been applied in two different fashions to data ob-
tained with propranolol. In the first instance, Qy was
directly measured via hepatic vein catheterization, and
propranolol’s hepatic extraction in a group of patients
with hepatic fibrosis was assumed to be equivalent to
that in normal subjects, i.e., Erue) (377). This led to the
interpretation that the impaired clearance of propranolol
in cirrhotics was primarily due to an almost 80% reduc-
tion in total intrinsic clearance along with an almost
40% decrease in total liver blood flow, of which only 60%
flowed to functioning hepatocytes, i.e., a 40% intrahe-
patic shunt (58). In an alternative approach the need for
hepatic vein catheterization was obviated by assuming
that the change in total intrinsic clearance of a low
clearance drug, such as antipyrine, was proportional to
the change in liver blood flow to functioning hepatocytes,
thus providing a measure of fy (58). Using the data of
Wood et al. (507), for example, it was concluded that
liver blood flow in cirrhotics was reduced by 37% and
that 13% was through intrahepatic shunts. This latter
approach is similar to that of McLean et al. (297) except
that these investigators suggested the use of indocyanine
green clearance as a measure of liver blood flow rather
than that estimated from the pharmacokinetic technique.
It must be noted, however, that it was erroneously con-
cluded that this latter method is able to estimate extra-
hepatic shunting. It has also been suggested that the
administration of a precursor that is metabolized in the
liver and measurement of unchanged drug and metabolite
can also be used to estimate liver blood flow and intra-
hepatic shunting (188), but this approach has not been
experimentally validated.

3. Protein binding relationships. The reversible bind-
ing of drugs to plasma proteins has long been recognized
to be an important determinant of drug disposition.
Based on studies of renal function, it is appreciated that
only unbound drug is cleared by glomerular filtration,
but total drug is potentially available for active secretion
in the proximal tubule, since this process may be suffi-
ciently efficient to “strip” the bound drug from the
protein. However, extension of these concepts to other
organs of elimination like the liver was limited and, more
importantly, an integrated and quantitative understand-
ing of any binding effect was unavailable regardless of
the involved organ. Development of physiologically based
models of elimination, especially the venous equilibration
model, has permitted description of the binding relation-
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ships in hepatic removal (357, 498). In these models,
binding is usually referenced to blood since it is generally
assumed that drug in the various formed elements is in
rapid equilibrium with that in plasma, and, therefore, is
readily available for extraction. On the other hand, the
major macromolecules involved in binding are in the
plasma, and experimentally either this fluid or serum is
used to determine the extent of binding. Interconversion
between the unbound fraction in blood (fz“) and plasma
(f,“) is possible by knowledge of the blood/plasma con-
centration ratio (equation 8) which itself is dependent
on plasma binding (fz* = f,* + B/P).

The effect of altered binding in the blood on hepatic
extraction is highly dependent on the free intrinsic clear-
ance of the drug (fig. 6). When CLY./Q is small, so that
the extraction ratio is low (E < 0.25 when binding is
absent), then fg“ is a limiting factor to clearance across
the whole binding range, and the two parameters are
almost proportionally related (equation 31).

CL§* ~ fs“CLg. equation 31
Such “restrictive” elimination, i.e., extraction less than
the unbound fraction in the delivered blood, describes
the conventional view of the effect of binding on drug
metabolism by the liver. It has been shown to be valid in
vivo and in the isolated perfused liver for a number of
drugs, including warfarin and other anticoagulants (273,
454, 513, 515), diazepam (259), and tolbutamide (418,
502). The clearance of disopyramide (303) and prednis-
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F1G. 6. The relationship between hepatic extraction (E) and un-
bound fraction of drug in the blood (fz“). The dashed line indicates
when E = f3z“; below this line extraction is less than the unbound
moiety delivered to the organ, whereas above the line nonrestrictive
extraction occurs. The individual curves represent different values of
CLL./Q corresponding to 10% stepwise changes in extraction when
fs* = 1. Reproduced with permission from Wilkinson and Shand (498).

olone (302) in man shows a similar characteristic that is
complicated by their concentration-dependent plasma
binding, which also results in the clearance of total drug
varying with the plasma concentration. In contrast, if
the liver is very efficient at drug removal (CL}. > Q),
elimination is less affected by the extent of binding, with
this lack of sensitivity increasing with the value of
CLi. (fig. 6). Also, changes in binding produce a less
than proportional change in extraction and total drug
clearance relative to the alteration in fz“. Nevertheless,
a linear relationship may be approximated when only a
limited range of binding is considered. Such behavior has
been termed “nonrestrictive” elimination, indicating that
the extraction ratio is greater than the unbound fraction
in the blood entering the liver (498). It has been concep-
tualized that this occurs because the unbound drug is so
rapidly removed from blood by the intrinsic clearance
process that binding equilibrium leads to spontaneous
dissociation of the ligand-macromolecule complex and
generation of further unbound drug, which is then ex-
tracted during further transit through the liver. The in
vivo clearances of a large number of extensively bound
drugs with high hepatic extraction ratios in the species
studied have been shown to be either unaffected or
relatively insensitive to limited alterations in binding,
e.g., propranolol (145), quinidine (195), cortisol (374),
and S-disopyramide (220). Moreover, studies in the iso-
lated perfused rat liver across a wide range of binding
have demonstrated a nonlinear relationship between
clearance of total drug and fz* when CL%,/Q is high (408,
425).

Extension of the consequences of drug binding in the
blood on hepatic clearance to its effect on the elimination
half-life is complicated, because fz* also determines the
drug’s distribution volume (equation 32).

Vd = Va+iEVrJ

equation 32
= fHi on

where Vj is the blood volume, Vr; is the water volume
of other individual body tissues, and fz* and f4 are the
fractions of unbound drug in the plasma and individual
tissue, respectively (181, 498). The possibility that the
binding macromolecule, e.g., albumin, may be located in
the interstitial fluid as well as the vasculature has also
been considered (147, 342). Thus, the volume of distri-
bution increases as binding is reduced ( fz* is increased)
from a limiting value to an infinitely large value deter-
mined by the ratio of the unbound fractions in the blood
and tissue (181, 498).

When a drug is eliminated in a “restrictive” fashion
(i.e., low CL}%, and/or f5*), reducing the unbound fraction
in blood decreases both total clearance and the volume
of distribution. The overall result depends on the mag-
nitude of these changes. For example, if the unbound
fraction in the tissues is large so that Vd is relatively
small, the change in clearance predominates and half-
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life is prolonged. Thus, total drug concentrations are
higher, whereas the unbound, and presumably pharma-
cologically active levels are lower, and both moieties
decline more slowly (178, 497). This represents the con-
ventional and well-recognized situation that applies to
many drugs, including warfarin (286). However, when
distribution is more extensive ( fr* — 0), then the elimi-
nation half-life is increasingly determined by the degree
of tissue binding (179), and perturbations in binding in
the blood have minimal effect on the rate of drug removal
from the body. At the other extreme, when CL{, > Q,
an increase in the unbound fraction has essentially no
effect on clearance until it becomes very small (fig. 6),
but distribution is still affected. Accordingly, peak con-
centrations of total drug are higher as fz* becomes
smaller and the elimination half-life shortens as, for
example, with propranolol (145). Significantly, the initial
blood concentrations of unbound drug after oral admin-
istration increase as the unbound fraction decreases, an
effect opposite to that observed with drugs exhibiting
“restrictive” elimination (497). For drugs which are not
so effectively eliminated, i.e., intermediate extraction
ratio, a biphasic relationship exists such that increased
binding in the blood can shorten or prolong the elimi-
nation half-life, depending on the relative degrees of
plasma and tissue binding (498). A nomogram has been
described that permits ready estimation of these pre-
dicted effects of altered binding on the direction and
change in the elimination half-life (187).

Consideration has also been made of the effects of
altered blood binding on steady-state drug concentra-
tions (198, 357). Again, predicted differences exist be-
tween drugs that are “restrictively” or “nonrestrictively”
eliminated. When free intrinsic clearance is small rela-
tive to liver blood flow, then the average steady-state
blood level of unbound drug is independent of binding in
the blood regardless of the route of administration, and
total concentrations become smaller as fz* increases. One
of the most familiar examples of such behavior is that of
phenytoin in renal failure (198). On the other hand, for
a drug with a high free intrinsic clearance, steady-state
drug concentrations after intravenous administration are
minimally affected by binding, except when this is very
extensive, but unbound levels increase as fz* increases.
With oral dosing, however, the situation is similar to
that for a restrictively eliminated drug; i.e., steady-state
total drug levels are reduced as the unbound fraction
increases. However, the magnitude of the predicted
change is model dependent, and this difference is even
more apparent in the blood concentration of unbound
drug. According to the venous equilibration model, the
unbound level would be expected to be unaffected by
changes in binding, whereas a decrease in the unbound
fraction would be predicted to result in an increase in
the unbound concentration if the undistributed sinusoi-
dal perfusion model was operative (320). Unfortunately,

few experimental studies have been reported to confirm
these theoretical effects of plasma binding on blood
concentration/time profiles of drugs with high free in-
trinsic clearances, especially with respect to different
routes of administration and duration of dosing.

The plasma binding of certain drugs is concentration
dependent within the range of levels that are experimen-
tally or clinically encountered. Accordingly, clearance
and volume of distribution of total drug are constantly
and independently changing according to the blood level.
Not unexpectedly, the effect of this on the blood concen-
tration/time profile is complex. Initial simulations were
based on the simplifying assumptions that clearance was
either proportional to the unbound drug or independent
of drug binding (300). Later a more realistic analysis
incorporated the venous equilibration model of hepatic
elimination (341). It was found that, when CL./Q and
Vd are both small, then the amount of drug in the body,
the total plasma concentration, and the unbound drug
level all declined in a concave fashion when plasma
binding is nonlinear. In contrast, when CL{,./Q is high,
the effects of saturable binding are quite different; the
amount of drug in the body and the total concentration
profiles exhibit convexity, while the unbound levels de-
cline in a sigmoidal fashion. If, however, the drug has a
large volume of distribution, the slope of the amount of
drug in the body and the total plasma level are essentially
unchanged with time, while the unbound concentration
shows convex curvature, provided that CL}./Q is small.
On the other hand, with a high intrinsic clearance drug,
the decline of all three variables is convex. The possibility
of saturable tissue binding in the presence of both linear
and nonlinear binding in the plasma was also examined,
and even more complex concentration/time relationships
were predicted (341). However, few experimental studies
have substantiated these predictions, although they were
based on validated concepts.

The problem of nonlinear binding in blood and of
hepatic elimination has also been theoretically explored
from the perspective that removal of the unbound frac-
tion within the sinusoid may lead to a lower unbound
fraction within the liver than that in blood entering the
organ (219); this possibility was not incorporated into
earlier simulations (300). The expected result of this
phenomenon would be that the hepatic clearance and
extraction ratio would be smaller than expected based
on linear binding considerations at any given value of fz*
in the entering blood. Not surprisingly, the higher the
drug’s free intrinsic clearance, the greater the effect of
the intrahepatic change in fz“, which results in a reduc-
tion in the curvature of the extraction ratio/fs" relation-
ship (fig. 6) toward linearity dependent upon the ratio
of the unbound drug concentration and the equilibrium
dissociation constant for the binding interaction. Impor-
tantly, under certain conditions of saturable binding,
drugs with a low extraction ratio could be very sensitive
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to hepatic blood flow changes, and furthermore, high
extraction ratio compounds could be sensitive to binding
changes within the blood, both of which are contrary to
the more familiar situation when linear binding is pres-
ent. Again, no experimental studies are available to sub-
stantiate these theoretical predictions.

A central dogma of pharmacology is that only unbound
drug is capable of translocation across biological mem-
branes, the ligand-protein complex being too polar and
large. Thus, hepatic uptake is assumed to be solely de-
termined by the unbound concentration of the diffusible
moiety at the surface of the liver cell. A further critical
assumption of all conventional models of hepatic elimi-
nation is that binding equilibrium exists within the si-
nusoid so that spontaneous dissociation of the ligand-
protein complex leads to immediate replacement of un-
bound drug as it is removed from the blood; i.e., the rate
constant of dissociation is extremely rapid relative to the
transit time through the liver. However, an increasing
number of experimental observations with xenobiotics
that are normally very extensively bound to plasma
proteins (>99%) appear to be inconsistent with these
assumptions. This suggests that bound drug is in some
fashion intimately involved in the hepatic uptake process
beyond its role as a passive store for replenishing the
unbound moiety.

Early evidence of the involvement of bound drug in
hepatic uptake was obtained from studies in the isolated
perfused rat liver with oleate, which is essentially com-
pletely bound by albumin (480). Increasing the fatty acid
concentration at a constant albumin level resulted in a
proportional increase in the hepatic removal rate despite
the fact that the unbound fraction varied over 10-fold
and in a nonlinear fashion; i.e., the essentially constant
bound fraction appeared to be rate determining. In con-
trast, maintaining the oleate and albumin concentrations
at a fixed molar ratio so that the unbound fraction was
virtually constant resulted in apparent saturation kinet-
ics with increasing concentration. This suggested that
the uptake mechanism for bound drug was saturable, and
it was the albumin portion of the albumin-ligand complex
that was responsible. Moreover, the apparent saturation
did not appear to reflect any limitation in intrinsic
clearance, since it occurred at rates well below those
attained in the studies in which linear uptake was ob-
served with a constant albumin level. Similar findings
were also observed for other organic anions, including
bilirubin and sulfobromophthalein (479). A direct in-
volvement of albumin was also independently implicated
from the steady-state uptake of taurocholate by the
perfused rat liver, where a 10-fold increase in albumin
concentration, producing a 5-fold reduction in unbound
taurocholate, only changed the extraction ratio by 50%
(156). Similar findings were also obtained with rose
bengal when bound to albumin (157, 163) but not to
gamma globulin (162). The non-steady-state, first-pass

removal of thyroid (370, 371) and steroid (369) hormones
bound to certain, but not all, plasma proteins was also
found to be greater than expected based on the conven-
tional assumption that only unbound ligand was trans-
ported into the rat liver. Uptake into isolated hepatocytes
in the presence of albumin of iopanoic acid (74), rose
bengal (152), sulfobromophthalein (312, 334), and oleate
(334), and into cultured hepatocyte monolayers of pal-
mitate (151) has also been observed to be greater than
predicted from the unbound drug concentration.

To explain these observations, it has been suggested
that a limited number of receptors for albumin are pres-
ent on the surface of hepatocytes (156, 163, 479, 480).
The ligand-albumin complex transiently interacts with
these receptors in a saturable fashion which results in
enhanced dissociation of the complex followed by normal
uptake of the released unbound drug. The mechanism of
the albumin-catalyzed dissociation is not known, but it
has been speculated to involve a conformational change
in the albumin which alters the ligand-albumin binding
affinity (367, 478). Thus, when binding is low, hepatic
uptake is limited in the conventional way by the unbound
fraction, but for highly bound drugs, uptake from the
bound fraction predominates (336, 481).

Support for the albumin receptor model was obtained
by demonstration of saturable binding sites for '*I-
albumin on the cell surface of hepatocytes. Binding was
found to be rapid, reversible, and of relatively low affinity
(480). Moreover, the predicted number (107 per cell) and
affinity (Kj = 10™° to 10~ M) of surface receptor sites
necessary to account for the uptake of rose bengal were
found to be similar to the values obtained independently
using equilibrium binding (157). Studies have also shown
that the surface receptor is unable to distinguish between
free albumin and the ligand-albumin complex (152). On
the other hand, it has been observed that binding to
albumin is not a prerequisite for the hepatic uptake of
bilirubin (296) and sulfobromophthalein (228) in anal-
buminemic rats, or for bilirubin in the perfused rat liver
(438). However, these findings are not contradictory to
the albumin receptor hypothesis, since they were ob-
tained under conditions of relatively low binding where
the conventional uptake of unbound drug could account
for the efficient elimination. Similarly, the inability to
demonstrate the presence of albumin receptors by a
variety of means based on techniques applicable to high
affinity ligand-receptor interactions (439) is not neces-
sarily contrary evidence, since it is postulated that the
cell surface interaction is transitory and of low affinity.
More difficult to explain is the suggestion that surface-
mediated dissociation is not specific to ligand-albumin
complexes. For example, similar uptake kinetics, con-
sistent with a protein-surface interaction, were observed
with rat hepatocytes when sulfobromophthalein or oleate
was bound to either albumin or 8-lactoglobulin (334). It
has also been shown that propranolol is efficiently ex-
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tracted (>90%) regardless of whether it is bound to
albumin or o;-acid glycoprotein over a range of binding
(232). Unfortunately, the extent of binding in these
studies in the isolated perfused rat liver did not exceed
75 to 80%, and it is, therefore, likely that uptake was
determined by the unbound drug according to the con-
ventional concept (477). However, there are other indi-
cations that the nature of the binding macromolecule is
just as important a determinant of uptake/elimination
as is the unbound fraction (162, 369-371).

An alternative mechanism that has been suggested to
account for the more efficient hepatic removal of highly
bound drugs than predicted solely on the basis of un-
bound drug is an albumin-mediated increase in diffusi-
bility of the drug across the unstirred boundary layer in
the space of Disse (74). Mathematical simulations, how-
ever, have indicated that such diffusional resistance is
much too small to be a determinant of rose bengal uptake
(159). More direct evidence against this mechanism is
the finding of surface-mediated dissociation of palmitate
in a vigorously stirred suspension of hepatocytes (151).

A further possible explanation of hepatic uptake above
that consistent with the equilibrium unbound drug con-
centration questions the assumption that binding equi-
librium is maintained between the ligand and albumin
within the sinusoid. Such dissociation-limited uptake has
been theoretically considered for both the venous-equil-
ibration and undistributed sinusoidal perfusion models
(230). It was concluded that the rate of dissociation of
the binding complex could limit the hepatic elimination
of highly bound (>99%) drugs whose free intrinsic clear-
ance was sufficiently high that the extraction ratio was
greater than 95% when binding is absent. More recently,
it has been further recognized that the characteristics of
dissociation-limited binding can result in the type of
findings previously attributed to the albumin receptor
model (476, 483). The stimulus for considering this pos-
sibility was the observation that hepatic removal of sul-
fobromophthalein by the skate liver exhibited an almost
identical pattern with respect to bound drug as that
observed previously in the rat (483). Since elasmo-
branchs lack serum albumin, and by inference an albu-
min receptor, this suggested that either the cell surface
receptor is a nonspecific membrane component that was
not specifically evolved to recognize albumin, for exam-
ple, a hydrophobic binding region, or that an alternative
mechanism is operative which does not require interac-
tion of albumin with the cell surface. Theoretical analysis
confirmed that, with either the venous equilibration or
the undistributed sinusoidal perfusion models, binding
equilibrium cannot exist within the sinusoid when a
sufficiently rapid rate of removal of unbound drug is
present (476, 483). That is, uptake removes the unbound
moiety faster than it can be replenished by spontaneous
dissociation from albumin. In this situation, uptake is
rate limited by dissociation and becomes proportional to

the concentration of bound drug. Information on the
relative rates of dissociation and uptake/elimination
rates is extremely sparse. For the bilirubin-albumin com-
plex, the half-life of dissociation is about 22 to 78 s, while
for long chain fatty acids, it is in the range of 14 to 230
8 (478). These values compare to the less than the 5-s
value needed to account for the observed rate of removal
of bilirubin and oleate by the perfused rat liver (336,
480). Accordingly, dissociation-limited binding could be
responsible for the experimental observations that up-
take is determined by the bound drug rather than un-
bound concentration. Additional simulations (476, 483)
also showed that the removal process in general may be
determined by the rate of plasma flow, dissociation from
albumin, uptake into the hepatocyte, free intrinsic clear-
ance, or any combination of these factors. Importantly,
binding equilibrium was found to exist within the sinu-
soid only for albumin concentrations above the minimum
value, equivalent to the ratio of the uptake and binding
rate constants; at lower albumin concentrations, removal
of bound drug was dissociation limited. Thus, the appar-
ent situation seen on increasing the concentration of
ligand-albumin complex and the competitive inhibition
of uptake by added albumin results from a shift in the
rate-limiting step from dissociation to either uptake or
free intrinsic clearance at higher albumin concentrations.
That is, at low albumin levels, rebinding of dissociated
unbound drug is slow compared to uptake, and essentially
each dissociation event leads to drug removal, i.e., dis-
sociation-limited uptake. However, with increasing al-
bumin, rebinding is able to compete with hepatic uptake,
and at sufficiently high levels the rate of dissociation is
effectively equal to the rate of rebinding; equilibrium is
established, and a subsequent step in the removal process
becomes rate limiting. Since the albumin level at which
binding equilibrium is established varies according to the
binding characteristics of a particular drug as well as the
uptake rate, the rate-limiting step under each experi-
mental or physiological condition needs to be individ-
ually established.

The finding, that the hepatic uptake/elimination of
very highly bound drugs is inconsistent with the conven-
tional hypothesis of the driving force being the unbound
drug concentration generated by spontaneous dissocia-
tion of the bound complex, is extremely provocative. The
involved mechanism(s) is not well understood, although
two distinctly different possibilities have been suggested.
The validity of such hypotheses needs to be further
examined with particular emphasis on discrimination
between alternative models. This will be experimentally
challenging (161, 318, 477), but may well provide new
and fundamental insights into drug uptake and elimi-
nation of application not only to the liver, but to other
organs. For example, albumin-mediated uptake has also
been observed to occur with steroids and drugs across
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the blood-brain barrier (236, 366-368) and also with fatty
acids into heart (223, 224).
F. Model Comparisons and Discrimination

Comparison of the various alternative models of he-
patic elimination reveals similarities and differences in
their predictions. For example, at the two extremes of
behavior, that is, for drugs with either very high or very
low extraction ratios, there is essentially no distinction
between the models based on measurements of extraction
ratio or clearance as affected by changes in either hepatic
blood flow, binding, or free intrinsic clearance. When
free intrinsic clearance greatly exceeds hepatic blood
flow, the extraction ratio approaches unity; all drug in
blood, whether bound or unbound, is completely ex-
tracted, and clearance approaches the limiting value of
hepatic blood flow. At the other extreme (CL{: <<k Q),
the extraction ratio approaches fz“CL},,/Q and changes
proportionally with the unbound fraction in the blood
and inversely with hepatic blood flow, while clearance is
insensitive to changes in flow. There are, however, cer-
tain conditions under which the models provide different
predictions of behavior which theoretically provides an
opportunity to evaluate the validity of a particular model
with respect to experimental data. Attempts to this end
have been reported in response to perturbations in either
hepatic blood flow or binding in the blood.

There is very little difference in the change of extrac-
tion ratio and clearance between the venous-equilibra-
tion and undistributed sinusoidal perfusion models when
hepatic blood flow is altered (357). At the maximum, the
difference is only about 30%, and occurs for drugs with
extraction ratios between 0.7 and 0.8. Thus, both models
equally well describe the changes in the hepatic extrac-
tion ratio of oxyphenbutazone and radiocolloidal chromic
phosphate when perfusion rate was altered over 4- to 10-
fold ranges, respectively (358). In contrast, the predicted
change in availability differs greatly between the two
models, especially for drugs with a high hepatic extrac-
tion ratio. For example, a 1000-fold discrepancy exists
between the predicted availabilities for a drug with an
extraction ratio greater than 0.99 (357). Moreover, the
venous equilibration model indicates that the hepatic
venous concentration and related values such as AUC,
and the steady-state blood concentration after oral dos-
ing should be insensitive to changes in hepatic blood
flow, whereas these parameters increase in value with
increased perfusion according to the undistributed sinus-
oidal perfusion model (357). This distinction has been
used in discrimination studies. Thus, the lack of effect
of altered perfusion rate in the isolated rat liver prepa-
ration on the steady-state venous concentration follow-
ing constant rate infusions of lidocaine (10, 358, 427),
propranolol (427), and meperidine (10) has been inter-
preted as supportive of the validity of the venous equili-
bration model. On the other hand, advocates of the
undistributed sinusoidal perfusion model have reported

similar studies with galactose (245), ethanol (247), and
propranolol (248) which are more consistent with this
particular model. Reanalysis of the galactose study sug-
gests that the observations are even better described by
the distributed sinusoidal perfusion model (23, 27). How-
ever, concern has been expressed over the appropriate-
ness of the experimental data base in this study and
suggests that these findings are, therefore, inconclusive
(317).

Differences between the predictions of the two models
for the extraction ratio and clearance as determined by
the unbound fraction in the blood are also small for drugs
with either very high or very low extraction ratios. Even
for an intermediate extraction ratio, the differences are
modest: 2.5-fold change with a 10-fold alteration in fz*
(357). This probably accounts for the inability to dis-
criminate between the venous equilibration and undis-
tributed sinusoidal perfusion models using data obtained
with quinidine (195) and S-disopyramide (218) in rabbits
with altered levels of plasma proteins and phenytoin (76)
in the isolated rat liver. The greatest difference between
the models’ predictions with changes in binding is found
in the hepatic vein concentration and its dependent
parameters such as availability, AUC,, and the steady-
state blood concentration after oral administration. This
is especially so with high values of the extraction ratio
when these parameters all vary in inverse proportion to
f8* in the venous equilibration model and exponentially
in the undistributed sinusoidal perfusion model (357).
Based on such an approach, it was concluded that the
effect of altering the unbound fraction of diazepam over
a 20-fold range on its availability in the isolated perfused
rat liver was more consistent with the undistributed
sinusoidal perfusion model than the venous equilibration
model (408). Additional analysis also supported this con-
clusion (76). By contrast, the effects of altered binding
of propranolol in vivo on its availability and AUC, in the
rat were found to be more closely described by the venous
equilibration model (138). Measurement of unbound drug
concentrations after oral administration provides even
better discrimination between these two common models
than total drug; unbound levels are independent of the
unbound fraction according to the venous equilibration
model, but fall with increasing fs* in the undistributed
sinusoidal perfusion model (320). Alteration of the un-
bound fraction over a 6-fold range produced no signifi-
cant effect on the steady-state perfusate concentration
when propranolol was infused into the portal vein of the
isolated rat liver preparation, indicating that the venous
equilibration model was more consistent with the exper-
imental data (233). On the other hand, studies in vivo
resulted in the AUC, for unbound propranolol increasing
as the unbound fraction decreased (516), which is not
compatible with this model.

The findings, that some experimental data are more
consistent with one model of hepatic elimination com-
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pared to another and the reverse for other observations,
have generated considerable debate as to which is the
“right” model (21, 23, 94, 96, 158, 160, 283, 319, 378,
499). Since a major role of mathematical modeling is to
polarize thinking and to pose sharp questions leading to
experimentation, such a situation is not unexpected or
undesirable. Thus, the evolution of a valid model depends
on a continual cyclic process of abstraction, prediction,
verification by experiments, refinement of imagery, then
again abstraction, and so on through the cycle (332, 333).
It must also be recognized that all models have discrep-
ancies, and need not be “right” in order to perform useful
functions; in fact, model validity is best evaluated within
the context of the particular application for which the
model is being used.

Simplifying and sometimes unrealistic assumptions
are critical in the modeling of biological systems, and
this accounts for the dictum that “all models are wrong,
but some are more useful than others.” Certainly the
liver is more complex than depicted for any of the avail-
able elimination models. The hepatic architecture and
microcirculation are such that considerable turbulence
and mixing of portal and hepatic arterial blood occurs
within the sinusoid (194). This may be the reason why
some experimental data are operationally consistent with
the well-stirred or venous equilibration model, even
though it is physiologically unrealistic because concen-
tration gradients have indeed been demonstrated along
the sinusoidal flow path (201). The undistributed sinus-
oidal perfusion model overcomes the latter criticism, but
assumptions regarding uniform distribution of drug me-
tabolizing enzymes in either model and ideal bulk blood
flow along the sinusoid are clearly oversimplifications of
reality. A variety of studies indicate that the activity of
many different drug metabolizing enzymes is heteroge-
nously distributed within the hepatic acinus (19, 107,
200, 389, 457, 475). Similarly, the multiple-indicator
dilution technique has clearly demonstrated that sinus-
oidal transit times vary considerably (189, 192). These
considerations suggest that, for certain purposes, models
incorporating such distributions (22, 28, 155, 415) might
be more appropriate despite their additional complexity.
It is also possible that these heterogeneities may result
in the elimination of one drug being best described by
one model and that of another by alternative model.

Aside from modeling assumptions, interpretation of
discriminative studies based on alterations in either liver
blood flow or binding in the blood implicitly assumes
that the experimental perturbations have no effect on
hepatic function aside from that predicted by the model.
This may not be the case. For example, as portal blood
flow increases, the degree of mixing with blood from the
hepatic artery may decrease, shifting the liver from a
venous equilibration system towards that described by
the sinusoidal perfusion model. In addition to such alter-
ations in intrahepatic perfusion, altered liver blood flow

may also affect sinusoidal oxygen tension, which is
known to be important in drug metabolism (70, 118, 234,
235). Altering intravascular binding may also change
liver function in a complex way. For example, in the
absence of binding, thyroxine (482) and sulfobromo-
phthalein (199) uptakes exhibit distinct concentration
gradients across the acinus, but the addition of albumin
abolishes this, and a more homogeneous distribution
occurs, i.e., a shift from a sinusoidal perfusion type of
model towards a venous equilibration type model. More-
over, albumin and a;-acid glycoprotein in addition to
reversibly binding drugs have been unexpectedly found
to affect the drug metabolism process per se by an
unknown mechanism. Thus, in the isolated perfused rat
liver, albumin enhanced the clearance of antipyrine even
though this drug is not bound to this protein, and a
similar phenomenon was observed with prazosin (340).
On the other hand, a;-acid glycoprotein decreased the
unbound clearance of prazosin (340). Furthermore,
changing the albumin concentration may alter the rate-
limiting step in the removal process (476). Also, extrap-
olation of data obtained in the perfused liver, where only
portal blood is present, to the in vivo situation, in which
the hepatic artery contributes significantly to overall
perfusion, must be made cautiously. The availability of
lidocaine and meperidine was found to be 18 and 3 times
greater, respectively, when infused through the hepatic
artery compared to portal vein administration (11).
When both routes of drug delivery were used, hepatic
extraction was dependent on the relative contributions
of the two flow rates. Finally, it should be recognized
that the isolated perfused liver is a fairly variable prep-
aration so that one liver may provide data supportive of
one model, another may be more consistent with an
alternative model, and a third may support neither.
Because of these types of considerations and the lack
of complete understanding of the precise biological proc-
esses involved in hepatic elimination, overzealous dog-
matism for any currently available model would appear
misplaced and premature. Many more data on many
compounds whose elimination is determined by different
mechanisms and processes are needed before a clear and
possibly unified picture of hepatic elimination emerges.
Also, future discrimination studies should ensure that
the choice of drug and the experimental design are opti-

mal to provide maximal differences between alternative
models.

VI. Clearance Models of Organs Other than the
Liver

Despite the long-standing use of clearance concepts to
quantify kidney function, models to describe renal excre-
tion based on physiological determinants are surprisingly
limited. This reflects the additional complexity of the
process compared to, for example, hepatic elimination.
The renal clearance of drugs usually involves three proc-
esses: glomerular filtration; proximal tubular secretion;

2102 ‘8 Jaqwiadaq uo Alslaniun Lesewwey | ye Bio'sjeuinofiadse asiwreyd woly papeojumoq


http://pharmrev.aspetjournals.org/

PHARM
REV

PHARMACOLOGICAL REVIEWS

aspet

28 WILKINSON

and reabsorption from the distal tubule and collecting
duct. In addition, metabolism may also occur. Glomerular
filtration is a passive process which is considered to be a
function of the unbound drug concentration in plasma
(202, 452). On the other hand, tubular secretion is char-
acterized by active transport which has the potential to
strip bound drug from vascular proteins, and it may,
therefore, be a function of total drug concentration.
Reabsorption is also passive in nature and is often com-
plicated for weak electrolytes by the varying urinary pH
that alters the concentration of reabsorbable un-ionized
drug. Finally, water reabsorption takes place along the
whole of the nephron which affects the concentration
gradients between tubular fluid and the blood. Currently
no unified model of renal function exists which incor-
porates all of these physiological aspects. A number of
studies have, however, attempted to model certain as-
pects of the renal excretion process.

Early models were limited to theoretical considerations
based on functional descriptions of the involved proc-
esses; i.e., the individual components of renal clearance
were characterized by intuitive mathematical functions
which were then summated to yield an operational model
(167, 269, 466). Thus, the effect of plasma binding on
glomerular filtration was incorporated, and active secre-
tion was presumed to follow Michaelis-Menten kinetics
based on total drug concentration in plasma. Some suc-
cess was achieved with such models in describing the
excretion of certain sulfonamides (214, 239), but data
with high extraction compounds such as p-aminohippur-
ate (251) and iodopyracet (208) could not be accounted
for. These deviations were considered to reflect the al-
most complete extraction of the compounds at their site
of secretion, so that the driving concentration decreased
along the tubule; i.e., equilibrium did not exist between
peripheral plasma and that in the peritubular capillaries.
Extended forms of Michaelis-Menten kinetics were, how-
ever, developed to successfully describe this situation
(208, 251).

Attempts have also been made to apply the venous
equilibration model approach of hepatic elimination to
renal secretion. The purpose of these theoretical analyses
(110, 285) was to demonstrate the differences in clear-
ance profiles when active secretion is small relative to
renal plasma flow and is a function of unbound rather
than total drug concentration in the plasma. Data from
studies in the rat with furosemide (203) and salicylate
(285), neither of which is reabsorbed, were consistent
with the former situation, whereas it was concluded that
the renal secretion of sulfisoxazole was determined by
plasma level of total drug (514). Water reabsorption and
the effect of urine flow rate on drug excretion have also
been successfully modeled, but only for drugs which
undergo glomerular filtration and passive reabsorption
(202, 268, 447).

The uptake of compounds into noneliminating tissues

and organs has also been investigated. Physiologists have
long been interested in this area from the standpoint of
capillary permeability, the exchange of gases and endog-
enous substrates, and measurement of organ blood flow
(193, 282, 522, 523). In many instances, the approaches
are analogous to those incorporated into the sinusoidal
perfusion type models of hepatic elimination. For ex-
ample, the Kety-Crone-Renkin equation (114, 250, 391),
which is widely used to estimate transcapillary clearance
and membrane permeability in single vessels and organs,
is mathematically identical to equation 22 describing the
undistributed sinusoidal model of the liver. The only
difference between the two equations is the numerator
of the exponent, which in the former instance is a perme-
ability-surface area product rather than total intrinsic
clearance. Clearances between compartments in conven-
tional linear, multicompartmental pharmacokinetic
models have also been estimated by this approach (47,
209, 435). On the other hand, physiologically based mod-
eling of exogenous drug uptake has generally assumed
that tissues are well-stirred and have incorporated the
venous equilibration model (173, 291). Comparison of
these two approaches has been made assuming linear
plasma and tissue binding with the conclusion that,
although both models predict similar organ uptake under
a variety of conditions, significant differences can exist
when the extraction ratio and/or perfusion rates are high
(448). However, examination of distribution data with a
number of drugs with widely different characteristics was
unable to reveal that one model was more appropriate
than the other under pseudoequilibrium conditions.

VII. Clearance of Metabolites

Clearance concepts were primarily developed for and
applied to unchanged drug; however, with the increased
recognition of the potential pharmacological and toxi-
cological significance of active and reactive metabolites,
they have been extended to consider the disposition of
metabolites. This aspect is still in its formative stages, it
is generally limited to metabolites that are sufficiently
stable to escape from the organ in which they are formed
under linear conditions, and quantitative experimental
data are sparse. Nevertheless, the principles and ap-
proaches that have been described provide a sound basis
upon which to interpret the formation and elimination
of metabolites.

A. Metabolite Concentration Profiles

Early theoretical studies (116, 117) were based on
simple compartmental models to describe metabolite
plasma concentration/time profiles. Subsequent refine-
ment led to the classifications of “formation rate-limited”
and “elimination rate-limited” disposition (117, 215). In
the former and more common situation, the metabolite
is eliminated almost as fast as it is formed, and the
terminal phase of the plasma concentration/time profile
parallels that of parent drug. By contrast, in elimination
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rate-limited disposition, the terminal half-life of metab-
olite exceeds that for unchanged drug and reflects the
true elimination of the metabolite. Simulations also re-
veal the potential for modest and continuous curvature
of the logarithmic concentration/time profile over a con-
siderable portion of the disappearance curve and the
likelihood that this would not be recognized when typi-
cally “noisy” experimental data were available. As a
result, the estimated terminal half-life of metabolite
tends to be overestimated, and this error increases as the
value of the rate constant for metabolite formation ap-
proaches that for elimination of parent drug (117, 215,
352). Several practical methods of establishing the rela-
tive and absolute values of the formation and elimination
rate constants for a metabolite produced and removed
solely by the liver have been described (82, 346, 352).
The influence of the route of drug administration, intra-
venous versus oral, on the shape of the metabolite plasma
concentration/time curve has also been studied (95, 216).
In many instances, the metabolite profile appears to be
biexponential regardless of route, when the oral absorp-
tion of parent drug is rapid and clearance by the liver is
moderate to high (CLy > 25 liters/h). However, if me-
tabolite distribution is rapid, a triphasic curve may be
observed after oral administration, even though the pro-
file following intravenous dosing is biphasic, and the
peak plasma levels are lower. This occurs because metab-
olite formed during the first-pass effect behaves in a
fashion analogous to that when it is given intravenously;
i.e., a distribution phase is present prior to establishment
of pseudoequilibrium conditions. Such behavior probably
accounts for the observation that 4-hydroxypropranolol
plasma concentrations were observed only after oral
administration of propranolol, and they appeared to de-
cline faster than those of parent drug (373). The use of
analytical methodology with appropriate sensitivity,
however, revealed that this metabolite was indeed formed
after intravenous dosing and had a slower terminal phase
subsequent to the initial rapid decline (473). An analo-
gous situation probably occurs with alprenolol (100),
chlorpromazine (121), and methotrimeprazine (120). The
rate of absorption of parent drug may also markedly
affect the metabolite plasma concentration/time curve
(216). It has also been speculated that the dependency
of the metabolite profile on the route of administration
is probably less marked for secondary than primary
metabolites (216).

The pharmacokinetics of a metabolite after adminis-
tration of parent drug are complex because metabolite
formation, sequential elimination, distribution, and fur-
ther elimination of the metabolite by excretion or con-
version to a secondary metabolite all occur concurrently.
As a result, data interpretation has shifted towards the
use of area under the curve (AUC) measurements, and
such simple analysis often provides useful information.
For example, if the liver is the only site of linear metab-

olite formation and elimination of parent drug, then the
AUC for the ith metabolite (AUC,,,) is the same regard-
less of route of administration. Thus, the ratio of metab-
olite area after intravenous and parenteral administra-
tion under this assumption may be used to assess bioa-
vailability providing that drug absorption is complete
(344, 346). On the other hand, if parent drug is also
eliminated by another organ, for example, the kidney,
then AUC,, will change according to the route of admin-

istration of parent drug. Because of metabolite formation

during the first-pass effect, the area under the curve will
be greater after oral administration than after intrave-
nous dosing by a fraction which equals CLz/Q. Accord-
ingly, AUC,, after different routes of administration
provides an indication of the presence or absence of
extrahepatic clearance. Similar route-dependent differ-
ences also occur in the fraction of the administered dose
excreted in the urine as unchanged drug (177). Addi-
tional complexity occurs when organs other than the
liver (gastrointestinal tract, lung and kidney) contribute
to the formation of the metabolite, and sequential first-
pass metabolism occurs (257, 346). The metabolite area
is then dependent not only on the site of drug adminis-
tration but also the sites of metabolite formation and
elimination. Such theoretical analyses emphasize the
difficulty of accurately interpreting differences between
areas under the curve for metabolites without precise
knowledge of the organs involved in formation and elim-
ination, data that are often unknown.

B. Fraction of Drug Converted to Metabolite

The term “fraction metabolized” is an attractive con-
cept that has been extensively used as an indicator of
the extent of drug metabolism. Unfortunately, this term
is relatively imprecise, since its definition depends on
the experimental approach used for estimation. Attempts
to clarify the situation have noted that distinctions can
be made at several different levels (346, 356). Thus, the
fraction metabolized may be defined in reference to the
dose or the clearance of drug, in terms of the amount of
metabolite formed or available to the systemic circula-
tion, with respect to specific metabolite or all metabolites
collectively, with or without specifying the organ(s) of
metabolism or excretion, and combinations of any or all
of these.

In considering metabolite formation, there is obvious
merit in relating the fraction metabolized to a clearance
term, since such a value is independent of the route of
administration as well as the magnitude of the adminis-
tered dose, so long as linear conditions are present. The
fraction of total clearance that is attributable to overall
metabolism (f,), in contrast to other routes of elimina-
tion, is the simplest fractional estimate and may be
experimentally determined from the ratio of the nonrenal
clearance of unchanged drug to its total clearance after
intravenous administration. Since it is assumed that the
nonrenal pathway is entirely accounted for by metabo-
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lism, the presence of any other pathways of elimination,
e.g., enterohepatic recycling and fecal loss, pulmonary
clearance, etc., results in an overestimate of this fraction.
Because of the ease of determination, f,, is a frequently
estimated parameter, but it provides no information con-
cerning a specific metabolic pathway. In order to obtain
information on this aspect, it is necessary to measure the
area under the metabolite plasma concentration/time
curve after administration of both parent drug and the

. individual metabolite per se. The latter takes into ac-

count the quantitative fate of the metabolite subsequent
to its formation. The most common experimental ap-
proach is to administer both parent drug and metabolite
by the intravenous route, ideally at the same time using
differently labelled moieties. Comparison of the relative
areas (equation 33) then provides an estimate of the
fraction of total body clearance (fn,) that furnishes a
specific metabolite, m;, to the systemic circulation (240,
346, 407)

AUCZ’/D"

fr = AUCQ.'?;/M;"

where AUC,, is the total area under the metabolite
plasma concentration/time curve after intravenous doses
of parent drug (D™) or metabolite (M;"). This fractional
clearance is independent of where the metabolite is
formed or the routes of elimination of parent drug. The
formation of salicylic acid from acetylsalicylic acid has
been studied in this fashion (407), as has that of a
number of metabolites from Nj-ethoxyacetylsulfame-
thoxazole (240); the generation of an S-methyl metabo-
lite from diethyldithiocarbamate (91); carbamazepine’s
metabolism to its 10,11-epoxide (372); N-demethylation
of chlordiazepoxide and the subsequent formation of a
lactam (241); and the formation of various primary and
secondary metabolites from isoniazid (54).

It has been pointed out, however, that a distinction
may exist between formation of a metabolite and its
appearance in the systemic circulation as reflected by
fm, (344, 351, 362). This arises because of the possibility
of sequential first-pass metabolism within the liver or
other metabolizing organs. That is, the metabolite is
further eliminated by the liver prior to leaving the organ.
Such a situation is analogous to the concept of organ
availability for unchanged drug. Thus, for a metabolite
which has a significant sequential first-pass effect, fm,
provides an underestimate of the actual formation clear-
ance by a factor [Fy(m,] which corresponds to the fraction
of preformed metabolite that survives a single passage
through the eliminating organ. This fraction may be
experimentally determined by application of equation 16
following administration of the metabolite per se by
appropriate routes, e.g., in the case of the liver by intra-
venous and portal venous routes. However, in practice
this is not necessary, since the fraction of total clearance
of the parent drug which forms the metabolite, gn,, may

equation 33

be simply estimated by measuring the total area under
the metabolite plasma concentration/time curve
(AUC,,) after intravenous administration of parent drug
(D™) and metabolite per se (M;"") by the portal venous
route, or orally if gastrointestinal metabolism is absent
(equation 34).
D¥ /niv
Em = —A_A‘:J%%';f{, - equation 34
This approach may be further refined to estimate the
formation clearance as a fraction of hepatic clearance
(hm,) provided that information is available on the frac-
tion of an intravenously administered dose of parent
drug which is excreted unchanged (fz) or eliminated by
other routes besides metabolism ( foner); i.€., the liver is
the only site of metabolite formation (equation 35).

B, equation 35

Y /.

(1 = fr = fotee)
A more general theoretical analysis has also been de-
scribed in which metabolite formation can occur in any
organ, i.e., hepatic and/or extrahepatic metabolism. This
approach requires measurement of the AUCs for parent
drug after administration intravenously and immediately
proximal to the organ of metabolism as well as giving
the metabolite per se by the latter route (33). Although
it does not take into account the possibility of sequential
metabolism by different organs arranged anatomically in
series, the generality of this approach is noteworthy and
should be experimentally explored.

The magnitude of the difference between the forma-
tion fraction (gn,) and the fractional availability (f»,) is
clearly determined by the extent of first-pass metabolism
of the metabolite. When this is high, then f,,, may provide
a marked underestimation of metabolite formation. On
the other hand, if little sequential metabolism occurs,
then the two estimates will provide comparable values,
and either the intravenous or portal/oral routes may be
used to administer the metabolite. Experimental study
of the error involved is largely limited to investigation of
the formation of acetaminophen from phenacetin where
an almost 2-fold difference between the two fractional
clearances was observed (351, 362). Similarly, the differ-
ence between the fractional formation clearance relative
to total clearance (g»,) and that for hepatic clearance
(hm,) depends on the contribution of the liver to the
overall elimination of parent drug and the validity of the
assumption that the liver is the only organ responsible
for generating the metabolite.

Because of the equivalency of AUC and steady-state
concentrations per unit of drug or metabolite delivery
rate (equations 3 and 4), the fractions of total or hepatic
clearance responsible for metabolite formation or avail-
ability (equations 33 to 35) may also be defined in terms
of steady-state levels after either drug/metabolite infu-
sions or repetitive chronic dosing. In a similar fashion,
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AUC determinations obtained after a single dose of par-
ent drug permit the prediction of steady-state plasma
concentrations of metabolite (215, 275) as well as the
ratio of metabolite to parent drug (272, 276, 372). It
should, however, be noted that, when the parent drug is
at steady state, this does not necessarily imply the same
conditions for the metabolite. The rates of its formation
and elimination determine the time required to achieve
steady state for the metabolite and, particularly in the
case of elimination rate-limited metabolism, this condi-
tion may be attained much more slowly than for the
parent drug.

A different and commonly used approach to estimating
the fraction of parent drug metabolized is based not on
clearance, but on the dose of drug administered and the
total amount of metabolite eliminated [AR]. If dn, is
defined as the fraction of the dose that is metabolized to
m; and this occurs solely in the liver, then a general
expression has been derived (346, 356).

4, = A5 _AUC 2/D

D~ AUCH™/M~
The actual amount of metabolite formed depends on the
route of administration of parent drug which is specified
by appropriate superscripts on d., and D in equation 36.
In the case of intravenous administration, equation 36 is
identical to equation 34, indicating that d¥, is the same
a8 gn,, the fraction of total clearance which forms m,.
For all other routes of parent drug administration, ab-
sorption and first-pass metabolism/availability must be
taken into consideration. For example, after oral admin-
istration of parent drug in which a fraction F, is absorbed
and reaches the liver, then if parent drug elimination
includes hepatic biotransformation, renal excretion, and
other nonmetabolizing pathways, the recovery of metab-
olite is given by equation 37. Similar relationships may
be defined for other routes and conditions (346, 356).

A3 = B Fa(l = faFL = foreF1)

equation 36

equation 37

The difficulty in applying equation 36 is the problem
of accounting for all of the formed metabolite which is
eliminated by all routes. In practice, experimental data
are often limited to the quantitative urinary excretion
profile of unchanged drug and metabolites. Since many
primary metabolites are themselves biotransformed to
secondary and tertiary metabolites, and multiple primary
metabolites are frequently formed, this mass balance
problem is often insurmountable. In theory it is possible
to administer a metabolite per se and determine its
quantitative urinary profile so that the fractional recov-
ery after parent drug administration may be adjusted for
the metabolite’s subsequent fate. However, unless the
total number of metabolites is small, this approach is
not really practicable. An exception to this is when the
urinary excretion profile accounts for essentially all of
the administered dose as unchanged parent drug and/or

metabolites. In this case, the fractional formation clear-
ance of each primary metabolite can simply be obtained
by summing all the metabolites derived from this route
and relating this amount to the dose of administered
parent drug. A noteworthy example of this approach is
with antipyrine, whose total clearance has been used
extensively as an indicator of hepatic drug metabolizing
ability (460). Because different cytochrome P-450 iso-
zymes are probably involved in antipyrine’s metabolism
to 4-hydroxyantipyrine, 3-hydroxymethylantipyrine, and
norantipyrine, which are subsequently conjugated, it has
been suggested that fractional formation clearances
might provide more valuable information than total
clearance (67, 123). Limited studies in both animals and
man appear to support this contention. For example,
relatively poor correlations were found between the total
oral clearances of antipyrine and hexobarbital in the rat,
but high correlation coefficients were obtained between
the fractional formation clearance of 3-hydroxymeth-
ylantipryine and the oral clearance of hexobarbital, as
well as the generation of its 3’-oxidative metabolites
(458). Similarly, in man the formation clearance of 4-
hydroxyantipyrine was far better correlated with the
total oral clearance of theophylline and the formation
clearances of its individual oxidative metabolites than
was antipyrine’s total clearance or production of its other
oxidative metabolites (449).

Equations 33 to 37 provide a sound theoretical foun-
dation upon which drug elimination may be partitioned
into fractions reflecting total metabolism, the formation
of an individual metabolite m;, or its availability to the
systemic circulation. They also emphasize the ambiguity
of the term fraction metabolized. It must, however, be
recognized that application of these approaches may be
practically difficult, even if assumptions regarding the
site of metabolism are valid. For example, intravenous
doses of both parent drug and metabolite are required to
estimate fn,, and while this may be possible in animal
experiments, the availability of suitable preparations for
use in humans may be a formidable constraint. Portal
venous administration is virtually impossible to perform
in human studies and must be approximated by oral
dosing. This complicates interpretation if incomplete
absorption and/or metabolism occurs either in the lumen
or mucosa of the gastrointestinal tract. Similar concerns
potentially exist when the fraction metabolized is related
to the administered dose rather than clearance.

A further problem is the validity of the critical as-
sumption that administration of preformed metabolite
leads to the same disposition, especially in the organ of
biotransformation, that occurs when the same moiety is
generated in situ. Metabolites are usually, but not always,
more polar than the parent drug, and distribution within
and into an eliminating organ may, therefore, be different
when administered per se, than when formed in the
organ. Thus, the extent of exogenously administered
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metabolite elimination will be less than that of generated
metabolite which enters the organ in the form of a more
lipophilic precursor. Moreover, a metabolite generated
in close proximity to enzyme systems responsible for its
subsequent metabolism is probably eliminated to a
greater extent than the preformed moiety. For example,
oxazepam glucuronide formation did not occur in the
isolated rat liver preparation when oxazepam was contin-
uously infused in a single-pass fashion, but when the
precursor, N-methyloxazepam, was similarly adminis-
tered, high levels of the conjugate were found in the
venous outflow (410). The presence of a diffusional bar-
rier to preformed metabolite also appears to account for
the 4-fold difference in biliary excretion of the angioten-
sin converting enzyme inhibitor enalaprilat when formed
from a precursor, enalapril, than when given per se (133,
347). Other confounding factors that may require consid-
eration include end-product inhibition (18, 410, 433),
time- or concentration-dependent autoinduction (372) or
inhibition (281) of metabolism, cosubstrate depletion
(166), the presence of triangular metabolic systems (277,
287), and enterohepatic recycling of an aglycone involv-
ing gastrointestinal hydrolysis of conjugated metabolite
as well as biliary excretion of the parent drug (350).

An additional factor related to the differing disposition
of metabolite is the effect of heterogeneous distribution
of drug metabolizing enzymes within the hepatic acinus
(20, 107, 200, 389, 457, 475). Such heterogeneity has
received limited consideration with respect to the parent
drug, i.e., a distributed sinusoidal model (21, 24), but its
consequence, particularly on sequential metabolism, has
been more extensively explored. An initial kinetic ap-
proach was based on the concept of “metabolic duration
time” within the liver (345, 364). Both phenacetin and
acetanilide are converted to acetaminophen in the iso-
lated perfused rat liver, and the metabolite is subse-
quently sulfated. However, the enzymatic capacities (in-
trinsic clearances) for the formation of acetaminophen
differed markedly between the two precursors, and this
was associated with a highly significant difference in the
extent of sulfation; the faster the formation of primary
metabolite, the greater the extent of secondary metabo-
lite production. These observations were explained by
the uneven distribution of the involved enzymes within
the acinus such that the median of oxidative activity,
expressed as distance along the sinusoidal path or a
transit time, was proximal to that for sulfation. Since
blood transit time through the liver is finite, the more
time required for drug oxidation within the liver, the less
likelihood there will be for subsequent biotransformation
of the primary metabolite, and conversely. Thus, the
extent of sequential metabolism of a generated metabo-
lite is only similar to that for preformed metabolite when
conversion from precursor to the primary metabolite is
very rapid relative to its subsequent elimination. In other
cases, where the intrinsic clearances for formation and

further metabolism of the metabolite are comparable or
the former is smaller, then quantitative discrepancies in
sequential metabolism will occur. These considerations
probably account for the inability of either the venous-
equilibration or undistributed sinusoidal models to ac-
count for the kinetics of acetaminophen following the
administration of phenacetin in the isolated perfused rat
liver, despite the fact that both models adequately de-
scribed the disposition of parent drug (348). A more
refined approach to examining sequential metabolism
has been based on models that incorporate continuous
linear or step gradients across the liver for the enzyme
activities forming the primary and secondary metabolites
(124, 361). In general, these models confirm the impor-
tance in sequential metabolism of the relative distribu-
tion of the involved enzymes and their degree of overlap,
and the absence of any effect of these factors on the
disappearance kinetics of the parent drug. In addition,
the importance of the absolute and relative values of the
respective intrinsic formation clearances has been clari-
fied. Thus, sequential metabolism was found to be least
sensitive to enzyme distributions within the liver when
both intrinsic clearances are very high or when parent
to primary metabolite formation is very rapid. In con-
trast, high sensitivity occurs when both metabolic activ-
ities are low, because the effective activity of the second
enzyme depends not only on its intrinsic clearance, but
also on the availability of its substrate, the primary
metabolite, whose presence depends on the distribution
of the two enzyme systems. From a practical standpoint,
however, the latter may not be readily detectable because
of the small concentrations involved and analytical con-
straints. Experimental studies have attempted to dis-
criminate between certain of these enzyme-distributed
models. For example, the sulfation and glucuronidation
of harmol exhibit Michaelis-Menten kinetics in the per-
fused rat liver, but the K, value is dependent on the
experimental concentration term designated to reflect
substrate level at the metabolizing site (354). In addition,
the steady-state extraction ratio was found to be higher,
and the sulfate/glucuronide ratio was decreased during
retrograde perfusion compared to when flow was in the
normal physiological direction (355). These findings sug-
gested an uneven distribution of the conjugating enzymes
across the liver with sulfotransferase activity in the
periportal region and glucuronidation distal to this. Of
five models with this type of enzyme distribution, those
with an evenly distributed glucuronyltransferase activity
and either a continuously linear declining distribution or
a step decrease in sulfating ability between the periportal
and centrilobular regions were found to be better predic-
tors than alternative models with similar medians of
enzyme distribution but in which sulfotransferase activ-
ity increased across the liver either continuously or step-
wise (124). A similar type of modelling approach has also
been used to study the formation of oxidative metabolites
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of lidocaine in the isolated perfused rat liver (363). The
hepatic availability of lidocaine after both normal and
retrograde perfusion was best predicted when N-deethy-
lation was proximally located relative to hydroxylation,
but these activities were not necessarily identically dis-
tributed when various primary and secondary metabo-
lites of lidocaine were the substrates. Undoubtedly, such
heterogeneous types of models of hepatic elimination
that account for metabolite formation and its subsequent
biotransformation are oversimplified. For example, the
effects of altered perfusion rate on the kinetics of lido-
caine and metabolites (363) cannot be accounted for; the
simpler venous-equilibration model provides better pre-
dictions in response to this perturbation, confirming
earlier findings (359). Similar discrepancies in response
to altered perfusion rates also arise with harmol (124),
and these may be related to the assumptions of ideal flow
and its homogenous distribution. Nevertheless, such ap-
proaches provide valuable insights into metabolite kinet-
ics which, in turn, may serve as a powerful discriminating
function in evaluating the validity of alternative models
for hepatic elimination. Certainly, the experimental find-
ings, although limited, raise further doubts concerning
the general adequacies of the commonly used venous-
equilibration and undistributed sinusoidal models.

C. Chemically Reactive Metabolites

Certain drug metabolites are so unstable because of
their chemical reactivity that they do not leave either
the enzyme, cell, or organ where they are formed. Instead,
they irreversibly interact with cellular constituents, such
as proteins or nucleic acids, which may result in toxicity
including carcinogenesis, mutagenesis, tissue necrosis,
and blood dyscrasias. Longer-lived metabolites which
escape from the organ in which they are formed may also
undergo covalent interaction at distal sites. This phe-
nomenon of chemically reactive metabolites has received
extensive investigation, especially with respect to the
involved chemistry, mechanisms, and biological effects
(14, 432). However, only limited analysis has been made
of kinetic considerations despite the fact that a number
of aspects are different from those of stable metabolites
that produce their pharmacological effects by reversibly
interacting with specific receptors. An important distinc-
tion is that the biological response produced by a reactive
metabolite is related to the amount of metabolite formed
rather than its concentration/time course as determined
by the rates/clearances of formation and degradation. In
addition, a fraction of this amount as determined by the
relative rates of interaction with the target versus other
sites or route of elimination is also of importance, along
with the rate at which the target molecule is repaired.

Based on conventional linear systems, Gillette (183,
185) showed that the proportion of the dose of parent
drug that becomes covalently bound may be regarded as
a series of ratios, the size of which depends on the number
of sequential metabolic elimination steps between parent

drug and generation of the active metabolite(s). The
numerator of each ratio is the formation clearance of the
metabolic pathway involved in generating the reactive
metabolite, or at the final step the covalent interaction,
while the denominator is the sum of all of the clearances,
including inocuous pathways, at the individual elimina-
tion step. Thus, the fraction of the dose converted to a
reactive metabolite may be affected by either changing
the formation clearance from precursor to metabolite,
i.e., the numerator, or the total clearance, i.e., the de-
nominator. The magnitude of the alteration, therefore,
depends on the relative importance of the activation
reaction and the other pathways that contribute to the
elimination process. Hence, for example, inducing or
inhibiting the formation of reactive metabolite may not
greatly change the extent of covalent interaction if the
pretreatment also causes parallel changes in other path-
ways; i.e., a degree of specificity is required. Conse-
quently, enzyme perturbations may have dramatic effects
on parent drug clearance without affecting the ratios of
clearances, and no change in parent drug disposition may
be associated with a large change in the extent of covalent
binding. In the case of the fraction of the generated
metabolite which covalently interacts with cellular con-
stituents, it is likely that this is only affected by factors
that change the clearance of the reactive metabolite,
since the interaction is probably not enzymatically me-
diated. It is, therefore, difficult to predict changes in the
magnitude of covalent binding reactive metabolite gen-
eration, toxicity from alterations in the pharmacokinet-
ics of parent drug, or changes in the pattern of urinary
metabolites (183, 185). These kinetic considerations do
not, however, limit the value of covalent binding as an
indicator of a putative role for a reactive metabolite in
eliciting a particular toxicity (182).

VIII. In Vitro-In Vivo Prediction and
Interspecies Extrapolation

In vitro systems, such as intact cells and various sub-
cellular preparations, are routinely and extensively used
to study a wide variety of aspects of drug metabolism.
Much valuable knowledge and insight have been ob-
tained in this fashion, but a major difficulty has always
existed concerning the quantitative extrapolation of such
findings to the intact organ or whole animal. In a similar
fashion, it has not been generally possible to extrapolate
a xenobiotic’s pharmacokinetic characteristics estab-

'lished in one species to those in another. These problems

are particularly relevant to the drug discovery and de-
velopment process. A number of studies based on phys-
iological modelling and allometric approaches have, how-
ever, indicated that reasonably good predictions can be
made from in vitro data, especially with respect to clear-
ance and elimination. ‘

Under first-order conditions, a drug’s free intrinsic
clearance is equal to the summed ratio of the maximal
rate of metabolism (V..) and the Michaelis-Menten
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constant (K, ) for each individual pathway of metabolism
(equation 20). In principle, therefore, this important
parameter may be experimentally defined by conven-
tional in vitro enzyme kinetic approaches using, for
example, hepatocytes, a 9000 X g supernatant, or micro-
somes. Scale-up of V. to the whole organ level may
then be made based on a readily established mass recov-
ery relationship for the particular preparation used. In-
corporation of this in vitro determined free intrinsic
clearance along with separately determined values of
reversible plasma/blood binding (fz“) and blood flow
rate (Q) into one of the physiological models of organ
elimination (equations 18, 22, and 24) will then provide
an estimate of the drug’s clearance by the organ of
interest. The feasibility of such a predictive approach
based entirely on in vitro and/or a priori information
was first investigated with 7 drugs having widely dispar-
ate extraction ratios (0.1 to >0.9) in the isolated perfused
rat liver (388). An excellent agreement (r = 0.988) was
found between the predicted extraction ratios using in
vitro data from 9000 X g supernatant or microsomal
preparations along with the venous equilibration model
and the experimentally determined values. Using the
same approach, the clearance of alprenolol in the isolated
perfused rat liver (20 ml/min) was predicted (430) with
varying success from studies with microsomes (12 ml/
min), hepatocytes (15 ml/min), and a 9000 X g superna-
tant (18 ml/min). Diazepam’s hepatic clearance in the
rat (0.65 ml/min) was also well predicted (226) from
studies with microsomes (0.62), as was the hepatic ex-
traction ratio of chlorpheniramine (221) in the rabbit
(0.84 versus 0.89). On the other hand, the hepatic ex-
traction ratio of phenacetin in the rat was underesti-
mated by 20 to 40% using kinetic measurements for
O-deethylation obtained with hepatocytes (353), and
similar differences between observed and predicted clear-
ances were reported with phenytoin in the same species
(98). In the latter instance, the use of a 9000 X g rather
than a 100,000 X g supernatant fraction would probably
have significantly improved the in vitro/in vivo correla-
tion, since preparation of washed microsomes reduces
the Ve of phenytoin metabolism by one-half (271). In
vitro studies of monoamine oxidase activity in rat liver
homogenate also provided a good prediction of 5-hydrox-
ytryptamine’s hepatic clearance in vivo (494). Studies of
nonoxidative pathways of metabolism have been limited
to the glucuronidation of morphine in the rhesus mon-
key, where the predicted hepatic extraction ratio esti-
mated from liver microsomes significantly underesti-
mated that determined in vivo (387), and the sulfation
of acetaminophen by hepatocytes where application of
the venous-equilibration, but not the undistributed si-
nusoidal, model provided an excellent prediction of clear-
ance in the isolated perfused rat liver (353).

The use of in vitro parameters and of the venous
equilibration model for elimination has also been applied

to pulmonary metabolism. For example, no significant
difference was found between the predicted and observed
pulmonary clearance of mescaline by the isolated per-
fused rabbit lung (211), and the extraction ratio of
benzo(a)pyrene 4,5-oxide by epoxide hydrolase was well
predicted, but not that by glutathione S-transferase in
the same preparation (431). Similarly, the agreement
between the in vitro predicted and experimentally deter-
mined clearance of 5-hydroxytryptamine by the rabbit
lung was poor despite the fact that data from the liver
showed a good correlation (494). An interesting aspect
of these studies (211, 494, 495) was that the overall
metabolizing ability of the lung was compared to that of
the liver. Because of the differences in intrinsic clear-
ance, organ size, and blood flow, the relative contribu-
tions of the two organs to overall elimination from the
body varied, as did the sensitivity of their clearances to
changes in intrinsic clearance produced by enzyme in-
ducers, or altered perfusion rates. Such conclusions
would not have been predicted on the basis of in vitro
enzyme activity alone and indicate a limitation of this
type of approach compared to the application of clear-
ance concepts. In vitro studies using isolated intestinal
mucosal cells have also been used to successfully predict
the extent of first-pass metabolism of phenacetin by the
gastrointestinal tract in control and 3-methylcholan-
threne-pretreated rats (254).

Good in vitro/in vivo correlations of drug metabolism
have also been reported for drugs exhibiting nonlinear
elimination, e.g., cytosine arabinoside (132) and ethoxy-
benzamide (288). In both of these case, hepatic clearance
and plasma binding are sufficiently low so that the
kinetic constants determined in vitro may be directly
compared to those in vivo, i.e., no clearance model in-
volving perfusion is required. Potential problems in eval-
uating Michaelis-Menten constants in vivo have, how-
ever, been discussed (360).

Successful in vitro/in vivo predictions require that the
conditions of metabolism in vitro be identical to those in
vivo. The latter are never known, and this is the crux of
the problem. It would appear, however, that clearances
by oxidative metabolism in the liver can be reasonably
well predicted from in vitro data, although some consid-
eration must be given to the particular preparation used,
i.e., microsomes, cell supernatants, hepatocytes. Less
success has been obtained in predicting pulmonary clear-
ance, which is probably a reflection of the cellular het-
erogeneity of this organ. The in vitro underestimation of
clearance by glucuronidation (387) is also not unexpected
given the known lability of glucuronyltransferase activ-
ity; the possibility of using the physiological predictive
approach to establish optimal conditions for in vitro
studies in such situations has not, however, been ex-
plored. It must also be recognized that the success of in
vitro/in vivo prediction of drug metabolism is critically
dependent on the model of organ elimination selected
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for incorporating the in vitro determined intrinsic clear-
ance. At high intrinsic clearance values, equivalent to an
extraction ratio greater than about 75%, the accumulated
experimental data for the liver suggest that the venous
equilibration model (equation 18) underestimates,
whereas the undistributed sinusoidal perfusion model
(equation 22) overestimates the measured extraction ra-
tios. The dispersion model (equation 24), on the other
hand, provides a much better agreement between predic-
tion and experimental observation (398). Additional
comparative studies of the various models for prediction
are clearly warranted, especially using drugs with low
organ availabilities. It should be noted, however, that
certain applications may not require a high degree of
accuracy. In many instances, knowledge of an approxi-
mate clearance value may be valuable, for example, in
determining whether a drug’s hepatic extraction will
impose “enzyme-limited” or “flow-limited” characteris-
tics on the drug’s pharmacokinetics. Because of the gen-
eral success of the in vitro/in vivo prediction approach
based on estimation of free intrinsic clearance and in-
corporation into a physiological model of elimination,
further studies of its value need to be undertaken. Of
particular interest, given the increasing availability of
human liver microsomes, is the possibility of predicting
in man a xenobiotic’s in vivo hepatic clearance, or that
of any other organ, at an early stage in the drug devel-
opment process.

A related issue to in vitro/in vivo prediction is that of
interspecies extrapolation, i.e., the ability to quantita-
tively predict a pharmacokinetic parameter or overall
disposition of a drug in man, or any other species, based
on data derived from one or more other animal species.
In the past, such extrapolation has been largely empirical
and descriptive despite the fact that the general issue of
animal scaling has been studied for many decades (78,
420). One such approach, for example, has been to search
for correlations between the same pharmacokinetic pa-
rameters for a series of related drugs in a single test
species and also the animal of interest, e.g., man. If
significant relationships exist, then the pharmacokinet-
ics of another drug in the series could be predicted based
on its behavior in the test animal. The comparative
disposition of various benzodiazepines in dog and man
(50), six §-lactam antibiotics in monkey and man (412),
and nine weakly acidic and six weakly basic drugs in rat
and man (413) have been investigated in this fashion.
Reasonable correlations were obtained, particularly for
parameters considered to reflect intrinsic values such as
CL}. and Vd/fr* rather than more hybrid values like
elimination half-life. However, in spite of predictions for
the group of drugs as a whole being quite good, it is
probably unrealistic to expect this type of approach to
provide precise estimates for any compound in particular.
This probably reflects well-established qualitative and
quantitative interspecies differences in drug disposition.

However, recent studies suggest that useful predictive
information concerning pharmacokinetic behavior can
indeed be obtained, if appropriate allometric analysis is
applied.

Mammals share a remarkable geometric similarity
with each other, including a common arrangement of
organs and interconnection by the vascular system. How-
ever, as animals decrease in size, many of their internal
organ sizes, perfusion rates, and metabolic activities in-
crease as a fraction of body weight, and smaller animals,
therefore, have a greater opportunity to dispose of xe-
nobiotics in any period of chronological time. If such
interspecies differences can be accounted for as, for
example, in physiologically based pharmacokinetic
models (173, 291, 405), then scale-up becomes a simple
matter of adjusting parameter values from the experi-
mental species to those of the animal of interest. Exam-
ples of such a priori prediction include: thiopental (rat
to human; ref. 42); methotrexate (mouse to rat, dog,
human, and the sting-ray; refs. 43, 5620, and 521); cytosine
arabinoside (a priori/in vitro to human; ref. 132); sulfo-
bromophthalein (rat to human; ref. 314); lidocaine (rhe-
sus monkey to man,; ref. 35); digoxin (dog to human,; ref.
207); polychlorinated biphenyls (rat to mouse; ref. 456);
styrene (rat to human; ref. 386); diazepam (rat to human;
ref. 225), and phenobarbital, phenytoin, hexobarbital,
quinidine, tolbutamide, valproic acid, and diazepam (all
rat to human; ref. 414). Although relatively successful,
this type of interspecies prediction is critically dependent
on the physiological determinants of disposition remain-
ing constant between species. While binding of xeno-
biotics to plasma proteins often exhibits interspecies
variability, and can be readily determined in vitro, re-
versible interactions with tissue constituents appear to
be quite similar in different animals (129, 150, 270, 411).
Thus, steady-state tissue/blood or plasma distribution
ratios determined in one species may be applied to other
animals with a good likelihood that the drug’s overall
distribution will be well predicted. The renal clearance
of xenobiotics also appears to be predictable between
species on the basis of simple allometric considerations
(43, 207, 520, 521), probably because of the constancy of
function and size of the mammalian nephron (49). On
the other hand, drug metabolism (free intrinsic clear-
ance) varies considerably between species with respect
to the type of biotransformation pathways involved, their
activity, and localization in specific organs. For example,
the presence of extrahepatic metabolism of diazepam in
the rat (259) probably accounts for the lack of predicta-
bility when data in this species are allometrically scaled
to man (414). Thus, interspecies predictions of drugs
undergoing metabolism require some insight into the
characteristics of this process in the involved species. An
in vitro/in vivo prediction approach (vide supra) can
provide such information, but its application in this
fashion has been extremely limited (132). Other success-
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ful examples of physiologically based model predictions
have invoked untested assumptions concerning the in-
terspecies relationship between the drug metabolizing
parameters; e.g., biotransformation increases allometri-
cally with body weight (414, 456) or basal metabolic rate
(386). Alternatively (35, 42, 225), previously obtained in
vivo data in the species to be predicted have been utilized
in a feedback fashion, which clearly undermines the
purpose of the exercise. Qualitative differences in xeno-
biotic disposition between species also have to be consid-
ered in such models; e.g., biliary excretion is often an
important elimination pathway in rat but not in humans.
Finally, intraspecies differences in disposition must be
recognized; for example, in man the interindividual var-
iability in drug metabolizing ability is often 50- to 200-
fold. How can interspecies extrapolation be performed
or evaluated in such situations? Despite all of these
potentially limiting factors, the potential of physiologi-
cally based pharmacokinetic models for interspecies pre-
diction of drug disposition, including clearance, suggests
that further evaluation and application of the approach
are warranted and will likely be valuable and useful.

A practical difficulty of physiologically based models
is that conventional pharmacokinetic parameters such
as clearance and volume of distribution are not explicitly
defined; rather, they are derived from the interaction of
various a priori parameters, such as free intrinsic clear-
ance and organ blood flows, etc. Some of these needed
data are not routinely obtained and may in fact never be
available for the drug of interest. Attempts have, there-
fore, been made to directly scale commonly estimated
pharmacokinetic terms according to allometric consid-
erations based, for example, on body weight (equation
38).

Y = aB* equation 38

This empirically expresses some physiological or ana-
tomical variable (Y) as a function of body mass (B)
raised to a fractional power x, and a is a constant. In
practice, a plot of log Y against log B yields a straight
line with a slope equal to the allometric exponent which
is the only parameter value of interest when considering
the relative difference (Y,/Y2 = B,/B:)*, between species
(420, 484). Such an approach is founded on similar
analyses for a wide variety of anatomical, physiological
and functional parameters across a wide range of species
(9, 77, 78, 420).

An increasing number of successful applications for
different pharmacokinetic parameters have been re-
ported: for example, the renal clearances of cytosine
arabinoside (131), ceftizoxime (315), 8-lactam antibiotics
(412), and an aminothiadiazole anticancer agent along
with its metabolic clearance (252). The total clearances
of methotrexate (49, 130), cyclophosphamide (49, 307),
a number of §-lactam antibiotics (412, 444), vinyl chlo-
ride (15), and tetrachlorobenzofluran (253), have also

been examined, as has the relationship of body size to
the free intrinsic clearances of antipyrine (48), phenytoin
(48), and B-lactam antibiotics (412). In general, the al-
lometric exponents for clearance cluster about a value of
0.75 which is considered to reflect the rate at which
oxygen and oxidizable materials are delivered to meta-
bolically active cells (55), although hepatic functions
tend to be related to body weight by a slightly larger
power ranging from about 0.85 to 0.90 (55, 77, 384, 420).
In many of these studies allometric relationships for the
volume(s) of distribution of the various drugs have also
been examined. In many such cases, the power exponent
is close to unity, suggesting that the ratio Vi /fr* is
approximately proportional to body weight, where V7 is
the summed physiological volume of extravascular tissue
and fr* is the unbound fraction of drug in the tissue (52).
Since elimination half-life is dependent on both clear-
ance and distribution (equation 9), and both of these
parameters are allometrically related to body weight, it
would be expected that ¢ would be similarly correlated.
Data in the above studies as well as from other investi-
gations (49, 316) confirm this expectation as well as
indicating that the allometric exponent is approximately
0.25, a value which has been explained on the basis of
the turnover time of energy utilization in an organism
(49).

In many instances, the linear correlation coefficient
associated with the log-log allometric plots is greater
than 0.90 and indicates an acceptable level of prediction.
In fact, with the 8-lactam antibiotics (412), the predicted
pharmacokinetic parameters in man based on the rela-
tionships developed from five other animal species indi-
cated an average absolute error of between 20 and 70%.
Given the simplistic nature of the allometric equations,
which only consider interspecies differences in body
weight, such predictability, i.e., a value within the range
of about one-half and twice the observed data, is laudable
and extremely encouraging for future applications, es-
pecially with investigational drugs prior to their admin-
istration to human subjects.

Interspecies scaling, according to a power function of
body weight, is entirely empirical and arbitrary. Other
scaling factors are possible, and a seminal contribution
of Dedrick and coworkers was the recognition that the
independent variable of pharmacokinetics, i.e., time,
could serve such a purpose. A remarkable finding from
their disposition studies with methotrexate in mouse,
rat, dog, monkey, man, and the sting-ray was that the
plasma concentration/time data from all of these species
after intravenous or intraperitoneal administration were
superimposable when the dose normalized plasma level
was plotted against chronological time divided by B°%*
(130, 521). This transformation converted chronological
time into dimensionless time equivalents, subsequently
termed pharmacokinetic time (49), and was an intuitive
attempt to take into account the consequences of allo-
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metry. Namely, that the smaller the animal the more
rapidly events occur with respect to chronological time;
however, relative to an internal clock that is correlated
with body weight, the rate of process tends to be species
invariant (one unit of pharmacokinetic time is equivalent
to B'~* units of chronological time). Thus, for metho-
trexate, 1 min in a 22-g mouse is equivalent to about 7.5
min in a 70-kg man, but in both cases, these transform
to an identical pharmacokinetic time of 260 units (52).
The allometric and pharmacokinetic basis for this so-
called elementary Dedrick plot was subsequently consid-
ered in detail and shown to be of general applicability
providing that a drug’s volume of distribution is directly
proportional to body weight, i.e., its allometric exponent
is unity (49, 52, 55). The biexponential plasma disap-
pearance of antipyrine after rapid intravenous injection
in the dog and man was found, for example, to be
described by such a plot (52, 55). On the other hand,
similar data for chlordiazepoxide elimination in these
two species were not superimposable, although the areas
under the curves were similar, thus confirming species
invariance of clearance relative to pharmacokinetic time.
However, by taking into account the smaller body
weight-adjusted volume of distribution of chlordiazepox-
ide in man relative to the dog, i.e., a complex Dedrick
plot, data from both species could be described by a
single disposition curve (52, 55).

Boxenbaum has further extended the concept of phar-
macokinetic time as well as considering some metaphys-
ical aspects of drug disposition (51, 52, 55). He has
speculated that, at least for phase I metabolism, each
species has an equivalent amount of “pharmacokinetic
stuff” for detoxifying naturally occurring xenobiotics,
and although short-lived species metabolize quickly and
long-lived species metabolize slowly, at the termination
of their maximum life spans, each species will have
cleared the same volume of these substances per kilogram
of body weight. Accordingly, it has been suggested that
a scaling factor involving the maximum life span poten-
tial (MLP) should be incorporated into certain types of
interspecies extrapolations. Empirical support for this
approach comes from the finding that hepatic micro-
somal activity by mixed-function oxidation is intrinsi-
cally lower in humans than in other mammalian species
(53, 472). For example, the free intrinsic clearance of
antipyrine in man deviates by approximately one-sev-
enth from the allometric body weight relationship estab-
lished in ten other species (48). However, a much im-
proved prediction is obtained when CL},,/MLP is related
to body weight, and similarly for phenytoin and clona-
zepam (53). This concept involving MLP has also been
applied in a limited fashion to the Dedrick plot approach
of interspecies scaling, but mainly to demonstrate its
feasibility rather than any practical application (52).
Clearly the ability for interspecies prediction of plasma
concentration/time profiles for unchanged drug based on

scaling according to pharmacokinetic rather than chron-
ological time is a potentially valuable and useful tool
that warrants additional consideration and application.

Allometric relationships appear to provide a general
basis for interspecies scaling of pharmacokinetic param-
eters, such as clearance, as well as plasma concentration/
time curves. Application of various empirical relation-
ships, although somewhat limited, has demonstrated the
feasibility of the approach. Hopefully, further studies,
especially in the area of preclinical investigation during
the new drug development process, will be forthcoming
and improve the quantitative aspects of such critical
predictions.

IX. Future Perspectives

Over the past 256 yr, pharmacokinetics has evolved
from a somewhat esoteric aspect of pharmacology to a
major tool of widespread application to the understand-
ing and quantification of drug action. Clearance concepts
have played a major and critical role in this development.
At the functional level, knowledge of a drug’s total and
major fractional clearance values and of factors that
determine them is now recognized as essential for the
rational use of a drug. For example, considerable time,
effort, and financial expenditure are committed to the
determination of such parameters in various species and
populations during the development of a drug. Clearance,
in contrast to other elimination measurements, provides
a unifying means of evaluating such comparative studies.
Similarly, therapeutic success in a patient is frequently
dependent on recognition of a particular individual’s
clearance of a drug and how this may differ from that in
other patients. Such routine information is frequently
required by regulatory agencies, and very large numbers
of studies of this type will continue to be performed.
Investigators should always be mindful, however, of the
assumptions and limitations that are implicit in even the
simplest application of certain clearance approaches. As
in all science, uncritical and inappropriate use of a par-
ticular technique may yield erroneous and invalid con-
clusions.

More importantly, perhaps, the application of clear-
ance concepts has shifted attention away from simple
descriptive models towards more biologically based sys-
tems that permit mechanistic interpretation. Despite the
fact that currently available clearance models are ob-
viously oversimplifications of often complex events and
interrelationships, they provide an integrated basis for
determining and understanding how various factors af-
fect the clearance process. At the same time, their defi-
ciencies provide a stimulus for further experimentation
and understanding. This will undoubtedly lead to im-
proved clarification of the involved biological phenom-
ena. The finer aspects of hepatic function will be of
particular interest in future studies concerned with the
formation and subsequent elimination of metabolites, as
well as the uptake and removal of highly bound sub-
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stances. Current models may also require modification
and improvement as more information becomes available
on the prediction of organ clearance on the basis of in
vitro data. It is also likely that clearance relationships in
eliminating organs other than the liver, for example, the
lung, kidney, and peripheral tissues, will need to receive
additional study, since there is no a priori reason why a
single model should apply equally well to all organs, or
for that matter to all drugs. Such investigations will, at
times, be challenging, but they undoubtedly will provide
new and fundamental insights into the quantitative re-
lationships involved in the elimination of drugs and other
xenobiotics.

Acknowledgments. The assistance and patience of Susan Britt in
preparation of the manuscript is sincerely appreciated.

REFERENCES

1. ABERNETHY, D. R, DivoLL, M., GRRENBLATT, D. J., AND AMEER, B.:
Obesity, sex, and acetaminophen disposition. Clin. Pharmacol. Ther. 31:
783-790, 1982.

2. ABERNETHY, D. R.,, AND GREENBLATT, D. J.: Lidocaine disposition in
obesity. Am. J. Cardiol. 53: 1183-1186, 1984.

3. ABERNETHY, D. R., AND GREENBLATT, D. J.: Ibuprofen disposition in
obesity. Arthritis Rheum. 28: 1117-1121, 1985.

4. ABERNETHY, D. R, mnGmu'rr,D. J.: Drug disposition in obese
humans: an update. Clin. Pharmacokinet. 11: 199-213, 1986.

5. ABERNETHY, D. R., GREENBLATT, D. J., DivoLL, M., HARMATZ, J. 8., AND
SHADER, R. L.: Alterations in drug distribution and clearance due to
obesity. J. Pharmacol. Exp. Ther. 217: 681-685, 1981.

6. ABERNETHY, D. R., GREENBLATT, D. J., DIVOLL, M., AND SHADER, R. L.:
Enhanced glucuronide conjugation of drugs in obesity: studies of loraze-
pam, oxazepam, and acetaminophen. J. Lab. Clin. Med. 101: 873-880,
1983.

7. ABERNETHY, D. R., AND SCHWARTZ, J. B.: Verapamil pharmacodynamics
mddupoutwnmobeoehypertcnnvepahenu..l Cardiovasc. Pharmacol.
in press, 1987.

8. ABrAMS, W. B, CoutiNHO, C. B, LEON, A. S., AND SPIEGEL, H. E.:
Absorption and metabolism of levodopa. J. Am. Med. Assoc. 218: 1912-
1914, 1971.

9. ADOLPH, E. F.: Quantitative relations in the physiological constitutions of
mammals. Science (Wash. DC) 109: §79-585, 1949.

10. AHMAD, A. B, BENNETT, P. N., AND ROWLAND, M.: Models of hepatic drug
clearance: discrimination between the “well-stirred” and “parallel-tube”
models. J. Pharm. Pharmacol. 35: 219-224, 1983.

11. AHMAD, A. B., BENNETT, P. N., AND ROWLAND, M.: Influence of route of
hepatic adminimation on dru¢ availability. J. Pharmacol. Exp. Ther.
230: 718-725, 1984.

12. ALEXANDER, J. R., DENNIS, E. W., SMrTH, W. G., AMAD, K. H., DUNCAN,
W.C., AND AusSTIN, R. C.: Bloodvolmurducoutput, dmribuuon
ofcymlcbloodﬂowmemmobwty Cardiovasc. Res. Cent. Bull.
(Houston) 1: 39-44, 1962/63.

13. ALVAN, G., P1ArsKY, K., LIND, M., AND VON BAHR, C.: Effect of pentobar-
bital on the disposition of alprenolol. Clin. Pharmacol. Ther. 22: 316-
321, 1977.

14. ANDERS, M. W.: Bioactivation of Foreign Compounds. Academic Press,
New York, 1985.

15. ANDERSEN, M. E.: Recent advances in methodology and concepts for
characterizing inhalation pharmacokinetic parameters in animals and
man. Drug. Metab. Rev. 13: 799-826, 1982.

16. ANDREASEN, P. B., RANEK, L., STaTLAND, B. E,, AND TYGSTRUP, N.:
Clearance of antipyrine-dependence on quantitative liver function. Eur.
J. Clin. Invest. 4: 129-134, 1974.

17. ANDREASEN, P. B., AND VESELL, E. S.: Comparison of plasma levels of
antipyrine, wlbuumlde and warfarin after oral and intravenous admin-
istration. Clin. Pharmacol. Ther. 18: 1059-1065, 1974.

18. ASHLEY, J. J., AND LEvY, G.: Inhibition of diphenylhydantoin by its major
metabolite . Ree. Commun. Chem. Pathol. Pharmacol. 4: 297-308, 1972.

19. BALASUBRAMANIAM, K., MAWER, G. E., AND SIMONS, P. J.: The influence
of dose on the distribution and elimination of amylobarbitone in healthy
subjects. Br. J. Pharmacol. 40: §78-579, 1970.

20. BARON, J., REDICK, J. A., AND GUENGERICH, F. P.: Inmunohistochemical
localization of cytochrome P-450 in rat liver. Life Sci. 23: 2627-2632,
1978.

21. Bass, L.: Current models of hepatic elimination. Gastroenterology 76:
1504-1505, 1979.

22. Bass, L.: Flow dependence of first-order uptake of substances by heteroge-
neous perfused organs. J. Theor. Biol. 86: 365-376, 1980.

23. Bass, L.: Models of hepatic drug elimination. J. Pharm. Sci. 72: 1229, 1983.

24. Bass, L.: Saturation kinetics in hepatic removal: a statistical approach to
functional heterogeneity. Am. J. Physiol. 244: G583-G589, 1983.

25. BASS, L.: Convection-dispersion modeling of hepatic elimination. J. Pharm.
Sci. 75: 321-322, 1986.

26. Bass, L., KEIDING, S., WINKLER, K., AND TYGSTRUP, N.: Enzymatic
elimination of mbm'nm flowing thmugh the intact liver. J. Theor. Biol.
61: 393-409, 1976.

27. BAsSs, L., AND ROBINSON, P. J.: Effects of capillary heterogeneity on rates
of steady uptake of substances by the intact liver. Microvasc. Res. 22:
43-57, 1981.

28. Bass, L., ROBINSON, P., AND BRACKEN, A. J.: Hepatic elimination of
ﬂowmgm : the dutnlnmd model. J. Theor. Biol. 72: 161-184,
1

29. Bass, L., AND WINKLER, K.: A method for determining intrinsic hepatic
clearance from the first-pass effect. Clin. Exp. Pharmacol. Physiol. 7:
339-343, 1980.

30. BATCHELDER, B. M., AND COOPERMAN, L. H.: Effects of anesthetics on
splanchnic circulation and metabolism. Surg. Clin. N. Am. 58: 787-794,
1975.

31. BAUGHMAN, R. A, ARNOLD, S., BENET, L. Z,, LiN, E. T., CHATTERJEE, K.,
AND WILLIAMS, R. L.: Altered prazosin pharmacokinetics in congestive
heart failure. Eur. J. Clin. Pharmacol. 17.426—428.1980.

32. Bax, N. D. 8., Tucker, G. T., AND Woobs, H. F.: Lignocaine and
indocyanine green kinetics in patients following myocardnl infarction.
Br. J. Clin. Pharmacol. 10: 353-361, 1980.

33. BAYNE, W. F., AND HwWANG, S. S.: Gmralmethodforevaluatingthe
fraction or mvemblo organ clearance due to conversion of drug to a

primary metabolite. J. Pharm. Sci. 74: 722-726, 1985.

34. BENET, L. Z.: Pharmacokinetic parametérs: which are necessary to define a
drug substance? Eur. J. Respir. Dis. 85: suppl. 134, 45-61, 1984.

35. BENOWITZ, N Fonsm, R. P., MELMON, K. L., AND Rowumo, M.:
Lidocaine nhnehammonkoymdman.lpredwhonbya
perfusion model. Clin. Pharmacol. Ther. 16: 87-98, 1974.

36. BENOWITZ, N., FORSYTH, R. P.,, MELMON, K. L., AND ROWLAND, M.:
Lidocaine disposition kinetics in monkey and man. II. Effects of hemor-
rhage and sympathomimetic drug administration. Clin. Pharmacol. Ther.
16: 99-109, 1974.

37. BENOwITZ, N. L., AND MEISTER, W.: Pharmacokinetics in patients with
cardiac failure. Clin. Pharmacokinet. 1: 389405, 1976.

38. BENTLEY, J. B., GLASS, S., AND GANDOLP, A. J.: The influence of halothane
onhdoeunophnrmaeohnoﬁammAmcthenology&O’Am. 1983,

39. BERGQVIST, Y., AND DOMELI-NYBERG, B.: Distribution of chloroquine and
its metabolite desethylchloroquine in human blood cells and its implica-
tion for the quantitative determination of these compounds in serum and
plasma. J. Chromatogr. 272: 137-148, 1983.

40. BIBER, B., LUNDEGREN, O., AND SVANVIK, J.: The influence of blood flow
on the rate of absorption of *Kr from the small intestine of the cat. Acta.
Physiol. Scand. 89: 227-238, 1973.

41. BiscHorr, K. B.: Some fundamental considerations of the applications of
pharmacokinetics to cancer chemotherapy. Cancer Chemother. Rep. Part
1, 59: 777-793, 1975.

42. BiscHorr, K. B, AND DEDRICK, R. L.: Thiopental pharmacokinetics. J.
Pharm. Sci. 57: 1346-1351, 1968.

43. BiscHorr, K. B., DEDRICK, R. L., ZAHARKO, D. S., AND LONGSTRETH, J.
A.: Methotrexate pharmacokinetics. J. Pharm. Sci. 60: 1128-1133, 1971.

44. BOEL, J., ANDERSEN, L. B., RASMUSSEN, B., HANSEN, S. H., AND D@sSING,
M.: Hepatic drug metabolism and physical fitness. Clin. Pharmacol. Ther.
36: 121-126, 1984.

45. BORGA, O., PIAPsKY, K. M., AND NILSEN, O. G.: Plasma protein binding of
basic drugs. 1. Selective displacement from a;-acid glycoprotein by tris (2-
butoxyethyl)phoephate. Clin. Pharmacol. Ther. 22: 539-544, 1977.

46. Bougas, J., FLoop, C., LitTLE, B, TAIT, J. F., TaAIT, S. A. S, AND
UNDERWOOD, R.: Dynamic aspects of aldosterone metabolism. In Aldo-
sterone, ed. by E. E. Baulieu and P. Robert, pp. 25-50, F. A. Davis Co.,
Philadelphia, 1964.

47. BOWSHER, D. J., AVRAM, M. J., FREDERIKSEN, M. C., ASADA, A., AND
ATKINSON, A. J.: Urea distribution kinetics analyzed by simultaneous
injection of urea and inulin: demonstration that transcapillary exchange
is rate limiting. J. Pharmacol. Exp. Ther. 230: 269-274, 1984.

48. BOXENBAUM, H.: Interspecies variation in liver weight, hepatic blood flow,
and antipyrine intrinsic clearance: extrapolation of data to benzodiaze-
pines and phenytoin. J. Pharmacokinet. Biopharm. 8: 165-176, 1980.

49. BOXENBAUM, H.: Interspecies scaling, allometry, physiological time, and
the ground plan of pharmacokinetics. J. Pharmacokinet. Biopharm. 10:
201-227, 1982.

50. BOXENBAUM, H.: Comparative pharmacokinetics of benzodiazepines in dog
and man. J. Pharmacokinet. Biopharm. 10: 411-426, 1982.

51. BOXENBAUM, H.: Evolutionary biology, animal behavior, fourth-dimen-
sional space, and the raison d'étre of drug metabolism and pharmacoki-
netics. Drug. Metab. Rev. 14: 1057-1097, 1983.

52. BOXENBAUM, H.: Interspecies pharmacokinetic scaling and the evolution-
ary-comparative paradigm. Drug Metab. Rev. 15: 1071-1121, 1984.

53. BOXENBAUM, H., AND FERTIG, J. B.: Scaling of antipyrine intrinsic clear-

2102 ‘8 Jaqwiadaq uo Alslaniun Lesewwey | ye Bio'sjeuinofiadse asiwreyd woly papeojumoq


http://pharmrev.aspetjournals.org/

PHARM
REV

PHARMACOLOGICAL REVIEWS

aspet

CLEARANCE APPROACHES IN PHARMACOLOGY 39

ance of unbound drug in 15 mammalian species. Eur. J. Drug Metab.
Pharmacokinet. 9: 177-183, 1984.

54. BOXENBAUM, H. G., AND RIEGELMAN, 8.: Pharmacokinetics of isoniazid
and some metabolites in man. J. Pharmacokinet. Biopharm. 4: 287-325,
1976.

55. BOXENBAUM, H., AND RONFELD, R.: Interspecies pharmacokinetic scaling
and the Dedrick plots. Am. J. Physiol. 48: R768-R775, 1983.

66. BOYCE, J. R., CERVENKO, F. W., AND WRIGHT, F. J.: Effects of halothane
onthophnmmhmﬁaofhdoamomdmtalu-wncdop.&n.m
Soc. J. 28: 323-328, 1978.

57. BRACKEN, A. J., AND Bass, L.: Statistical mechanics of hepatic elimination.
Math. Biosci. 44: 97-120, 1979.

58. BRANCH, R. A.: Drugs as indicators of hepatic function. Hepatology 2: 97-
105, 1982,

59. BRANCH, R. A, JAm,J A., AND ReAD, A. E.: The clearance of antipyrine
and i in normal subjects and patients with chronic liver
disease. Chn.Phamnool.'l‘ht 20: 81-89, 1976.

60. BRANCH, R. A., NiBs, A. S., AND SHAND, D. G.: The disposition of propran-
olol.VlII.Genenlimpliationsofﬂneffecuofliverbloodﬂowon
elimination from the perfused rat liver. Drug. Metab. Dispos. 1: 687-690,
1978.

61. Branch, R. A., and Shand, D. G.: Propranolol di jon in chronic liver
disease: a hynwlog\ulawro.ch.Chn.Phnrmaoohnet. 1: 264-279, 1976.

62. BRANCH, R. A, SHAND, D. G., AND NiEs, A. S.: Hemodynamic drug
interactions: the reduction of oxyphuh:tuomchnaneebydl—pmpnn-
olol in the dog. J. Pharmacol. Exp. Ther. 187: 133-137, 1973.

63. BRANCH, R. A,, SHAND, D. G., AND Nims, A. S.: Increase in hepatic blood
flow and d clearance by glucagon in the monkey. J. Pharma-
col. Exp. Ther. 187: 581-587, 1973.

64. BRANCH, R. A, SHAND, D. G., WILKINSON, G. R., AND NiEs, A. S.: The
reduction of lidocaine clearance by dl-propranolol. An example of hemo-
dynamic drug interaction. J. Pharmacol. Exp. Ther. 184: 515-519, 1973.

66. BRANCH, R. A., SHAND, D. G., WILKINSON, G. R., AND NiEs, A. S.:
Increased clearance of antipyrine and d-propranolol after phenobarbital
treatment in the monkey. Relative contributions of enzyme induction and
increased hepatic blood flow. J. Clin. Invest. 53: 1101-1107, 1974.

66. BRAUER, R. W, LzoNg, G. F., MCELROY, R. F., AND HoLLOWAY, R. J.:
Circulatory pathways in the rat liver revealed by P® chromic phosphate
colloid uptake in the isolated perfused rat liver preparation. Am. J.
Physiol. 184: 583-598, 1956.

67. BREIMER, D. D., VERMEULEN, N. P. E,, DaNHOrF, M., TEUNISSEN, M. W.
E.Joxns,R.P AND VAN DER GRAAFF, M.: Assessment and prediction
of in vivo oxidative drug metabolizing activity. In Pharmacokinetics: A
Modern View, ed. by L. Z. Benet, G. Levy, and B. L. Ferraiolo, pp. 191-
216, Plenum Prees, New York, 1984.

G&ansnn,D HuMPHREY, M. J., AND McLzAVY, M. A.: The systemic

hmbyvmmtesofudmnmtnuon d.
Pharm, Pharmacol. 33: 500-506, 1981.

69. BRIANT, R. H., BLACKWELL, E. W,, WiLLIAMS, F. M., DaviEs, D. S., AND
DoLLERY, C. T.: The metabolism of sympathomimetic bronchodilator
drugs by the isolated perfused dog lung. Xenobiotica 3: 787-799, 1973.

70. BROUWER, K. L. R, AND VORE, M.: Effect of hypoxia and pregnancy on
antipyrine metabolism by isolated perfused rat livers. J. Pharmacol. Exp.
Ther. 234: 584-589, 1985.

71. BROWN, J. E., KircHELL, B. B., BJORNSSON, T. D., AND SHAND, D. G.:
'lhamfactualummofhspannmdmoddmgpmmhndmxmt-
ations. Clin. Pharmacol. Ther. 30: 636-643, 1981.

T72. BruN, C., HILDEN, T., AND RAASCHO, F.: The significance of the difference
in systemic arterial and venous blood concentrations in renal clearance
methods. J. Clin. Invest. 28: 144-152, 1949.

73. BURNEY, R. G., AND DIFAzIO, C. A.: Hepatic clearance of lidocaine during
N;O anesthesia in dogs. Anesth. Analg. 55: 322-325, 1976.

74. BURNHART, J. L., WrTT, B. L., HARDISON, W. G., AND BERK, R. N.: Uptake
ofbpanmcmdbymhudmhpatocymmpnmxyculum.m.l

75. BuTLER, T. C.: Termination of drug action by elimination of unchanged
drug. Fed. Proc. 17: 1158-1162, 1958.

76. BYRNE, A. J., MORGAN, D. J., HARRISON, P. M., AND McCLzAN, A. J.:
Varnhonmhepataccxwthnnhomthunbounddnufncnon.dmnm
ination between models of hepatic drug elimination. J. Pharm. Sci. 74:
206-207, 1985.

. CAwln,W A.: Scaling of physiological processes in homeothermic animals.

Annu. Rev. Physiol. 43: 301-322, 1981.

78. CALDER, W. A.: Size, Function, and Life History. Harvard University Press,
Boston, 1984.

79. CAMARGO, C. A., Dowby, A. J., HANCOCK, E. W., AND LUETSCHER, J. A.:
Decreased plasma clearance and hepatic extraction of aldosterone in
pationts with heart failure. J. Clin. Invest. 44: 356-365, 1965.

80. Caumv,M K., AND HOUSTON, J. B.: In vivo assessment of

81. CAssbY, M. K., AND HousToN, J. B.: In vivo capacity of hepatic and
extrahepatic enzymes to conjugate phenol. Drug Metab. Dispos. 12: 619
984,

624, 1984.
82. CHAN, K. K.: A simple integrated method for drug and derived metabolite

an application of the statistical moment therapy. Drug Metab.
Dupo..lo'l'lH'm 1962

83. CHAVARRI, M., Lurncan..l A, Dowmr, A. J., AND Gmom.v,A. The
effects of temperature and plasma cortisol of aldosterone
botwunphmnandndﬂoodedhcmﬂmoonmﬁabolwm
and on hepatic and renal extraction of aldosterone. J. Clin. Endocrinol.
Metab. 44: 7562-759, 1977.

84. CHEN, M.-L., LEg, M. G., AND CHIOU, W. L. Phamacohnmaofdmpm
blood. ITI. Metabolism of procainamide and storage effect of blood sam-
ples. J. Pharm. Sci. 78: 572-574, 1963.

85. CHioU, W. L.: Critical evaluation of the potential error in pharmacokinetic
studies of using the linear trapezoidal rule method for calculation of the
area under the plasma level-time curve. J. Pharmacokinet. Biopharm. 8:
539-546, 1978.

86. CHIOU, W. L.: Potential pitfalls in the conventional pharmacokinetic stud-
ies: effects of the initial mixing of drug in blood and the pulmonary first-

pass elimination. J. Pharmacokinet. Biopharm. 7: 527-536, 1979.

87. Cmou,w L.: A new model-independent physiological approach to study
hepatic drug clearance and its applications. Int. J. Clin. Pharmacol. Ther.
Toxicol. 32: 577-590, 1984.

88. CHIOU, W. L., AND LAM, G.: The significance of the arterial-venous plasma
concentration difference in clearance studies. Int. J. Clin. Pharmacol.
Ther. Toxicol. 20: 197-203, 1962.

89. Criou, W. L., LaM, G., CHEN, M.-L., AND L&g, M. G.: Instantaneous input
hypothesis in pharmacokinetic studies. J. Pharm. Sci. 70: 1037-1039,
1981.

90. CHREMOS, A. N., SHEN, D., GIBALD1, M., PROCTOR, J. D., AND NEWMAN,
J. H.: Time-dependent change in renal clearance of bethanidine in hu-
mans. J. Pharm. Sci. 65: 140-142, 1976.

91. CoBBY, J., MAYERSOHN, M., AND SELLIAH, S.: Disposition kinetics in dogs

dmhymhmbmm.nmbolmﬁdnmlﬁnm..! Pharmacokinet.

Biopharm. 6: 368-387, 1978.

. COLBURN, W. A.: jon of saccharin from rat urinary bladder. J.
Pharm. Sci. 67: 1493-1484, 1978.

COLBURN, W. A.: A pharmacokinetic model to differentiate preabsorptive,
gut epithelial, and hepatic first-pass metabolism. J. Pharmacokinet. Bio-
pharm. 7: 407-415, 1979.

COLBURN, W. A.: Albumin does not mediate the removal of taurocholate by
the rat liver. J. Pharm. Sci. 71: 373-374, 1982.

COLBURN, W. A.: First-pass formation-rate-limiting metabolism. J. Pharm.
Sci. 73: 711-713, 1983.

CoLBURN, W. A.: Albumin binding and hepatic uptake: the importance of
model selection—a response. J. Pharm. Sci. 72: 1233, 1988.

COLBURN, W. A,, AND GIBALDI, M.: Pharmacokinetic model of presystemic
wbolmbmm.bupa.&l%—l%,lm
98. COLLINS, J. M., Bun,D A. AND EGNER, P. G.: Phenytoin metabolism

in the rat: p correlation between in vitro hepatic micro-
somal enzyme activity and in vivo elimination kinetics. Drug Metab.
Dispos. 6: 251-257, 1978.

99. COLLINS, J. M., AND DEDRICK, R. L.: Contributions of lungs to total body
clearance: linear and nonlineer effects. J. Pharm. Sci. 71: 66-70, 1982.

100. COLLSTE, P., Borg, K. 0., AsTROM, H., AND VON BAHR, C.: Contribution
of 4-hydroxyalprenolol to ic beta receptor blockade of alprenclol.
Clin. Pharmacol. Ther. 28: 416-422, 1979.

101. COLTER, S., BUGGE, C. J. L., AND COLBURN, W. A.: Role of gut contents,
intestinal wall, and liver on the first pass metabolism and abeolute
bioavailability of isotretinoin in the dog. Drug Metab. Dispos. 11: 458-
462, 1983.

102. CoNN, R. B, SaBo, A. J., LANDES, D., AND Ho, J. Y. L.: Inconstancy of
renal clearance values with changing plasma concentrations. Nature
(Lond.) 208: 143-146, 1964.

103. CONNEY, A. H.: Pharmacological implications of microsomal enzyme induc-
tion. Pharmacol. Rev. 19: 317-366, 1967.

104. CONNEY, A. H., PANTUCK, E. J., Hs1A0, K.-C., GARLAND, W. A., ANDER-
SON, K. E., ALVARES, A. P., AND KAPPaS, A.: Enbanced metabolism of
phenacetin in human subjects fed charcoal-broiled beef. Clin. Pharmacol.
Ther. 20: 633-642, 1976.

105. ConoLLy, M. E,, Davies, D. S., DOLLERY, C. T., MORGAN, C. D., PATER-
8ON, J. W., AND SANDLER, M.: Metabolism of isoprenaline in dog and
man. Br. J. Pharmacol. 46: 458472, 1972.

106. CONRAD, K. A., BYERs, J. M., FINLERY, P. R., AND BURNHAM, L.: Lidocaine
ehmmuon.oﬁecuofmowpmhlmdofpmpnnoloLChn.anrmmL
Ther. 33: 133-138, 1983.

107. CONWAY, J. G., KAUPMAN, F. C., TSUKADA, T AND Tuunm. R. G.:

hmmsdntwnoﬂ-lwd!mmmnm and pericentral re-
gions of the liver lobule. Mol. Pharmacol. 38: 487493, 1964.
108. Comuv,W D., MINATOYA, H., LANDS, A. M., AND SHEXOWSKI, J. M.:

2 8

S g &2

Absorptaonandelimuﬁonpmﬂlo isoproterenol. IIl. The metabolic
fate of d-isoproterencl-7-°H in the dog. J. Pharm. Sci. 87: 1135-1141,
1968.

109. CoNwAY, W. D., SiINGHVI, 8. M., GIBALD1, M., AND BovEs, R. N.: The
effect of route of administration on the metabolic fate of terbutaline in
the rat. Xenobiotica 3: 813-821, 1973.

110. COOK, J. A., AND SMITH, D. E.: Theoretical limits of changes in plasma
protein binding or renal clearance. J. Pharm. Sci. 74: 108-109, 1985.

2102 ‘8 Jaqwiadag uo Ausianiun pesewwey | ye Bio sjeuinofiadse asswieyd woly papeojumoq


http://pharmrev.aspetjournals.org/

PHARM
REV

PHARMACOLOGICAL REVIEWS

aspet

1L

112

113.

114.

118.

116.
117.

WILKINSON

CORBETT, H., CaHiLL, C. M., HEINZOW, B., HARRISON, P. M., BYRNE, A.
J., AND MCLEAN, A. J.: Interaction between oral hydralazine and pro-
pranolol. II. Assessment of altered splanchnic blood flow as the determi-
nant of altered presystemic extraction. J. Pharmacol. Exp. Ther. 239:
517-521, 1986.

CoTHAM, R. H., AND SHAND, D. G.: Spuriously low plasma propranolol
concentrations resulting from blood collection methods. Clin. Pharmacol.
Ther. 18: 535-538, 1975.

COTLER, S., HOLAZO, A., BOXENBAUM, H. G., AND KAPLAN, S. A.: Influence
of route of administration on physiological availability of levodopa in
dogs. J. Pharm. Sci. 65: 822-827, 1976.

CRONE, C.: Permeability of capillaries in various organs as determined by
use of the “indicator diffusion” method. Acta Physiol. Scand. 58: 292-
305, 1973.

CULBERTSON, J. S., WILKINS, R. W., INGELFINGER, F. J., AND BRADLEY,
8. E.: The effect of upright posture upon hepatic blood flow in normoten-
sive and hypertensive subjects. J. Clin. Invest. 30: 305-311, 1951.

CUMMINGS, A. J., AND MARTIN, B. K.: Excretion and accrual of drug
metabolites. Nature (Lond.) 200: 1296-1297, 1963.

CUMMINGS, A. J., MARTIN, B. K., AND PARK, G. S.: Kinetic considerations
relating to the accrual and elimination of drug metabolites. Br. J. Phar-
macol. Chemother. 28: 136-149, 1967.

118. CUMMING, J. F., MCCLUNG, H. W., AND MANNERING, G. J.: The effect of

119.
120.
121
122.

123.

124.

125.

126.

127.

128.

129.
130.

131.

132.

133.

134.

185.

136.

137.

hemorrhage on the rate of hexobarbital biotransformation in the dog. J.
Pharmacol. Exp. Ther. 178: 5§95-601, 1971.

CURRY, S. H., AND KwON, H.-R.: Influence of posture on plasma nitro-
glycerin. Br. J. Clin. Pharmacol. 19: 403-404, 1985.

DAHL, S. G.: Pharmacokinetics of methotrimeprazine after single and mul-
tiple doses. Clin. Pharmacol. Ther. 19: 435-442, 1976.

DAHL, S. G., AND STRANDJORD, R. E.: Pharmacokinetics of chlorpromazine
after single and multiple doses. Clin. Pharmacol. Ther. 21: 437-448, 1977.

DANESHEND, T. K., JACKSON, L., AND ROBERTS, C. J. C.: Physiological
and pharmacological variability in estimated hepatic blood flow in man.
Br. J. Clin. Pharmacol. 11: 491-496, 1981.

DANHOF, M., AND BREIMER, D. D.: Urinary metabolic profile of antipyrine
as a tool in the assessment of oxidative drug metabolizing capacity in
man. In Methods in Clinical Pharmacology, ed. by N. Rietbrock, B. G.
Woodcock, and G. Neuhaus, pp. 176-186, Vieweg and Sohn, Braun-
schweig, 1980.

DAwWSON, J. R., WEITERING, J. G., MULDER, G. J., STILLWELL, R. N,, AND
PANG, K. S.: Alteration of transit time and direction of flow to probe the
heterogeneous distribution of conjugating activities for harmol in the
perfused rat liver preparation. J. Pharmacol. Exp. Ther. 234: 691-697,
1985.

DEBOER, A. G., BRRIMER, D. D., MATTIE, H., PRONK, J., AND GUBBENS-
STIBBE, J. M.: Rectal bioavailability of lidocaine in man: partial avoidance
of first-pass metabolism. Clin. Pharmacol. Ther. 26: 701-709, 1979.

DEBOER, A. G., BREIMER, D. D., PRONK, J., AND GUBBENS-STIBBE, J. M.
Rectal bioavailability of lidocaine in rats: absence of significant first-pass
elimination. J. Pharm. Sci. 69: 804-807, 1980.

DEBOER, A. G., GUBBENS-STIBBE, J. M., AND BREIMER, D. D.: Avoidance
of first-pass elimination of propranolol after rectal administration to rats.
J. Pharm. Pharmacol. 33: 50-51, 1981.

DERBOER, A. G., MOOLENAAR, F., DELEEDE, L. G. J., AND BREIMER, D. D.:
Rectal drug administration: clinical pharmacokinetic considerations. Clin.
Pharmacokinet. 7: 285-311, 1982.

DEDRICK, R. L., AND BisCHOFr, K. B.: Species similarities in pharmacoki-
netics. Fed. Proc. 39: 54-59, 1980.

DebpRricK, R. L., BiscHorr, K. B., AND ZAHARKO, D. S.: Interspecies
correlation of plasma concentration history of methotrexate (NSC-740).
Cancer Chemother. Rep. Part 1, 54: 95-101, 1970.

DEDRICK, R. L., FORRESTER, D. D., CANON, J. N., EL DAREER, S. M., AND
MELLETT, L. B.: Pharmaoolunena of l-B-D-ambmomnnooylcymeme
(Ara-C) deamination in several species. Biochem. Pharmacol. 22: 2405-
2417, 1973.

DEebRick, R. L., FORRESTER, D. D., AND Ho, D. H. W.: In vitro-in vivo
correlation of drug metabolism—deamination of 1-8-D-arabinofuranosyl-
cytosine. Biochem. Pharmacol. 21: 1-16, 1972.

DELANNOY, I. A, M., AND PANG, K. 8.: Presence of a diffusional barrier on
metabolite kinetics: enalaprilat as a generated versus preformed metabo-
lite. Drug Metab. Dispos. 14: 513-520, 1986.

DELEEDE, L. G. J., HuG, C. C., DELANGE, S., DEBOER, A. G., AND BREIMER,
D. D.: Rectal intravenous propranolol infusion to steady-state: kinetics
and S-receptor blockade. Clin. Pharmacol. Ther. 35: 148-155, 1984.

DEsSMOND, P. V., RoBERTS, R. K., WooOD, A. J. J., DUNN, G. D., WILKIN-
SON, G. R., AND SCHENKER, S.: Effect of heparin administration on
plasma binding of benzodiazepines. Br. J. Clin. Pharmacol. 9: 171-175,
1980.

DIONNE, R. E., BAUER, L. A., GIBSON, G. A., GRIFFEN, W. O., AND BLOUIN,
R. A.: Estimating creatinine clearance in morbidly obese patients. Am. J.
Hosp. Pharm. 38: 841-844, 1981.

DossING, M.: Effect of acute and chronic exercise on hepatic drug metab-
olism. Clin. Pharmacokinet. 10: 426-431, 1985.

138, EDWARDS, D. J.: Bvidence favoring the venous equilibrium model for hepatic

clearance of (S)-(—)-propranolol. J. Pharm. Sci. 73: 1498-1499, 1984.

139.

140.

141.

142

143.

144.

145.

146.
147.

EFfrFENEY, D. J., POND, S. M., Lo, M.-W., SILBER, B. M., AND RIEGELMAN,
S.: A technique to study hepatic and intestinal drug metabolism separately
in the dog. J. Pharmacol. Exp. Ther. 221: 507-511, 1982.

EICHELBAUM, M., DENGLER, H. J., SOMOGY1, A., AND VON UNRUH, G. E.:
Superiority of stable isotope techniques in the assessment of the bioavail-
ability of drugs undergoing extensive first-pass elimination. Studies of the
relative bioavailability of verapamil tablets. Eur. J. Clin. Pharmacol. 19:
127-131, 1981.

EICHELBAUM, M., MIKUS, G., AND VOGELGESANG, B.: Pharmacokinetics of
(+)- (=)-, lnd (:t)-vempannl after intravenous administration. Br. J.

Pharmacol. 17: 453-458, 1984.

Elcunuuun, M., AND SOMOGYI1, A.: Inter- and intra-subject variation in
the first-pass elimination of highly cleared drugs during chronic dosing.
Eur. J. Clin. Pharmacol. 26: 47-53, 1984.

ELFSTROM, J., AND LINDGREN, S.: Influence of bed rest on the pharmaco-
kinetics of phenazone. Eur. J. Clin. Pharmacol. 13: 379-383, 1978.

ELVINS, A. T., COLE, A. F. D, PIEPER, J. A., ROLBIN, S. H., AND LALKA,
D.: Effect of food on lidocaine kinetics: mechanism of food-related alter-
ation in high intrinsic clearance drug elimination. Clin. Pharmacol. Ther.
30: 455460, 1981.

Evans, G. H., NiEs, A. S., AND SHAND, D. G.: The disposition of propran-
olol. III. Decreased half-life and volume of distribution as a result of
plasma binding in man, monkey, dog, and rat. J. Pharmacol. Exp. Ther.
186: 114-120, 1973.

Evans, M. E., WALKER, S. R., BRITTAIN, R. T., AND PATERSON, J. W.:
The metabolism of salbutamol in man. Xenobiotica 3: 113-120, 1973.

Faep, E. M.: Protein binding of drugs in plasma, interstitial fluid, and
tissues: effect on pharmacokinetics. Eur. J. Clin. Pharmacol. 21: 77-81,
1981.

148. FEELY, J., WADE, D., MCALLISTER, C. B., WILKINSON, G. R., AND ROB-

149.

150.

161.

152.

153.

154.

156.

156.
157.

158.
159.

160.
161.
162.

163.

-164.

165.

166.

ERTSON, D.: Effect of hypotension on liver blood flow and lidocaine
disposition. N. Engl. J. Med. 307: 866-869, 1982.

FEELY, J., WILKINSON, G. R., AND WOOD, A. J. J.: Reduction of liver blood
flow and propranolol metabolism by cimetidine. N. Engl. J. Med. 304:
692-695, 1981.

FICHTL, B., AND SCHUHMANN, G.: Relationship between plasma and tissue
binding of drugs. In Symposia Medica Hoechst, Protein Binding and Drug
Transport, ed. by J. P. Tillement and E. Lindenlaub, pp. 265-271, F. K.
Schattauer-Verlag, Stuttgart, 1986.

FLEISCHER, A. B., SHURMANTINE, W. O., AND FORKER, E. L.: Medicated
dissociation of albumin-palmitate complexes by hepatocyte monolayers.
Gastroenterology 88: 1713, 1985.

FLEISCHER, A. B., SHURMANTINE, W. O., THOMPSON, F. L., FORKER, E.
L., AND LuUxoN, B. A.: Effect of transported ligand on the binding of
albumin to rat liver cells. J. Lab. Clin. Med. 105: 185-189, 1985.

FLEUREN, H. L. J., THIEN, TH. A., VERWEY-VAN WIsSSEN, C. P. W, AND
VAN R088UM, J. M.: Absolute bioavailability of chlorthalidone in man: a
cross-over study after intravenous and oral administration. Eur. J. Clin.
Pharmacol. 15: 35-50, 1979.

FLEUREN, H. L. J., AND VAN R088UM, J. M.: Nonlinear relationship between
plasma and red blood cell pharmacokinetics of chlorthalidone in man. J.
Pharmacokinet. Biopharm. 5: 359-375, 1977.

FORKER, E. L., AND LUXON, B.: Hepatic transport kinetics and plasma
dmppunnee curves: distributed modeling versus conventional approach.
Am. J. Physiol. 235: E648-E660, 1978.

FORKER, E. L., AND LUXON, B. A.: Albumin helps mediate removal of
taurocholate by rat liver. J. Clin. Invest. 67: 1517-16522, 1981.

FORKER, E. L., AND LUXON, B. A.: Albumin-mediated transport of rose
bengal by perfused rat liver: kinetics of the reaction at the cell surface. J.
Clin. Invest. 72; 1764-1771, 1983.

FORKER, E. L., AND LUXON, B. A.: Albumin binding and hepatic uptake:
the importance of model selection. J. Pharm. Sci. 72: 1232-1233, 1983.
FORKER, E. L., AND LUXON, B. A.: Effects of unstirred Disse fluid, non-
equilibrium binding, and surface-mediated dissociation on hepatic removal
of albumin-bound organic anions. Am. J. Physiol. 248: G709-G717, 1985.

FORKER, E. L., AND LUXON, B. A.: Lumpers vs. distributors. Hepatology 5:
1236-1237, 1985.

FORKER, E. L., AND LUXON, B. A.: Models of hepatic elimination: a critical
commentary. Hepatology 6: 340-341, 1986.

FORKER, E. L., LUXON, B. A., AND SHARMA, V. S.: Hepatic transport and
bmdmgofroubennlmthepluenceofalbumnmdpmmgloh:hn
Am. J. Physiol. 248: G702-G708, 1985.

FORKER, E. L., LUXON, B. A, SNELL, M., AND SHURMANTINE, W. O.
Effect of albumin binding on the hepatic transport of rose bengal: surface-
mediated dissociation of limited capacity. J. Pharmacol. Exp. Ther. 223:
342-347, 1982.

FORREST, J. A. H., FINLAYSON, N. D. C., ADJEPON-YAMOAH, K. K., AND
PRESCOTT, L. F.: Antipyrine, paracetamol, and lignocaine elimination in
chronic liver disease. Br. Med. J. 1: 1384-1387, 1977.

FRENKL, R., GYORE, A., MESZAROS, J., AND SZEBERENYL, S. Z.: A study of
the enzyme mduangeﬁectofphylwalexemnmm the “trained” liver.
d. Spom Med. 20: 371-376, 1980.

GALINSKY, R. E,, AND LEVY, G.: Dose and time-dependent elimination of
acetaminophen in rats: pharmacokinetic implications of co-substrate de-
pletion. J. Pharmacol. Exp. Ther. 219: 14-20, 1981.

2102 ‘8 Jaqwiadaq uo Alslaniun Lesewwey | ye Bio'sjeuinofiadse asiwreyd woly papeojumoq


http://pharmrev.aspetjournals.org/

PHARM
REV

PHARMACOLOGICAL REVIEWS

aspet

167.

CLEARANCE APPROACHES IN PHARMACOLOGY 41

GARRETT, E. R.: Pharmacokinetics and clearances related to renal processes.
Int. J. Clin. Pharmacol. 16: 156-172, 1978.

168. GEORGE, C. F.: Drug kinetics and hepatic blood flow. Clin. Pharmacokinet.

169.

170.

171.

4: 433448, 1979.

GEORGE, C. F.: Methods for distinguishing between the various sites of
first-pass metabolism in man. In Presystemic Drug Elimination, ed. by C.
F. George, D. G. Shand, and A. G. Renwick, pp. 189-205, Butterworth,
London, 1882.

GEORGE, C. F., BLACKWELL, E. W., AND DAviEs, D. S.: Metabolism of
isoprenaline in the intestine. J. Pharm. Pharmacol. 26: 265-267, 1974.

GEORGE, C. F., Fenyvesi, T., ConoLLy, M. E., AND DOLLERY, C. T.:

InrmwohneMofdextro— laevo-, andracemcpmpranololmman.
Eur. J. Clin. Pharmacol. 4: 74-76, 1972.

172. GERORGE, C. F., SHAND, D. G., AND RENWICK, A. G.: Presystemic Drug

173.
174.

175.

176.

177.

Elimination, Butterworth, London, 1982.

GERLOWSKI, L. E., AND JAIN, R. K.: Physiologically based pharmacokinetic
modeling: principles and applications. J. Pharm. Sci. 72: 1103-1127, 1983.

GiacoMiNi, K. M., GIACOMINI, J. C., AND BLASCHKE, T. F.: Abeence of
effect of heparin on the binding of prazosin and phenytoin to plasma
proteins. Biochem. Pharmacol. 29: 3337-3340, 1980.

GIACOMINI, K. M., NAKEEB, S. M., AND LEVY, G.: Pharmacokinetic studies
of propoxyphene I: effect of portacaval shunt on systemic availability in
dogs. J. Pharm. Sci. 69: 788-789, 1980.

GIACOMINI, K. M., SWEZRY, 8. E., GIACOMINI, J. C., AND BLASCHKE, T.
F.: Administration of heparin causes in vitro release of non-esterified
fatty acids in human plasma. Life Sci. 27: 771-780, 1980.

GIBALDI, M., AND FELDMAN, S.: Route of administration and drug metab-
olism. Eur. J. Pharmacol. 19: 323-329, 1972.

178. GmBALDI, M., AND Koup, J. R.: Pharmacokinetic concepts—drug binding,

179.

180.

181.

apparent volume of distribution, and clearance. Eur. J. Clin. Pharmacol.
20: 299-305, 1981.

GIBALDI, M., LEVY, G., AND MCNAMARA, P. J.: Effect of plasma protein
and tissue binding on the biologic half-life of drugs. Clin. Pharmacol.
Ther. 24: 14, 1978.

GILLESPIE, W. R., AND VENG-PEDERSEN, P.: Theorems and implications
of model independent elimination/distribution function decomposition of
linear and some nonlinear drug dispositions. II. Clearance concepts ap-
plied to the evaluation of distribution kinetics. J. Pharmacokinet. Bio-
pharm. 13: 441-451, 1985.

GILLETTE, J. R.: Factors affecting drug metabolism. Ann. NY Acad. Sci.
179: 43-66, 1971.

182. GILLETTE, J. R.: A perspective on the role of chemically reactive metabolites

183.

184.

185.

186.

187.

of foreign compounds in toxicity. I. Correlation of changes in covalent
binding of reactive metabolites with changes in the incidence of severity
of toxicity. Biochem. Pharmacol. 23: 2786-2794, 1974.

GILLETTE, J. R.: A perspective on the role of chemically reactive metabolites
of foreign compounds in toxicity. II. Alterations in the kinetics of covalent
binding. Biochem. Pharmacol. 23: 2927-2938, 1974.

GILLETTE, J. R.: Other aspects of pharmacokinetics. In Concepts of Bio-
chemical Pharmacology, part 3, ed. by J. R. Gillette and J. R. Mitchell,
pp. 35-85, Springer-Verlag, New York, 1975.

GILLETTE, J. R.: Kinetics of reactive metabolites and covalent binding in
vivo and in vitro. In Biological Reactive Intermediates: Formation, Tox-
icity, and Inactivation, ed. by D. J. Jollow, J. J. Kocsis, R. Snyder, and
H. Vainio, pp. 25—41, Plenum Press, New York, 1977.

GILLETTE, J. R.: Sequential organ first-pass effects: simple methods for

constructing eompomnontnl pharmacokinetic models from physiological

modeln of drug disposition by several organs. J. Pharm. Sci. 71: 673-677,

Gn.urru. J. R., AND PANG, S. P.: Theoretic aspects of pharmacokinetic
drug interactions. Clin. Pharmacol. Ther. 22: 623-639, 1977.

188. GILLETTE, J. R, SAauL, W. F., AND MALING, H. M.: A new principle for

189.
180.

191.

estimating liver blood flow rates. Pharmacology 23: 237-246, 1981.

GORESKY, C. A.: The process of cellular uptake and exchange in the liver.
Fed. Proc. 41: 3033-3039, 1982.

GORESKY, C. A., BACH, G. G., AND NADEAU, B. E.: Red cell carriage of
label: its limiting effect on the exchange of materials in the liver. Circ.
Res. 36: 328-351, 1975.

GORESKY, C. A., BACH, G. G., AND RosE, C. P.: Effects of saturating
metabolic uptake on lpwepmﬁleaandtrworkmothm.J Physiol.
244: G215-G232, 1983.

192. GORESKY, C. A., AND Ro8E, C. P.: Blood-tissue exchange in liver and heart:

183.

184,

195.

196.

the influence of heterogeneity of capillary transit times. Fed. Proc. 36:
2629-2634, 1977.

GORESKY, C. A. ZIRGLER, W. H., AND BACH, G. G.: Capillary exchange
modeling: barrier-limited and flow-limited distribution. Circ. Res. 27:
739-764, 1970.

GREENWAY, C. V., AND STARK, R. D.: Hepatic vascular bed. Physiol. Rev.
51: 23-65, 1971.

GUENTERT, T. W., AND OIR, S.: Effect of plasma protein binding on
quinidine kinehu in the rabbit. J. Pharmacol. Exp. Ther. 215: 165-171,
1980.

GUGLER, R., KORTEN, J. W., JENSEN, C. J., KLEHR, U., AND HARTLAPP,
J.: Clofibrate disposition in renal failure and acute and chronic liver
disease. Eur. J. Clin. Pharmacol. 15: 341-347, 1979.

197.

GUGLER, R., LAIN, P., AND AZARNOP?, D. L.: Effect of portacaval shunt on
thedupouhonofdnmmthmdthhwtﬁntpmoﬂ‘oct.J Pharmacol.
Exp. Ther. 195: 416-423, 1975.

198. GUGLER, R., SHOEMAN, D. W., HurrMAN, D. H., COHLMIA, J. B., AND

199.

201.

g

207.

210.
211.

212.

213.

214.
215.
216.

217.

AzARNOPP, D. L.: Pharmacokinetics of drugs in patients with the ne-
phrotic syndrome. J. Clin. Invest. 55: 1182-1189, 1975.

GuMucio, D. L., GuMuclo, J. J., WILSON, J. A. P., CUTTER, C., KrRAuUSS,
M., CALDWELL, R., AND CHEN, E.: Albumin influences sulfobromophtha-
lein transport by hepatocytes of each acinar zone. Am. J. Physiol. 246:
G86-G95, 1984.

. GUMUCIO, J. J., AND MILLER, D. L.: Functional implications of liver cell

heterogeneity. Gastroenterology 80: 393403, 1980.

Gumucio, J. J., MILLER, D. L., Krauss, M. D., AND ZaNoLLL, C. C.:
Transport of fluorescent compounds into hepatocytes and the resultant
zonal labelling of the hepatic acinus in the rat. Gastroenterology 80: 639-
646, 1981.

. HALL, S., AND ROWLAND, M.: Relationship between renal clearance, protein

binding, and urine flow for digitoxin, a compound of low clearance in the
isolated perfused rat kidney. J. Pharmacol. Exp. Ther. 228: 174-179,
1983.

. HALL, S., AND ROWLAND, M.: Influence of fraction unbound upon the renal

clearance of furosemide in the isolated perfused rat kidney. J. Pharmacol.
Exp. Ther. 232: 263-268, 1985.

. HALLYNCK, T. H., Sorp, H. H., THOMIS, J. A., BOELAERT, J., DANEELS,

R., AND DETTLI, L.: Should clearance be normalized to body surface area
or to lean body mass? Br. J. Clin. Pharmacol. 11: 523-525, 1981.

. HAMANN, S. R., BLOUIN, R. A, CHANG, S. L., KALTENBORN, K. E., TAN,

T. G., AND MCALLISTER, R. G.: Effects of hemodynamic changes on the
elimination kinetics of verapamil and nifedipine. J. Pharmacol. Exp. Ther.
231: 301-305, 1984.

. HARRIS, P. A., AND RIEGELMAN, S.: Influence of route of administration on

the area under the plasma concentration-time curve. J. Pharm. Sci. 58:
71-75, 1969.

HARRISON, L. 1., AND GIBALDI, M.: Physiologically based pharmacokinetic
model for digoxin disposition in dogs and its preliminary application to
humans. J. Pharm. Sci. 66: 1679-1683, 1977.

. HEKMAN, P., AND VAN GINNEKEN, C. A. M.: Kinetic modeling of the renal

excretion of iodopyracet in the dog. J. Pharmacokinet. Biopharm. 10: 77-
92, 1982,

. HENTHORN, T. K., AVRAM, M. J., FREDERIKSEN, M. C., AND ATKINSON,

A. J.: Heterogeneity of interstitial fluid space demonstrated by simuita-
neous kinetic analysis of the distribution and elimination of inulin and
gallamine. J. Pharmacol. Exp. Ther. 222: 389-394, 1982.

HERMAN, R. J., MCALLISTER, C. B., BRANCH, R. A., AND WILKINSON, G.
R.: Effects of age on meperidine. Clin. Pharmacol. Ther. 87: 19-24, 1985.

HILLIKER, K. S., AND ROTH, R. A.: Prediction of mescaline clearance by
rabbit lung and liver from enzyme kinetic data. Biochem. Pharmacol. 29:
253-255, 1980.

HINDERLING, P. H., GARRETT, E. R., AND WEBSTER, R. C.: Pharmacoki-
netics of S-methyldigoxin in healthy humans. II. Oral studies and bio-
availability. J. Pharm. Sci. 68: 314-325, 1977.

HoMEIDA, M., RoBERTS, C. J. C., HALLIWELL, M., READ, A. E., AND
BRANCH, R. A.: Antipyrine clearance per unit volume live: an assessment
of hepatic function in chronic liver disease. Gut 20: 596-601, 1979.

HoRi, R., SUNAYASHIKI, K., AND KAMIYA, A.: Pharmacokinetic analysis of

nalhnndlmgofmlhmﬂhmlo..l Pharm. Sci. 85: 463485, 1976.

HousToN, J. B.: Drug metabolite kinetics. Pharmacol. Ther. 18: 521-562,
1982.

HoUSTON, J. B., AND TAYLOR, G.: Drug metabolite concentration-time
profiles: influence of route of drug administration. Br. J. Clin. Pharmacol.
17: 385-394, 1984.

HUANG, J.-D., AND @1R, S.: Use of continuous withdrawal technique to
estimate the initial area under the curve. J. Pharm. Sci. 71: 1421-1422,
1982,

218. HUANG, J.-D., AND @1E, S.: Influence of serum protein binding on hepatic

219.

220.

221.

clearance of S-disopyramide in the rabbit. J. Pharm. Pharmacol. 87: 471-
475, 1985.

HUANG, J. D., AND @IE, S.: Hepatic elimination of drugs with concentration-
dependent serum protein binding. J. Pharmacokinet. Biopharm. 12: 67-
81, 1984.

HUANG, J.-D., AND @1x, S.: Influence of serum protein binding on hepatic
clearance of S-disopyramide in the rabbit. J. Pharm. Pharmacol. 87: 471-
475, 1986.

HuANG, S.-M., HUANG, Y.-C., AND CHIOU, W. L.: Oral absorption and
pmydemcﬁmtpmeﬁoaofchlotpbmmmmmmbbm.J Pharma-
cokinet. Biopharm. 9: 725-738, 1981.

HUET, P.-M,, AND LELORIER, J.: Effects of smoking and chronic hepatitis
B on lidocaine and indocyanine green kinetics. Clin. Pharmacol. Ther.
28: 208-215, 1980.

HOTTER, J. F., PIPER, H. M., AND SPIECKERMANN, P. G.: Myocardial fatty
acldondntlon. evidence for an albumin-receptor-mediated membrane
transfer of fatty acids. Basic Res. Cardiol. 79: 274-282, 1884.

HOTTER, J. F., PiPER, H. M., AND SPIECKERMANN, P. G.: Kinetic analysis
ofmyoardldﬁaymdoxﬂmonw-naﬂnmneqnmm-

diated uptake process. J. Mol. Cell Cardiol. 16: 219-226, 1984.

2102 ‘8 Jaqwiadag uo Ausianiun pesewwey | ye Bio sjeuinofiadse asswieyd woly papeojumoq


http://pharmrev.aspetjournals.org/

PHARM
REV

PHARMACOLOGICAL REVIEWS

aspet

42 WILKINSON

2265. louu, Y., SUGIYAMA, Y., SAWADA, Y., IGA, T., AND HANANO, M.: Prediction
of dmhonmtbentmdmnbyaphynolopullyband
pharmacokinetic model. J. Pharmacokinet. Biopharm. 11: §77-593, 1983.

226. IGARI, Y., SUGIYAMA, Y., SAWADA, Y., IGA, T., AND HANANO, M.: In vitro
and in vivo assessment of hepatic and extrahepatic metabolism of diaze-
pam in the rat. J. Pharm. Sci. 73: 826-828, 1984.

227. ILETT, K. F., AND DAVIES, D. S.: In vivo studies of gut wall metabolism. In
Pmymwbmmmmmed.byc F. George, D. G. Shand, and A.
G. Renwick, pp. 43-65, Butterworth Scientific, London, 1982.

228. INOUR, M., HIRATA, E., MORINO, Y., NAGASE, S., CHOWDHURY, J. R,
Cuownuunv,N R, ANDAIIIAS 1. M.: The role of albumin in the
transport of bilirubin: studies in mutant analbuminemic rats. J. Biochem.
97: 737-743, 1986.

229. INOUR, M., OXAJIMA, K., NAGASE, S., AND MORINO, Y.: Plasma clearance
of sulfobromophthalein and its interaction with hepatic binding proteins
in normal and analbuminemic rats: is plasma albumin essential for vec-
torial transport of organic anions in the liver. Proc. Natl. Acad. Sci. USA
80: 76647658, 1983.

230. JANSEN, J. A.: Influence of plasma protein binding kinetics on hepatic
clearance assessed from a “tube” model and a “well-stirred” model. J.
Pharmacokinet. Biopharm. 9: 15-26, 1981.

231. JoLLirrEE, N., AND SMITH, H. W.: The excretion of urine in the dog. 1.
The urea and creatinine clearances on a mixed diet. Am. J. Physiol. 98:
572-585, 1831.

232. Jones, D. B., CHING, M. S., SMALLWOOD, R. A., AND MORGAN, D. J.: A
carrier-protein receptor is not a prerequisite for avid hepatic elimination
of highly bound compounds: a study of propranolol elimination by the
uoheedperﬁuednthvor anologﬁ. 590-593, 1985.

233. Jongs, D. B., MORGAN, D. J., MIHALY, G. W., WEBSTER, L. K., AND
Sm\u.woon. R.A.: Ducmmmtnon between t.he venous ethlmum
sinusoidal models of hepatic drug elimination in the isolated perfused rat
liver by pertubation of propranolol protein binding. J. Pharmacol. Exp.
Ther. 229: 522-526, 1984.

. JONES, D. P.: Hypoxia and drug metabolism. Biochem. Pharmacol. 30:
1019-1023, 1881.

. JONES, D. B., MiHALY, G. W., SMALLWOOD, R. A., WEBSTER, L. K.,
MORGAN, D. J., AND MADSEN, N. P.: Differential effects of hypoxia on
the disposition of propranolol and sodium taurocholate by the isolated
perfused rat liver. Hepatology 4: 461-466, 1984.

236. JONES, D. R., HALL, S. D., BRANCH, R. A., JACKSON, E. K., AND WILKIN-
80N, G. R.: Plasma binding and brain uptake of benzodiazepines. In
Symposia Medica Hoechst, vol. 20: Protein Binding and Drug Transport,
ed. by J. P. Tillement and E. Lindenlaub, pp. 311-324, F. K. Schattauer
Verlag, Stuttgart, 1986.

237. JUNG, D., MAYERSOHN, M., PERRIER, D., CALKINS, J., AND SAUNDERS, R.:
Thwpen dnpontwnmlunmdobmpatnnuundemomgm
Anesthesiology 568: 269-274, 1982.

238. KALLNER, A., AND DEVERDIER, C. H.: The concept of clearance. Scand. J.
Clin. Lab. Invest. 42: 473-476, 1882.

239. KAMIYA, A., OKUMURA, K., AND HORI, R.: Quantitative investigation on
renal handling of drugs in rabbits, dogs, and humans. J. Pharm. Sci. 72:
440-443, 1983.

240. KAPLAN, 8. A., JACK, M. L., COTLER, S., AND ALEXANDER, K.: Utilization
of area under the curve to elucidate the disposition of an extensively
biotransformed drug. J. Pharmacokinet. Biopharm. 1: 201-216, 1973.

241. KAPLAN, S. A,, LEwWIS, M., SCHWARTZ, M. A., POSTMA, E., COTLER, 8.,
ABRUZZO, C. W., LEE, T. L., AND WEINFELD, R. E.: Pharmacokinetic
model for chlordiazepoxide HCI in the dog. J. Pharm. Sci. 59: 1569-1574,
1970.

242. KaTes, R. E., HARAPAT, S. R., KeErE, D. L. D., GOLDWATER, D., AND
HARRISON, D. C.: Influence of prolonged recumbency on drug disposition.
Clin. Pharmacol. Ther. 28: 624-628, 1980.

243. KERIDING, S.: Hepatic elimination kinetics: the influence of hepatic blood
flow on clearance determinations. Scand. J. Clin. Lab. Med. 36: 113-118,
1976.

244. KEIDING, S., AND ANDRRASEN, P. B.: Hepatic clearance measurements and

hnrmaoohmha. Pharmacology 19: 106-110, 1979.

245. Knmuc,s AND CHIARANTINI, E.: Effect of sinusoidal perfusion on gal-
actose elimination kinetics in perfused rat liver. J. Pharmacol. Exp. Ther.
2085: 465470, 1978.

246. KEIDING, S., JOHANSEN, S., MIDTBOLL, 1., RABGL, A., AND CHRISTIANSEN,
L.: Ethanol elimination kinetics in human liver and pig liver in vivo. Am.
J. Physiol. 287: E316-E324, 1979.

247. KRIDING, S., AND PRuSHOLM, K.: Current models of hepatic pharmaco-
kinetics, flow effects on kinetic constants of ethanol elimination in per-
fused rat liver. Biochem. Pharmacol. 38: 3209-3212, 1984.

248. KEIDING, S., AND STEINESS, E.: Flow dependence of propranolol elimination
in perfused rat liver. J. Pharmacol. Exp. Ther. 230: 474477, 1984.

249. KessLER, K. M., LEECH, R. C., AND SPANN, J. F.: Blood collection tech-
mquu.lwpann undq\nmdmopmlnbmdmg Clin. Pharmacol. Ther.
25: 204-210, 1979.

250. KETY, S. S.: The theory and application of the exchange of inert gas at the
lungs and tissues. Pharmacol. Rev. 3: 1-41, 1951.

261. KiLL, F.: Dynamics of renal proximal tubular secretion. Nature (Lond.)
189: 927-928, 1961.

g ¥

252. KING, F. G., AND DEDRICK, R. L.: Pharmacokinetic model for 2-amino-
1,3,4-thiadiazole in mouse, dog, and monkey. Cancer Treat. Rep. 63:
1939-1947, 1879.

2563. KING, F. G., DEDRICK, R. L., COLLINS, J. M., MATTHEWS, H. B., AND
BIRNBAUM, L. S.: Physiological model for the pharmacokinetics of 2,3,7,8-
tetrachlorodibenzofuran in several species. Toxicol. Appl. Pharmacol. 87:
390400, 1983.

254. KLIPPERT, P., BORM, P., AND NOORDHOEK, J.: Prediction of intestinal
first-pass effect of phenacetin in the rat from enzyme kinetic data—
correlation with in vivo data using mucosal blood flow. Biochem. Phar-
macol. 31: 2545-2548, 1982.

265. KLIPPERT, P. J. M., LITTEL, J. J.,, AND NOORDHOEK, J.: In vivo O-
deethylation of phenacetin in 3-methylcholanthrene-pretreated rats: gut
wn7ll a:galiver first pass metabolism. J. Pharmacol. Exp. Ther. 225: 153
157, 1983.

256. KLIPPERT, P. J. M., AND NOORDHOEK, J.: Influence of administration route
and blood sampling site on the area under the curve: assessment of gut
wall, liver, and lung metabolism from a physiological model. Drug Metab.
Dispoe. 11: 62-66, 1983.

257. KLIPPERT, P. J. M., AND NOORDHOEK, J.: The area under the curve of
metabolites for drugs and metabolites cleared by the liver and extrahepatic
organs: its dependence on the administration route of precursor drug.
Drug Metab. Dispos. 13: 97-101, 19865.

258. KLOTZ, U.: Estimation of the blood-plasma concentration ratio of diazepam
in the rat. J. Biopharm. Pharmacokinet. 18: 347-348, 1985.

269. KLotz, U., ANTONIN, K. H., AND BIECK, P. R.: Pharmacokinetics and
plasma binding of diazepam in man, dog, rabbit, guinea pig, and rat. J.
Pharmacol. Exp. Ther. 199: 67-73, 1976.

260. KLoTz, U., AND LOCKE, C.: Physical exercise and disposition of diazepam.
Br. J. Clin. Pharmacol. 5: 3498-350, 1978.

261. KLoTz, U., MOLLER-SEYDLITZ, P., AND HEIMBURG, P.: Pharmacokinetics
of lorcainide in man: a new antiarrhythmic agent. Clin. Pharmacokinet.
8: 407418, 1978.

262. KLotz, U., Rapp, T., AND MULLER, W. A.: Disposition of valproic acid in
patients with liver disease. Eur. J. Clin. Pharmacol. 18: 55-60, 1978.

263. KORNHAUSER, D. M., Woob, A. J. J., VESTAL, R. E., WILKINSON, G. R.,
BRANCH, R. A., AND SHAND, D. G.: Biological determinants of propranolol
disposition in man. Clin. Pharmacol. Ther. 23: 166-174, 1978.

264. KOSAKA, Y., TAKAHASHI, T., AND MARK, L. C Intravenous thiobarbiturate
anawthun for Cesarian section. 81: 489-506, 1969.

265. Kownsxl, A. THOMPSON, R. G., MIGEON, C. J., AND BLI1ZZARD, R. M.:

nofmtegnudplumaeomnmtmmmdtnnmenon
;.ét:. of human growth hormone. J. Clin. Endocrinol. Metab. 32: 356-
, 1971,

266. KowaARsKl, C. R., GIANCATARINO, C., KRRAMER, R., BRECHT, D., AND

KOwARSKI, A.: Measurement of sulfamethizole clearance rate by non-
ic constant blood withdrawal system. J. Pharm. Sci. 65: 450-
452, 1976.

267. KowaARsKl, C. R., AND KOWARSKI, A. A.: Constant withdrawal method for
area under plasma concentration-time curve. J. Pharm. Sci. 67: 875-876,
1978.

268. KOYIMA, I.: Urine flow dependence of renal clearance and inter-relation of
renal reabsorption and physiochemical properties of drugs. Drug Metab.
Dispos. 14: 239-245, 1986.

269. KROGER-THIEMER, E., AND BONGER, P.: Evaluation of the risk of crystal-
luria with sulpha drugs. In Excerpta Medica International Congress
Series, no. 97: Proceedings of the European Society for the Study of Drug
Toxicity, vol. VI, pp. 185-207, Excerpta Medica Foundation, Amsterdam,
1965.

270. Kurz, H., AND FICHTL, B.: Binding of drugs to tissues. Drug Metab. Rev.
14: 467-510, 1983.

271. KU'I'I‘, H., aAND Fouts, J. R.: Diphenylhydantoin metabolism by rat liver
microsomes and some effects of drug or chemical pretreatment on diphen-
ylhydantoin metabolism by rat liver microsomal preparations. J. Phar-
macol. Exp. Ther. 176: 11-26, 1971.

272. L1, A. A., MIN, B. H,, GARLAND, W. A., AND LEvVY, R. H.: Kinetics of
biotransformation of clonazepam to its 7-amino metabolite in the monkey.
J. Pharmacokinet. Biopharm. 7: 87-95, 1979.

273. La1, C.-M., AND LEVY, G.: Comparative pharmacokinetics of coumarin
anticoagulants. XXX. Relationship between total clearance and serum
protein binding of dicumarol in rats. J. Pharm. Sci. 66: 1739-1741, 1977.

274. LaM, G., AND CHIOU, W. L.: Determination of renal clearances using arterial
and venous plasma: procainamide in rabbits. J. Pharm. Sci. 70: 1373
1375, 1981.

275. LANE, E. A, AND LEvy, R. H.: Prediction of steady-state behavior of
metabolite from dosing of parent drug. J. Pharm. Sci. 69: 610-612, 1980.

276. LANE, E. A., AND Levy, R. H.: Metabolite to parent drug concentration
ratio as a function of parent drug extraction ratio: cases of nonportal
route of administration. J. Pharmacokinet. Biopharm. 9: 489-496, 1981.

277. LANE, E. A, AND LEvY, R. H.: Fractions metabolized in a triangular
metabolic system: cinromide and two metabolites in the rhesus monkey.
J. Pharmacokinet. Biopharm. 13: 373-386, 1985.

278. LAWRENCE, J. R., BRYSON, S. M., SUMNER, D. J., CAMPBELL, B. C., AND
WHITNG, B.: The renal clearance of disopyramide after bolus intravenous
injection. Biopharm. Drug Dispos. 1: §1-57, 1980.

2102 ‘8 Jaqwiadaq uo Alslaniun Lesewwey | ye Bio'sjeuinofiadse asiwreyd woly papeojumoq


http://pharmrev.aspetjournals.org/

PHARM
REV

PHARMACOLOGICAL REVIEWS

aspet

CLEARANCE APPROACHES IN PHARMACOLOGY 43

279. LEE, M. G., CHEN, M.-L., AND CHIOU, W. L.: Pharmacokinetics of drugs
in blood. II. Unusual distribution and storage effect of furosemide. Res.
Commun. Chem. Pathol. Pharmacol. 34: 17-28, 1981.

280. Lez, M. G., CHEN, M.-L., HUANG, S.-M., AND CHI0U, W. L.: Pharmaco-
kinetics in blood. L. Unusual distribution of gentamicin. Biopharm. Drug.
Dispos. 3: 80-97, 1981.

281. LENNARD, M. 8., Tucker, G. T., AND WooDs, H. F.: Time-dependent
kinetics of lignocaine in the isolated perfused rat liver. J. Pharmacokinet.
Biopharm. 11: 165-182, 1983.

282. LEONARD, E. F., AND JORGENSEN, S. B.: The analysis of convection and
annmcqulluylnb.AnnuRcv Biophys. Bioeng. 3: 293-339, 1974.

283. LEviTT, M. D., AND LEVITT, D. G.: Intrinsic hepatic clearance in cirrhosis.
G-uoentuolou?&:u&lm

284. Lavy, G.: Effect of bed rest on distribution and elimination of drugs. J.
Pharm. Sci. 58: 928-929, 1967.

285. Levy, G.: bectofplmptotnnbmdm;onnulchanmofdmp.J

coumarin anticoagulants.
ofnr&mnndd:ammlmnthwrmdnmplmﬁomforphynolowﬂ
modeling. J. Pharm. Sci. 67: 229-231, 1978.

287. LIN, H. S., Lavy, R. H,, LANE, E. A., AND GORDON, W. P.: Variability in
tbodwarmimﬁonofﬁlcﬁonmubolindinotrinngnlummbolicprob-
lem and its resolution with stable isotope methodology. J. Pharm. Sci.
78: 285-287, 1984.

288. Lm J.H. HAusm,M. Awazvu, S, ANDHANANO,M Comlnuonbetmn

289. DoM.-W Erreney,D.J., Poun,SM.Sn.m,BM.mRmm.m
Shckofp-hom metabolism of propranolol in dogs after
portacaval transposition. J. Pharmacol. Exp. Ther. 221: 512-515, 1982.

290. Lo, M.-W., PonD, S.-M., ErFEnEy, D. J., SiLBER, B. M., RIEGELMAN, S.,
AND TOozER, T. N.: Nonlinear formation of propranolol metabolites in
dogs after portacaval transposition. J. Pharmacokinet. Biopharm. 12:
401-412, 1984.

291. Lure, R. J,, DEDRICK, R. L., AND ZAHARKO, D. S.: Physiological pharma-
cokinetics: an in vivo approach to membrane transport. Pharmacol. Ther.
11: 569-592, 1980.

292. MAREN, T. H.: Carbonic anhydrase: chemistry, physiology, and inhibition.
Physiol. Rev. 47: 586-781, 1967.

293. MAReN, T. H., ROBINSON, B., PALMER, R. F., AND GRIFFITH, M. E.: The
binding of aromatic sulfonamides to erythrocytes. Biochem. Pharmacol.
6: 2146, 1960.

294. MARTIN, B. K.: Drug urinary excretion data—some aspects concerning the
interpretation. Br. J. Pharmacol. 29: 181-193, 1967.

295. McDevrrT, D. G., NIE8, A. S., AND WILKINSON, G. R.: Influence of
pbmbnrb:ulonfncwuucpomubhforheputwck‘mmofmdocymm
green in the rat: relative contributions of induction and altered liver blood
flow. Biochem. Pharmacol. 26: 1247-1250, 1977.

296. MCINTOSH, J. F., MOLLER, E.,, AND VANSLYKE, D. D.: Studies of urea
clearance. I1I. The influence of the body size on urea output. J. Clin.
Invest. 8: 467-483, 1928.

297. MCLRAN, A., DUSOUICH, P., AND GIBALDI, M.: Noninvasive kinetic ap-
proach to the estimation of total hepatic blood flow and shunting in
chronic liver disease—a hypothesis. Clin. Pharmacol. Ther. 25: 161-166,
1979.

298. MCLEAN, A. J., MCNAMARA, P. J., DUSOUCHI, P., GIBALDI, M., AND LALKA,
D.: Food, -planchmc blood ﬂow, and bioavailability of drugs subject to
first-pass metabolism. Clin. Pharmacol. Ther. 24: 5-10, 1978.

299. McCLEAN, A. J., Skews, H., BOBIK, A., AND DUDLEY, F. J.: Interaction
between oral propranolol and hydralazine. Clin. Pharmacol. Ther. 27:
T726-732, 1980.

300. MCNAMARA, P. J., Lavy, G., AND GIBALDI, M.: Effect of plasma protein
and tissue binding on the time course of drug concentration in plasma. J.
Pharmacokinet. Biopharm. 7: 195-206, 1979.

301. McNrrr, E. F., YacoBi, A., YOUNG-CHANG, F. M., GOLDEN, L. H., GoLD-
PARB, A., ANDF‘UNG,H L. Nmodyamphmhmmtmm-
venous infusion in normal subjects. J. Pharm. Sci. 70: 1054-1058, 1981.

MerriN, P. J.,, BROOKS, P. M., AND SALLUSTIO, B. C.: Alterations in
prednisolone disposition as a result of time of administration, gender, and
dose. Br. J. Clin. Pharmacol. 17: 395-404, 1984.

Mzrnn, P. J., RoBerT, E. W., WINKLE, R. A, HARAPAT, S., PETERS, F.
A., AND Hnmson, D. C.: Role of concentration-dependent plasma pro-
tein binding in disopyramide disposition. J. Pharmacokinet. Biopharm.
7: 2048, 1979.

MmxLE, A. W, Juriz, W., MATSUKURA, S., WesT, C. D., AND TYLER, F.
H.: Effect of diphenylhydantoin on the metabolism of metyrapone and
release of ACTH in man. J. Clin. Endocrinol. 29: 1553-1558, 1969.

MELANDER, A.: Influence of food on the bi ilability of drugs. Clin.
Pharmacokinet. 8: 337-351, 1978.

. MELANDER, A., AND MCLEAN, M.: Influence of food intake on presystemic
clearance of drugs. Clin. Pharmacokinet. 8: 286-296, 1983.

MzrLETT, L. B.: Comparstive drug metabolism. Prog. Drug. Res. 13: 136-
169, 1969.

, P. A, ELLIOTT, H.L., PAsANIS], F., KELMAN, A. W., SUMNER,

g

F&E 8 B

D. J., AND REm, J. L.: Verapamil pharmacokinetics and apparent hepatic
andnndbloodﬂowBrJChn.anrmaeoLWlOl-lOﬁ.l%ﬁ

309. MILSAP, R. L., PLA1sANCE, K. L, AND Jusk0, W. J.: Prednisolone disposi-
uonmobuamChn.Phrmneol.'l‘hu 86: 824-831, 1984.

310. MisTrY, M., AND HOUSTON, J.B.: anﬁnuonotumbopmcmbolm
pulmonary and intestinal conjugation of naphthol. Drug Metab. Dispos.
138: 740-745, 1985.

311. MITSUYAMA, S., MAsuMI, A., KATAYAMA, K., KAkEMI, M., AND KOI1ZUMI,
T. Phrmmhnoﬁcwﬂowofmbhodﬁowdcpmnmdon-dupmdmt

duponhonofﬂmmmnﬁpyrmmm.l Pharmacobio-Dyn. 8: 365-

312.Mlzlnu,'l‘ Hom, T., mA'm.S,moﬂoctofdb\mmontb
uptake of by isolated rat hepatocytes. J. Pharmacobio-
Dyn. 8: 90-94, 1985.

313. MoLLeR, E,, Mclm'osn J.F, ANDVANSI.YII.D D.: Studies of urea
excretion. II. Relationship bm urine volume and the rate of urea
excretion by normal adults. J. Clin. Invest. 6: 427-434, 1929.

314. MONTANDON, B., ROBERTS, R. J., AND FISCHER, L. J.: Computer simulation
of sulfobromophthalein kinetics in the rat using flow-limited models with
extrapolation to man. J. Pharmacokinet. Biopharm. 3: 277-290, 1975.

315. MORDENT!, J.: Pharmacokinetic scale-up: accurate prediction of human
pharmacokinetic profiles from animal data. J. Pharm. Sci. 74: 1097-1099,
1985.

316. MORDENT!, J.: Forecasting cephalosporin and monobactam antibiotic half-
lives in humans from data collected in laboratory animals. Antimicrob.
Agents. Chemother. 27: 887-891, 19865.

317. MORGAN, D. J.: Models of hepatic drug elimination: a response. J. Pharm.
Sci. 73: 1230, 1983.

318. MORGAN, D. J., Jones, D. B., CHING, M. S., AND SMALLWOOD, R. A.:
Modehofhpaﬁcchmmmomﬂmc.w 19686.

319. MORGAN, D. J., JoNEs, D. B.,, AND SMALLWOOD, R. A.: Modeling of
substrate ehmahon by ths liver: has the albumin receptor model
superseded the well-stirred model? Hepatology 8: 1231-1235, 1985.

320. MORGAN, D. J., AND RAYMOND, K.: Use of unbound drug

concentration in
bloodtoducnmmmbumtwmodehofb.p.ucdm(chmm-uon.J
Pharm. Sci. 71: 600-602, 1982.

321. MURPHY, P. J., AND SULLIVAN, H. R.: Stable isotopes in pharmacokinetic
mAnml.Rn Pharmacol. 50: 609-621, 1980.

322. NARANJO, C. A., SzLLERS, E. M., KHOUW, V., ALEXANDRR, P., FaAN, T.,
ANDS!IAW,J thlitymh.pnnneﬂoctonummbmdm;. Clin.
Pharmacol. Ther. 28: 545-550, 1980.

323. NELSON, E.: Kinetics of drug absorption, di metabolism, and
excretion. J. Pharm. Sci. 50: 181-192, 1961.

324. NoAl, S. H.: Effects of anesthetics on various organs. N. Engl. J. Med. 302:
564-5686, 1980.

325. Niaz1, S.: Volume of distribution as a function of time. J. Pharm. Sci. 65:
452-454, 1976.

326. Nies, A. S, Evans, G. H,, umSiumn,D G.: Regional hemodynamic
effects of beta adrenergic blockade with propranolol in the unanesthetized
primate. Am. Heart J. 88: 97-102, 1973.

327. NiEs, A. S., EVANS, G. H., AND SHAND, D. G.: The hemodynamic effects of
beta ‘dnmtpc blocbdt on the flow t hepatic clearance of
propranolol. J. Pharmacol. Exp. Ther. 184: 716-720,1973.

328. Nies, A. S., SHAND, D. G., AND BRANCH, R. A.: Hemodynamic drug
interactions. Cardiovasc. Clin. 8: 43-53, 1974.

329. NiES, A. S., SHAND, D. G., AND WILKINSON, G. R.: Altered hepatic blood
flow and drug disposition. Clin. Pharmacokinet. 1: 135-155, 1976.

330. Nixs, A. S.,, WILKINSON, G. R., RusH, B. D., STROTHER, J. T., AND
McDEeviTT, D. G.: Effects of alteration of hepatic microsomal enzyme
activity on liver blood flow in the rat. Biochem. Pharmacol. 35: 1991-
1993, 1976.

331. NILSEN, O. G., STORSTEIN, L., AND JACOBSEN, S.: Effect of heparin and
fatty acids on the binding of quinidine and warfarin in plasma. Biochem.
Pharmacol. 26: 229-235, 1977.

332. NOONEY, G. C.: Mathematical models, reality, and results. J. Theor. Biol.
9: 239-252, 1965.

333. NOONEY, G. C.: Mathematical models in medicine: a diagnosis. J. Chron.
Dis. 19: 325-332, 19686.

334. Num R., KIANG, L., AND BERxk, P. D.: “Albumin-receptor” uptake kinet-
ics do not require an intact tubular architecture and are not specific for
albumin. Hepatology 8: 1035, 1985.

335. OcHs, H. R., CARSTENS, G., AND GREENBLATT, D. J.: Reduction in lidocaine
clearance during continuous infusion and by coadministration of propran-

olol. N. Engl. J. Med. 808: 373-377, 1960.
336. Ocnmt.n.lt WEISIGER, R. A, AND GOLLAN, J. L. Hmupuhof

337. OHNHAUS, E. E.: Methods of assessment of the effect of liver blood flow in
man. Br. J. Clin. Pharmacol. 7: 223-229, 1979.

338. OHNHAUS, E. E,, AND LOCHNER, J. T.: Liver blood flow and blood volume
following chronic phenobarbitone administration. Eur. J. Pharmacol. 31:
161-166, 1975.

339. OHNHAUS, E. E., THORGEIRSSON, 8. 8., DAviEs, D. S., AND BRECKENRIDGE,
A: Chmplmhvubloodﬂowdmumymnmhcuoanan
macol. 20: 2561-2570, 1971.

2102 ‘8 Jaqwiadag uo Ausianiun pesewwey | ye Bio sjeuinofiadse asswieyd woly papeojumoq


http://pharmrev.aspetjournals.org/

PHARM
REV

PHARMACOLOGICAL REVIEWS

aspet

44

340.

341.

342
343.

344.

38465.

WILKINSON

@Iz, S., AND FiORI, F.: Effects of albumin and a-1 acid glycoprotein on

elimination of prazosin and antipyrine in the isolated perfused rat liver. .

J. Pharmacol. Exp. Ther. 234: 636-640, 1985.

O1e, 8., GUENTERT, T. W., AND TozER, T. N.: Effect of saturable binding
on the pharmacokinetics of drugs: a simulation. J. Pharm. Pharmacol.
32: 471-471, 1980.

@I, S., AND TozER, T. N.: Effects of altered plasma protein binding on
apparent volume of distribution. J. Pharm. Sci. 68: 1203-1205, 1979.

OvLaNorrR, L. S., WALLE, T., WALLE, U. K., COWART, T. D., AND GAFFNEY,
T. E.: Stereoselective clearance and distribution of intravenous propran-
olol. Clin. Pharmacol. Ther. 35: 756-761,1984.

PANG, K. S.: Metabolite pharmacokinetics: the area under the curve of
metabolite and the fractional rate of metabolism of a drug after different
routes of administration for renally and hepatically cleared drugs and
metabolites. J. Pharmacokinet. Biopharm. 9: 477487, 1981.

PANG, K. 8.: The effect of intercellular distribution of drug-metabolizing
enzymes on the kinetics of stable metabolite formation and elimination
by the liver: first-pass effects. Drug Metab. Rev. 14: 61-76, 1983.

346. PANG, K.S.: A review of metabolite kinetics. J. Pharmacokinet. Biopharm.

347.

13: 633-662, 1985.

PANG, K. S., CHERRY, W. F., TERRELL, J. A., AND ULM, E. H.: Disposition
of enalapril and its diacid metabolite, enalaprilat, in a perfused rat liver
preparation: presence of a diffusional barrier to enalaprilat into hepato-
cytes. Drug Metab. Dispos. 12: 309-313, 1984.

348. PANG, K. 8., AND GILLETTE, J. R.: Kinetics of metabolite formation and

349.

351.

362.

357.

elimination in the perfused rat liver preparation: differences between the
elimination of preformed acetaminophen and acetaminophen formed from
phenacetin. J. Pharmacol. Exp. Ther. 207: 178-194, 1978.

PANG, K. S., AND GILLETTE, J. R.: Complications in the estimation of
hepatic blood flow in vivo by pharmacokinetic parameters. The area under
the curve after concomitant intravenous and intraperitoneal (or intrapor-
tal) administration of acetaminophen in the rat. Drug Dispos. Metab. 6:
567-576, 1978.

. PANG, K. S., AND GILLETTE, J. R.: A theoretical examination of the effects

of gut wall metabolism, hepatic elimination, and enterohepatic recycling
on estimates of bioavailability and hepatic blood flow. J. Pharmacokinet.
Biopharm. 8: 355-367, 1978.

PANG, K. S., AND GILLETTE, J. R.: Sequential first-pass elimination of a
metabolite derived from a precursor. J. Pharmacokinet. Biopharm. 7:
275-290, 1979.

PANG, K. S., AND GILLETTE, J. R.: Metabolite pharmacokinetics: methods
for simultaneous estimates of elimination rate constants of a drug and its
metabolite. Drug Metab. Dispos. 8: 39-43, 1980.

. PANG, K. 8., KONG, P., TERRELL, J. A., AND BILLINGS, R. E.: Metabolism

of acetaminophen and phenacetin by isolated rat hepatocytes. A system
in which the spatial organization inherent in the liver is disrupted. Drug
Metab. Dispos. 18: 42-50, 1985.

. PANG, K. S., KOSTER, H., HALSEMA, I. C. M., SCHOLTENS, E., AND

MULDER, G. J.: Aberrant pharmacokinetics of harmol in the perfused rat
liver preparation: sulfate and glucuronide conjugations. J. Pharmacol.
Exp. Ther. 219: 134-140, 1981.

. PANG, K. S., KOSTER, H., HALSEMA, I. C. M., SCHOLTENS, E., MULDER,

G. J., AND STILLWELL, R. N.: Normal and retrograde perfusion to probe
the zonal distribution of sulfation and glucuronidation activites of harmol
in the perfused rat liver preparation. J. Pharmacol. Exp. Ther. 224: 647-
653, 1983.

. PANG, K. S., AND KwaN, K. C.: A commentary: methods and assumptions

in the kinetic estimation of metabolite formation. Drug Metab. Dispos.
11: 79-84, 1983; erratum 12: 674, 1984.

PANG, K. S., AND ROWLAND, M.: Hepatic clearance of drugs. I. Theoretical
considerations of a “well-stirred” model and “parallel-tube” model. Influ-
ence of hepatic blood flow, plasma and blood cell binding, and the
hepatocellular enzymatic activity on hepatic drug clearance. J. Pharma-
cokinet. Biopharm. 5: 625-653, 1977.

358. PANG, K. S., AND ROWLAND, M.: Hepatic clearance of drugs. II. Experi-

359.

360.

361.

mental evidence for acceptance of the “well-stirred” model over the
“parallel-tube” model using lidocaine in the perfused rat liver in situ
preparation. J. Pharmacokinet. Biopharm. 5: 655-680, 1977.

PANG, K. S., AND ROWLAND, M.: Hepatic clearance of drugs. I1I. Additional
experimental evidence supporting the “well-stirred” model, using metab-
olite (MEGX) generated from lidocaine under varying hepatic blood flow
rates and linear conditions in the perfused rat liver in situ preparation. J.
Pharmacokinet. Biopharm. 5: 681-699, 1977.

PANG, K. S., ROWLAND, M., AND TOzER, T. N.: In vivo evaluation of
Michaelis-Menten constants of hepatic drug-eliminating systems. Drug
Metab. Dispos. 6: 197-200, 1978.

PANG, K. S., AND STILLWELL, R. N.: An understanding of the role of
enzyme localization of the liver on metabolite kinetics: a computer simu-
lation. J. Pharmacokinet. Biopharm. 11: 451-468, 1983.

PANG, K. 8., STROBL, K., AND GILLETTE, J. R.: A method for the estimation
of the fraction of a precursor that is converted to a metabolite in rat in
vivo with phenacetin and acetaminophen. Drug Metab. Dispos. 7: 366-
372, 1979.

. PANG, K. S., TERRELL, J. A., NELSON, S. D., FEUER, K. F., CLEMENTS, M.

-J., AND ENDRENYI, L.: An enzyme-distributed system for lidocaine me-

364.

365.

367.

tabolism in the perfused rat liver preparation. J. Pharmacokinet. Bio-
pharm. 14: 107-130, 1986.

PANG, K. S., WALLER, L., HORNING, M. G., AND CHAN, K. K.: Metabolite
kinetics: formatxon of acetaminophen ﬁ'om deuterated and nondeuterated
phenacetin and acetanilide on acetaminophen sulfation kinetics in the
perfused rat liver preparation. J. Pharmacol. Exp. Ther. 222: 14-19, 1982.

PANTUCK, EJ., PANTUCK, C. B., GARLAND, W. A., MIN, B. H., WATTEN-
BERG, L. W., ANDERSON, K. E., KAPPAS, A., AND CONNEY, A. H.:
Stimulatory effect of brusse! sprouts and cabbage on human drug metab-
olism. Clin. Pharmacol. Ther. 25: 88-95, 1979.

. PARDRIDGE, W. M.: Transport of protein-bound hormones into tissues in

vivo. Endocrinol. Rev. 2: 103-123, 1981.

PARDRIDGE, W. M.: Transport of protein bound drugs into tissues in vivo.
In Hoechst Symposia Medica, vol. 20: Protein Binding and Drug Trans-
port, ed. by J. P. Tillement and E. Lindenlaub, pp. 277-292, F. K.
Schattauer Verlag, Stuttgart, 1986.

368. PARDRIDGE, W. M., AND LANDAW, E. M.: Tracer kinetic model of blood-

369.
370.

371.

372.

373.

37%4.

376.
376.

371.

brain barrier transport of plasma protein-bound ligands: empiric testing
of the free hormone hypothesis. J. Clin. Invest. 74: 745-752, 1984.

PARDRIDGE, S. M., AND MIETUS, L. J.: Transport of protein-bound steroid
hormones into liver in vivo. Am. J. Physiol. 287: E367-E372, 1979.

PARDRIDGE, W. M., AND MiBTUS, L. J.: Influx of thyroid hormones into
rat liver in vivo: differential availability of thyroxine and triiodothyronine
bound by plasma proteins. J. Clin. Invest. 68: 367-374, 1980.

PARDRIDGE, W. M., PREMACHANDRA, B. N., AND FIERER, G.: Transport of
thyroxine bound to human prealbumin into rat liver. Am. J. Physiol. 248:
G545-G560, 1985.

PaTEL, 1. H,, LEVY, R. H., AND TRAGER, W. F.: Pharmacokinetics of
carbamazepine-10,11-epoxide before and after autoinduction in rhesus
monkeys. J. Pharmacol. Exp. Ther. 208: 607-613, 1978.

PATERSON, J. W., CoNoLLY, M. E,, DOLLERY, C. T., HAYES, A., AND
COOPER, R. G.: Pharmacodynamics and metabolism of propranolol in
man. Pharmacol. Clin. 2: 127-133, 1980.

PATERSON, J. Y. F., AND HARRISON, F. A.: The splanchnic and hepatic
uptake of cortisol in conscious and anesthetized sheep. J. Endocrinol. 55:
335-360, 1972.

PERRIER, D., AND GIBALDI, M.: Clearance and biologic half-life as indices
of intrinsic hepatic metabolism. J. Pharmacol. Exp. 191: 17-24, 1974.
PERUCCA, E., AND RICHENS, A.: Reduction of oral availability of lignocaine
by induction of first-pass metabolism in epileptic patients. Br. J. Clin.

Pharmacol. 8: 21-31, 1979.

PESSAYRE, D., LEBREC, D., DESCATOIRE, V., PEIGNOUX, M., AND BEN-
HAMOU, J.-P.: Mechanism for reduced drug clearance in patients with
cirrhosis. Gastroenterology 74: 566-571, 1978.,

378. PESSAYRE, D., LEBREC, D., DESCATOIRE, V., PEIGNOUX, M., AND BEN-

379.

E§ B8 EBE B

8

HAMOU, J. P.: Intrinsic hepatic clearance in cirrhosis. Gastroenterology
75: 346-347, 1978.

PHiLLIPS, R. A., DOLE, V. P., HAMILTON, P. B., EMERSON, K., ARCHIBALD,
R. M., AND VAN SLYKE, D. D.: Effects of acute hemorrhagic and traumatic
shock on renal function of dogs. Am. J. Physiol. 145: 314-336, 1946.

Piarsky, K. M.: Disease-induced changes in plasma binding of basic drugs.
Clin. Pharmacokinet. 5: 246-262, 1980.

. PIRTTIAHO, H. E., SOTANIEMI, E. A., AHLQVIST, J., PITKANEN, U., AND

PELKONEN, R. O.: Liver size and indices of drug metabolism in alcoholics.
Eur. J. Clin. Pharmacol. 13: 61-67, 1978.

. POND, S. M., AND TOZER, T.N.: First-pass elimination: basic concepts and

clinical consequences. Clin. Pharmacokinet. 9: 1-25, 1984.

. POPPER, H., ELIAS, H., AND PETTY, D. E.: Vascular pattern of the cirrhotic

liver. Am. J. Clin. Pathol. 22: 717-729, 1952.
PROTHERS, J. W.: Organ scaling in mammals: the liver. Comp. Biochem.
Physiol. 71A: 567-577, 1982.

. PTACHCINSKI, R. J., VENKATARAMANAN, R., AND BURCKART, G. J.: Clinical

pharmacokinetics of cyclosporin. Clin. Pharmacokinet. 11: 107-132, 1986.

. RAMSEY, J. C., AND ANDERSEN, M. E.: A physiologically based description

of the inhalation pharmacokinetics of styrene in rats and humans. Toxicol.
Appl. Pharmacol. 73: 169-175, 1984.

. RANE, A., SAWE, J., LINDBERG, B., SVENSSON, J.-0., GARLE, M., ERWALD,

R., AND JORULF, H.: Morphine glucuronidation in the rhesus monkey: a
comparative in vivo and in vitro study. J. Pharmacol. Exp. Ther. 229:
571-576, 1984.

388. RANE, A., WILKINSON, G. R., AND SHAND, D. G.: Prediction of hepatic

389.

390.

391.

extraction ratio from in vitro measurement of intrinsic clearance. J.
Pharmacol. Exp. Ther. 200: 420-424, 1977.

REDICK, J. A., JAkOBY, W. B., AND BARON, J.: Immunochistochemical
localization of glutathione-S-transferases in livers of untreated rats. J.
Biol. Chem. 257: 1520015203, 1982.

RemLLy, C. S., WooD, A. J. J., KosHAKJL, R. P., AND W0OD, M.: The effect
of halothane on drug dispoeition: contribution of changes in intrinsic drug
metabolizing capacity and hepatic blood flow. Anesthesiology 63: 70-76,
1985.

RENKIN, E. M.: Effects of blood flow on diffusion kinetics in isolated
hindlegs of cats: a double circulation hypotensis. Am. J. Phyisol. 183:
125-136, 1955.

. RICHARDSON, P. DI, AND WITHERINGTON, P. G.: Liver blood flow. 1.

2102 ‘8 Jaqwiadaq uo Alslaniun Lesewwey | ye Bio'sjeuinofiadse asiwreyd woly papeojumoq


http://pharmrev.aspetjournals.org/

PHARM
REV

PHARMACOLOGICAL REVIEWS

aspet

CLEARANCE APPROACHES IN PHARMACOLOGY 45

Intrinsic and nervous control of liver blood flow. Gastroenterology 81:
159-173, 1981a.

393. RICHARDSON, P. DL, AND WITHERINGTON, P. G.: Liver blood flow. II.
Effects of drugs and hormones on liver blood flow. Gastroenterology 81:
356-375, 1981b.

384. RiTz, R., CAVANILLES, J., MICHAELS, S., SHUBIN, H., AND WixL, M. H.:
Disappearance of indocyanine green dnnng circulatory shock. Surg. Gy-
necol. Obstet. 136: 57-62, 1973.

395. RIVERA-CACIMLIM, L., MORGAN, J. P., DUJOVNE, C. A., BIANCHINE, J. R.,
AND LASAGNA, L.: L-3,4,-Dihydroxyphenylalanine metabolism by the gut
in vitro. Biochem. Pharmacol. 20: 3051-3067, 1971.

396. Ronms,c J. C., JACKSON, L., HALLIWELL, M., AND BRANCH, R. A.: The

betvnn liver volume, antipyrine clearance, and indocyanine
green clearance before and after phenobarbitone administration in man.
Br J. Clin. Pharmacol. 8: 907-913, 1876.

397a. ROBERTS, M. S.,, AND ROWLAND, M.: Hepatic elimination-dispersion
model. J. Pharm. Sci. 74: 585-587, 1985.

897b. ROBERTS, M. S.,, AND ROWLAND, M.: A dispersion model of hepatic
elimination J. Plurmneohnet. Biopharm. 14: 227-308, 1986.

398. ROBERTS, M. S., AND ROWLAND, M.: Correlation between in vitro micro-
somal enzyme activity and whole organ hepatic elimination kinetics:
analysis with a dispersion model. J. Pharm. Pharmacol. 38: 177-181,
1986.

399. RomBo, L., EricssoN, O., ALva G., LINDSTROM, B., GUSTAFSSON, L.
L., AND Sy0QvisT, F.: md duothylchlomnne in plasma,
serum, and whole blood: problems in assay and handling of samples. Ther.
Drug. Monit. 7: 211-215, 1985.

400. ROUTLEDGE, P. A., B.loaNssoN, T. D., KITcHELL, B. B., AND Sumn, D.
G.: Heparin administration increases plasma warfarin bmdmg in man.
Br. J. Clin. Pharmacol. 8: 281—282, 1979.

401. ROUTLEDGE, P. A., KITCHELL, B. B BJonNssou, T. D, SKINNn, T.,
LINNOILA, M., AND SHAND, D. G.: Dunpam,an
redistribution after heparin. Clin. Pharmacol. Ther. 27: 528-532, 1980.

402. ROUTLEDGE, P. A., AND SHAND, D. G.: Presystemic drug elimination. Annu.
Rev. Plnmncol. 19: 447-468, 1979.

403. ROWELL, L. B, BLACKMON, J. R., MARTIN, R. H., MAZZARELLA, J. A., AND
Bnucx,R.AHmelumneeomdocyumne green in man under
thermal and exercise stresses. J. Appl.Phyuol.zﬂ'384-394 1965.

404. ROWLAND, M.: Influence of route of administration on drug availability. J.
Pharm. Sci. 61: 70-74. 1972,

405. ROWLAND, M.: pharmacokinetic models and interanimal species
scaling. Pharmacol. 'I‘hor 29: 49-68, 1985.

4068. ROWLAND, M., BENET, L. Z., AND GRAHAM, G. G.: Clearance concepts in

hnetw-.-l Pharmacokinet. Biopharm. 1: 123-136, 1973.

407. ROWLAND, M., BENET, L. Z., AND RIEGELMAN, S.: Two-compartment model
for a drug and its metabolite: application to acetylsalicylic acid pharma-
cokinetics. J. Pharm. Sci. 59: 364-367, 1970.

408. ROWLAND, M., LEITCH, D., FLEMING, G., AND SMITH, B.: Protein binding
and hepatic clearance: discrimination between models of hepatic clearance
with diazepam, a drug of high intrinsic clearance, in the isolated perfused
rat liver preparation. J. Pharmacokinet. Biopharm. 12: 129-147,1984.

409. SaT0, H., SUGIYAMA, Y., MIYAUCHI, S., SAWADA, Y., IGA, T., AND HANANO,
M.: A simulation study on the effect of a uniform diffusional barrier
across hepatocytes on drug metabolism by evenly or unevenly distributed
uni-enzyme in the liver. J. Pharm. Sci. 76: 3-8, 1986.

410. SAvmu:—CuAm., E. M., BasT, A., AND NOORDHOEK, J.: Inhibition of

metabolism i in microsomal and perfused liver preparations of
and oxazepam. Eur.

411. SAWADA, Y., HANANO, M., SUGIYAMA, Y., HARASHIMA, H., AND IGaA, T.:
Pndnctwnofvolumcofdmrihmonofbuwdmpmhummbundon
data from animals. J. Pharmacokinet. Biopharm. 12: 587-596, 1984.

412. SAWADA, Y., HANANO, M., SUGIYAMA, Y., AND IGA, T.: Prediction of the
dupoutwnofﬁ-hchmanﬁbwtmmhummfromphumaoohnetwpu-
rameters in animals. J.Pharmacokinet. Biopharm. 12: 241-261, 1984.

413. SAWADA, Y., HANANO, M., SUGIYAMA, Y., AND IGA, T.: Prediction of the
disposition of nine weakly acidic and six weakly basic drugs in humans
from pharmacokinetic parameters in rats. J. Pharmacokinet. Biopharm.
18: 477-492, 1986.

414. SAWADA, Y., HARASHIMA, H., HANANO, M., SUGIYAMA, Y., AND IGaA, T.:
Pndu:uono phmooncentnﬂontnmeooumotvmomdmpin
humans based on data from rats. J. Pharmacobio-Dyn. 8: 757-766, 1986.

416. SAWADA, Y., SUGIYAMA, Y., MIYAMOTO, Y., IGA, T., AND HANANO, M.:
Hepatic drug clearance model: comparison among the distributed, parallel-
tube, and well-stirred models. Chem. Pharm. Bull. 33: 319-326, 1985.

416. SCHANKER, L. S., JOHNSON, J. M., AND JEFFREY, J. J.: Rapid passage of
organic anions into human red cells. Am. J. Physiol. 207: 503-508, 1964.

417. SCHANKER, L. S., NArrPLIOTIS, P. A., AND JOHNSON, J. M.: Passage of
organic bases into human red cells. J. Pharmacol. Exp. Ther. 133: 325
331, 1961.

418 S(:nm,w L., AND ROWLAND, M.: Protein binding and hepatic clearance:
studies with tolbutamide, a drug of low intrinsic clearance, in the isolated
perfused rat liver preparation. J. Pharmacokinet. Biopharm. 11: 225-243,
1983.

419. ScHMID, J., PROX, A., ZipP, H., AND K088, F. W.: The use of stable isotopes

to prove the saturable first-pass effect of methoxsalen. Biomed. Mass
Spectrom. 7: 560-564, 1980.

420. SCHMIDT-NIELSEN, K.: Scaling Why Is Animal Size So Important. Cam-
bridge University Press, Cambridge, 1984.

421. SCHNECK, D. W., AND VARy, J. E.: Mnchlmﬂn by which hydralazine
increases mnnolol bioavailability. Clin. Pharmacol. Ther. 88: 447-
453, 1984.

422. SCHWARTZ, J. B., ABRRNETHY, D. R, TAYLOR, A. A., ANDMHCI!ILL.J
R.: Anmvuhphonoftbowuofmmuhhonofwmﬂ
regular dosing in patients. Br. J. Clin. Pharmacol. 19: 512-516, 1985.

423. SCHWARTZ, J. B., Kezre, D L., KIRSTEN, E., KATES, R. E., AND HARRISON,
D.C. Pmlonptnonofmddlnmhnmdunuchmonl
administration. Am. Heart J. 104: 198-203, 1882.

424. SHAND, D. G.: Hepatic circulation and dm.d:mhonmarrhom.(}mo-
enterology 77: 184186, 1979.

425. SHAND, D. G., CoTHAM, R. H., AND WILKINSON, G. R.: Perfusion-limited
effects of plasma drug binding on hepatic drug extraction. Life Sci. 19:
125-130, 1976.

426. SHAND, D. G., HAMMILL, S. C., AANONSEN, L., AND PRITCHETT, E. L.:
Reduced npuml clearance émn( long-term oral administration. Clin.
Pharmacol. Ther. 80: 701-703, 1981.

427. SHAND, D. G., KORNHAUSER, D. M., AND WILKINSON, G. R.: Effect of
mtoof:dminim-ationmdbloodﬂowonbepaﬁcdruolimimﬁon.l
Pharmacol. Exp. Ther. 195: 424-432, 1975.

428. SHAND, D. G., AND RANGNO, R. E.: The disposition of propranolol. L.
Elnmm&on&muordlhorphoninmn.?hnmlogyl 1569-168,
1972.

429. SINGHVI, S. M., CONWAY, W. D., GIBALDI, M., AND BoYEs, R. N.: Influence
of dose on the metabolism and excretion of terbutaline in the rat. Xeno-
biotica 4: 563-570, 1974.

430. SKANBERG, 1.: Metabolism of two beta-adrenoceptor antagonists, alprenolol
and metoprolol, in different species: in vitro and in vivo correlations. Acta
Universitatis Upsaliensis (Abstracts of Uppsala Dissertations from the
Faculty of Pharmacy), vol. 50, 1960.

431. SmrTH, B. R., AND BEND, J. R.: Prediction of pulmomry benzo(a)pyrene
4,5-oxide clearance: a pharmacokinetic analysis of epoxide-metabolizing
enzymes in rat lung. J. Pharmacol. Exp. Ther. 214: 478482, 1880.

432. SNYDER, R., PARKE, D. V., Kocsis, J. J., Jowow. D. J., GmsoN, C. G.,
AND WITMER, C. M.: Bloloml lnurm.dma. IL Clnmml
mechanisms and biological effects. In Advances in Experimental Medicine
and Biology, vol. 136, Plenum Press, New York, 1982.

433. SoDA, D. M., AND LEVY, G.: Inhibition of drug metabolism by hydroxylated
metabolites: cross-inhibition and specificity. J. Pharm. Sci. 64: 1928-
1931, 1975.

434. SPECTOR, R., Cuououuuv. A. K., CHIANG, C.-K., GOLDBERG, M. J., AND
GHONEIM, M. M.: Dipl nlwdnmmmOmnuhlndemms.Chn.
Pharmacol. Ther. 28: 229-234, 1980.

435. STEC, G. P., AND ATKINSON, A. J.: Analysis of the contribution of perme-
ability and flow to intercompartmental clearance. J. Pharmacokinet.
Biopharm. 9: 167-180, 1961.

436. STELLA, V. J., YAMAOKA, K., AND Lavy, R. H.: An added complication in
theuhmmonofnppanntmbloodﬂowmwvobyphmmhm
parameters. Drug Metab. Dispos. 9: 172-173, 1981.

437. STENSON, R. E., CONSTANTINO, R. T., AND HARRISON, D. G.: Inter-
relationships of hepatic blood flow, atdncqun.mdbloodlwelsof
lidocaine in man. Circulation 438: 206-211,1971.

438. STOLLMAN, Y. R., GARTNER, U., THRILMAN, L., OHMI, N., AND WoOLKOP?,
A W.: Hop‘hchhmhnmkomtbomhudpcm-.dmhmum
facilitated by albumin binding. J. Clin. Invest. 72: 718-728,1983.

439. STREMMEL, W., POTTER, B. J., AND BERK, P. D.: Studies of albumin
bindingwntlivormbunwimpliaﬁomfortbedbuminmoptot
hypothesis. Biochim. Biophys. Acta 768: 20-27, 1983,

440. SVENDSEN, T. L., TANG@, M., WALDOR?, S., STRINESS, E., AND TRAP-
JENSEN, J.: Effects of pmpnnolol and pindolol on plum lignocaine
clearance in man. Br. J. Clin. Pharmacol. 18: 2238-226S, 1882.

441. SVvENSSON, C. K., CUMELLA, J. C., TRONOLONE, M., MIDDLETON, E., AND
LALKA, D.: Effects of hydnhm, nitroglycerin, and food on estimated
hepatic blood flow. Clin. Pharmacol. Ther. 87: 464-468, 19685.

442. SvENssON, C. K., EDwaArDs, D. J., MAURIELLO, P. M., Baroe, 8. H.,
FosTER, A. C., LANC, R. A., MIDDLETON, E., AND LALKA, D.: Effect of
food on hepatic blood flow: implications in the “food effect” phenomenon.
Clin. Pharmacol. Ther. 84: 316-323, 19883.

SVENSSON, C. K., MAURIELLO, P. M., BARDE, S. H., MIDDLETON, E., AND
LALKA, D.: Effect of carbohydrates on estimated hepatic blood flow. Clin.
Pharmacol. Ther. 35: 660-665, 1964.

Swass, E., AND BONNER, D. P.: Prediction of aztreonam pharmacokinetics
in humans based on data from animals. J. Pharmacokinet. Biopharm. 11:
216-223, 1983.

SwarTz, R. D, SmELL, F. R., AND CUCINELL, S. A.: Effects of physical
stress on the disposition of drugs eliminated by the liver in man. J.
Pharmacol. Exp. Ther. 188: 1-7, 1974.

SWEENEY, G. D.: Drugs—some basic concepts. Med. Sci. Sports Exercise
13: 247-261, 1981.

TANG-Liv, D. D-S., Tozzr, T. N., AND RIEGELMAN, S.: Dependence of

5§§§£

2102 ‘8 Jaqwiadaq uo Alslaniun Lesewwey | ye Bio'sjeuinofiadse asiwreyd woly papeojumoq


http://pharmrev.aspetjournals.org/

PHARM
REV

PHARMACOLOGICAL REVIEWS

aspet

46

WILKINSON

renal clearance on urine flow: a mathematical model and its application.
J. Pharm. Sci. 72: 154-158, 1983.

448. TERASAKI, T., SUGIYAMA, Y., IGA, T., SAWADA, Y., AND HANANO, M.:

461.

452.

& &

5 &

457.

460.
461.

Theoretical considerations of drug distribution kinetics in a non-elimi-
nating organ: comparison between a “homogencus (well-stirred)” model
and “nonhomogenous (tube)” model. J. Pharmacokinet. Biopharm. 13:
266-287, 1985.

. TEUNISSEN, M. W. E,, DELEEDE, L. G. J., BOEWINGA, J. K., AND BREIMER,

D. D.: Correlation between antipyrine metabolite formatlon and theo-
phylline metabolism in humans after simultaneous single-dose adminis-
tration and at steady-state. J. Pharmacol. Exp. Ther. 283: 770-775, 1985.

. THOMSON, P. D., MELMON, K. L., RICHARDSON, J. A., CONN, K., STEIN-

BRUUN, W., Cumnn. R., AND ROWLAND, M.: Lidocaine pharmacokinet-
ics in advanced heart failure, liver disease, and renal failure in humans.
Ann. Intern. Med. 78: 499-508, 1973.

THOMSON, P. D., ROWLAND, M., AND MELMON, K. L.: The influence of
heart failure, liver disease, and renal failure on the disposition of lidocaine
in man. Am. Heart J. 82: 417421, 1971.

TOON, S., AND ROWLAND, M.: Quantitative structure pharmacokinetic
activity relationships with some tetracyclines. J. Pharm. Pharmacol. 31:
43P, 1979.

. TozeR, T. N.: Concepts basic to pharmacokinetics. Pharmacol. Ther. 12:

109-131, 1981.

TRENK, D., AND JANCHEN, E.: Effect of serum protein binding on pharma-
cokinetic and anti t activity of phencoumen in rats. J. Pharma-
cokinet. Biopharm. 8: 177-191, 1980.

TUCKER, G. T.: Measurement of the renal clearances of drugs. Br. J. Clin.
Pharmacol. 12: 761-770,1981.

Tury, D. B., AND MATTHEWS, H. B.: Use of a physiological compartmental
model for the rat to describe the pharmacokinetics of several chlorinated
biphenyls in the mouse. Drug Metab. Dispos. 8: 397-403, 1980.

ULLRICH, D., FISHER, G., KATZ, N., AND BOCK, K. W.: Intralobular distri-
bution of UDP-glucuronosyl transferases in liver from untreated, 3 meth-
ylcholanthrene, and phenobarbital-treated rats. Chem. Biol. Interact. 48:
181-190, 1984.

. VAN DER GRAFF, M., VERMEULEN, N. P. E., JOERES, R. P., VLIESTRA, T,

AND BREIMER, D. D.: Correlation between the in vivo metabolism of
hexobarbital and antipyrine in rats. J. Pharmacol. Exp. Ther. 227: 4569-
465, 1983.

. VAN SLYKR, D. D., HILLER, A., AND MILLER, B. F.: The distribution of

fenocynmda,mulm,cmtunne and urea in the blood and its effects on
the significance of their extraction percentages. Am. J. Physiol. 113: 629-
641, 1935.

VESELL, E. S.: The antipyrine test in clinical pharmacology: conceptions
and misconceptions. Clin. Pharmacol. Ther. 26: 275-286, 1979.

VESELL, E. S., AND PENNO, M. B.: Assessment of methods to identify
sources of interindividual pharmacokinetic variations. Clin. Pharmacoki-
net. 8: 378-409, 1983.

462. VESTAL, R. E., KORNHAUSER, D. M., HOLLIFIELD, J. W., AND SHAND, D.

463.

464.

468. WAGNER, J. G.: Predictability of
469.

470.

471.

472

473.

G.: Inhibition of propranolol metabolism by chlorpromazine. Clin. Phar-
macol. Ther. 25: 19-24, 1979.

VesTAL, R. E, Woob, A. J. J., BRANCH, R. A., SHAND, D. G., AND
WILKINSON, G. R.: Effects of age and cigarette smoking on propranolol
disposition. Clin. Pharmacol. Ther. 26: 8-15, 1979.

VOGELGESANG, B., ECHizeN, H., SCHMIDT, E., AND EICHELBAUM, M.:
Stereoselective first-pass metabolism of highly cleared drugs: studies of
the bioavailability of L- and D-verapamil examined with a stable isotope
technique. Br. J. Clin. Pharmacol. 18: 733-740, 1984.

VOGELSTEIN, B., KOWARSKI, A. A., AND LIETMAN, P. S.: Continuous
sampling as a pharmacokinetic tool. Clin. Pharmacol. Ther. 22: 131-139,
1977.

WAGNER, J. G.: Equations for excretion rate and renal clearances of exog-
enous substances not actively reabsorbed. J. Clin. Pharmacol. 7: 89-92,
1967.

WAGNER, J. G.: Linear pharmacokinetic equations allowing direct calcula-
tion of many needed pharmacokinetic parameters from the coefficients
and exponents of polyexponential equations which have been fitted to the
data. J. Pharmacokinet. Bloplnrm. 4: 443-467, 1976.

il steady-state plasma levels from
single-dose data explained. Clin. Pharmacol. Ther. 36: 1-4, 1984.

WAGNER, J. G.: Relationships among the venous equilibration (“well-
stirred”) model, the sinusoidal perfusion (“parallel-tube™) model, and a
specific two-compartment open model. Drug. Metab. Dispos. 18: 119-
120, 1985.

WAGNER, J. G., NORTHAM, J. ., ALWAY, C. D., AND CARPENTER, O. 8.
Blood levels of drug at equilibrium state after multiple dosing. Nature
(Lond.) 207: 1301-1302, 1965.

WAGNER, J. G., SZPUNAR, G. J., AND FERRY, J. J Exact mathematical
equivalence of the venous oq\uhbnuon (“well-stirred”) model, the sinus-
oidal perfusion (“parallel-tube”) model, and a specific two-compartment
open model. Drug Metab. Dispos. 12: 385-388,1984.

WALKER, C. H.: Species differences in microsomal monooxygenase activity
and their relationship to biological half-lives. Drug Metab. Res. 7: 295-
323, 1978.

WALLE, T., CONRADI, E. C., WALLE, U. K., FAGAN, T. C., AND GAFFNEY,

474,

475.

476.

471.

T. E.: 4-Hydroxypropranolol and its glucuronide after single and long-
term doses of propranolol. Clin. Pharmacol. Ther. 27: 22-31, 1980.

WASCHEK, J. A, RUBIN, G. M., Tozer, T. N., FIRLDING, R. M., COUET,
W. R., EFFeENEY, D. J., AND POND, S. M.: Dose-dependent bioavailability
and metabolism of salicylamide in dogs. J. Pharmacol. Exp. Ther. 230:
89-93,1984.

WATTENBERG, L. W., AND LEONG, J. L.: Histochemical demonstration of
reduced pyridine nucleotide dependent polycyclic hydrocarbon metaboliz-
ing systems. J. Histochem. Cytochem. 10: 412-420,1962.

WRISIGER, R. A.: Dissociation from albumin: a potentislly rate-limiting step
in the clearance of substances by the liver. Proc. Natl. Acad. Sci. USA
82: 1563-1567, 1985.

WEISIGER, R. A.: Models of hepatic elimination. Hepatology 6: 338-339,
1986.

478. WEISIGER, R. A.: Non-equilibrium binding and hepatic drug removal. In

479.

481.

490.
491.

Hoechst Symposia Medica, vol. 20: Protein Binding and Drug Transport,
ed. by J. P. Tillement and E. Lindenlaub, pp. 293-310, F. K. Schattauer
Verlag, Stuttgart, 1986.

WEISIGER, R., GOLLAN, J., AND OCKNER, R.: An albumin receptor on the
liver cell may mediate hepatic uptake of sulfobromophthalein and biliru-
bin: bound ligand, not free, is the major uptake determinant. Gastroen-
terology 79: 1066, 1980.

. WEISIGER, R., GOLLAN, J., AND OCKNER, R.: Receptor for albumin on the

liver cell surface may mediate uptake of fatty acids and other albumin
bound substances. Science (Wash. DC) 211: 1048-1051, 1981.
WEISIGER, R. A., GOLLAN, J. L., AND OCKNER, R. K.: The role of albumin
in hepatic uptake processes. In Progress in Liver Disease, vol. VII, ed. by
l‘-(l.rl;’opper and F. Schaffner, pp. 71-85, Grune and Stratton, Inc., New
ork, 1982.

. WEISIGER, R. A., MENDEL, C. M., AND CAVALIERI, R. R.: The hepatic

sinusoid is not well-stirred: estimation of the degree of axial mixing by
analysis of lobular concentration gradients formed during uptake of thy-
roxine by the perfused rat liver. J. Pharm. Sci. 75: 233-237, 1986.

. WRISIGER, R. A., Zacks, C. M., SMITH, N. D., AND BOYER, J. L.: Effect of

albumin binding on extraction of sulfobromophthalein by perfused elas-
mobranch liver: evidence for dissociation-limited uptake. Hepatology 4:
492-501, 1984.

. WE1ss, M., SZIRGOLEIT, W., AND FOSTER, W.: Dependence of pharmaco-

kinetic panmeten on the body weight. Int. J. Clin. Pharmacol. 15: §72-
575, 1977.

. WELCH, R. M., HUGHES, C. R., AND DEANGELIS, R. L.: Effect of 3-

methylcholanthrene pretreatment on the bioavailability of phenacetin in
the rat. Drug Metab. Dispos. 4: 402-406, 1976.

. WELLING, P. G.: Interactions affecting drug abeorption. Clin. Pharmacoki-

net. 9: 404-434, 1984.

. WELLS, P. G., FREELY, J., WILKINSON, G. R., AND WoOD, A. J. J.: Effect

on thyrotoxicosis on liver blood flow and propranolol disposition after
long-term dosing. Clin. Pharmacol. Ther. 33: 603-608, 1983.

. WESTER, R. C., AND NOONAN, P. K.: Relevance of animal models for

percutaneous absorption. Int. J. Pharm. 7: 99-110, 1980.

. WESTER, R. C., NOONAN, P. K., SMEACH, S., AND KOSOBUD, L.: Pharma-

cokinetics and bioavailability of intravenous and topical nitroglycerin in
rhesus monkey: estimate of percutaneous first-pass metabolism. J. Pharm.
Sci. 72: 745-748, 1983.

WHITE, H. L.: Observations on the behaviour of diodrast in the dog. Am. J.
Physiol. 130: 454-463, 1940.

WHITSETT, T. L., DAYTON, P. G., AND MCNAY, T. L.: The effect of hepatic
blood flow on the hepatic removal rate of oxyphenbutazone in the dog. J.
Pharmacol. Exp. Ther. 177: 246-255, 1971.

492. WiEGAND, U. W, HINTZE, K. L., SLATTERY, J. T., AND LEVY, G.: Protein

493.

494.

495.

496.
497.

binding of several drugs in serum and plasma of healthy subjects. Clin.
Pharmacol. Ther. 27: 297-300, 1980.

WIEGAND, U. W., SLATTERY, J. T., HINTZE, K. L., AND LEVY, G.: Differ-
oneumthepmmbmdmgofuvemldmpmdbthbmmnmmnnd
heparinized plasma of rats. Life Sci. 25: 471-478, 1979.

WIERSMA, D. A, AND RoTH, R. A.: Clearance of 5-hydroxytryptamine by
rat lung and liver: the importance of relative perfusion and intrinsic
clearance. J. Pharmacol. Exp. Ther. 212: 97-102, 1880.

WIERSMA, D. A., AND ROTH, R. A.: Clearance of benzo(a)pyrene by isolated
rat liver and lung: alterations in perfusion and metabolic capacity. J.
Pharmacol. Exp. Ther. 225: 121-125, 1983.

WILKINSON, G. R.: Pharmacokinetics of drug disposition: hemodynamic
considerations. Annu. Rev. Pharmacol. 15: 11-27,1975.

WILKINSON, G. R.: Plasma binding and hepatic drug elimination. In Drug-
Protein Binding, ed. by M. M. Reidenberg, and S. Erill, pp. 299-316,

Scientific, New York, 1986.

498. WILKINSON, G. R., AND SHAND, D. G.: A physiological approach to hepatic

499.

500.
501.

drug clearance. Clin. Pharmacol. Ther. 18: 377-390, 1975.

WILKINSON, G. R., Woob, A. J. J., BRANCH, R. A., AND SHAND, D. G.:
Intrinsic hepatic clearance in cirrhosis. Gastroenterology 75: 347-348,
1974.

WILLIAMS, R. L.: Drug administration in hepatic disease. N. Engl. J. Med.
309: 1616-1622, 1983.

WILLIAMS, R. L., AND BENET, L. Z.: Drug pharmacokinetics in cardiac and
hepatic disease. Annu. Rev. Pharmacol. 20: 389-413, 1980.

2102 ‘8 Jaqwiadaq uo Alslaniun Lesewwey | ye Bio'sjeuinofiadse asiwreyd woly papeojumoq


http://pharmrev.aspetjournals.org/

PHARM
REV

PHARMACOLOGICAL REVIEWS

aspet

CLEARANCE APPROACHES IN PHARMACOLOGY 47

502. WiLLIAMS, R. L., BLASCHKE, T. F., MEFFIN, P. J., MELMON, K. L., AND
ROWLAND, M.: Influence of acute viral hepatitis on disposition and plasma
binding of tolbutamide. Clin. Pharmacol. Ther. 21: 301-309, 1977.

503. WINKLER, K., Bass, L., KEIDING, S., AND TYGSTRUP, N.: The effect of
hepatic perfusion on the assessment of kinetic constants. In Regulation
of Hepatic Metabolism, ed. by F. Lundqvist, and N. Tygstrup, pp. 797-
807, Munksgaard, Copenhagen, 1974.

504. WINKLER, K., Bass, L., KRIDING, 8., AND TYGSTRUP, N.: The physiologic
basis for clearance measurements in hepatology. Scand. J. Gastroenterol.
14: 439448, 1979.

505. WINKLER, K., KEIDING, S., AND TYGSTRUP, N.: Clearance as a quantitative
measure of liver function. In The Liver. Quantitative Aspects of Structure
and Function, ed. by G. Paumgartner and R. Preisig, pp. 144-155, S.
Karger, Basel, 1973.

506. WoOD, A. J. J., CARR, K., VesTAL, R. E., BRLCHER, S., WILKINSON, G. R.,
AND SHAND, D. G.: Direct measurement of propranolol bioavailability
during accumulation to steady-state. Br. J. Clin. Pharmacol. 6: 345-350,
1978.

507. WooD, A. J. J., KORNHAUSER, D. M., WILKINSON, G. R., SHAND, D. G.,
AND BRANCH, R. A.: The influence of cirrhosis on steady-state blood
concentrations of unbound propranolol after oral administration. Clin.
Pharmacokinet. 3: 478-487, 1978.

508. WooD, A. J. J., ROBERTSON, D., ROBERTSON, R. M., WILKINSON, G. R,,
AND WOOD, M Elevated ﬁu drug concentrations of propranolol and
diazepam during cardiac catheterization. Circulation 63: 1119-1122, 1980.

509. Woob, A. J. J., VesTAL, R. E,, SPANNUTH, C. L., STONE, W. J., WILKIN-
8ON, G. R.,ANDSHAND. D. G.: Pmpnnololdupontwnmunalfulun
Br. J. Clin. Pharmacol. 10: 561-568, 1980.

510. WooD, A. J. J., VILLENRUVE, J. P, BRANCH, R. A, RoGgess, L. W., AND
Slu\lm D.G.: 'l‘hsmtnctlnp‘tocyutheoryohmpnmddtumbohsm

in experimental cirrhosis. Gastroenterology 76: 1358-1362, 1979.

511. Woob, J. H., AND LEONARD, T. W.: Kinetic implications of drug resorption
from the bladder. Drug Metab. Rev. 14: 407-423, 1983.

512. Woob, M., SHAND, D. G., AND WOOD, A. J. J.: Altered drug binding due
to the use of indwelling heparinized cannulas (heparin lock) for sampling.
Clin. Pharmacol. Ther. 38: 103-107, 1979.

513. YAcOB1, A., AND LevY, G.: Comparative pharmacokinetics of coumarin
anticoagulants. XIV. Relationship between protein binding, distribution,

and elimination kinetics of warfarin in rats. J. Pharm. Sci. 64: 1660-
1664, 1975.

514. YACOBI, A., AND LVY, G.: Effect of serum protein binding on sulfisoxasole
dumhnwn,mubolnm.mdmmm.l PhamScn.“"Mz-

746, 1979.
SISYAOOBIA.UDA!.I..JA.ANDLIVYGSGI\HB binding as a
determinant of warfarin body clearance and anheoquhntoﬁect.Chn.

Pharmacol. Ther. 19: 552-558, 19786.

516. YASUHARA, M., FUJIWARA, J., KITADE, 8., KATAYAMA, H., OKUMURA, K.,
AND HORI, R.: Effect of altered plasma protein binding on pharmacoki-
netics and pharmacodynamics of propranolol in rats after surgery: role of
a-1-acid glycoprotein. J. Pharmacol. Exp. Ther. 288: 513-520, 1985.

517. Ym S., HiLey, C. R., CHALLINER, M. R., AND PARK, B. K.: Pheno-

meﬁnct-on microsomal enzymes and liver blood flow in

the guinea mBnchmPhnmned.’&M—%? 1979.
BI&YSH,KC AND Kwan, K. C.: Aeomi-ou numerical integrating
tlpnthm spline approximation. J. Phar-

by trapezoidal, Lagrange, and
macokinet. Biopharm. 6: 79-98, 1978.

519. YOUNG, J. F., AND KADLUBAR, F. F.: A pharmacokinetic model to predict
omofmwmme-wmap
cinogens as a function of urine pH, voiding interval, and resorption. Drug
Metab. Dispos. 10: 641-644,1982.

620. ZAHARKO, D. S., Dmlucx,R.L. BiscHorr, K. B., AND LONGSTRETH, J.
A: memwmmbynw
J. Natl. Cancer Inst. 48: 775-784, 1971.

b;‘m;#;MmdmmCm.Bmm42A.l&-
622. m.ln.l( L.: Theory of the use of arteriovenous concentration differences
for measuring metabolism in steady and non-steady states. J. Clin. Invest.

40: 2111-2125 1961.

523. ZIERLER, K. L. Thoorymdmoofindiutonwmbloodﬂowmd
extracellular volumo and calculations of transcapillary movement of
tracers. Circ. Res. 12: 464-471, 1963.

524. Znul 8., COLLINS, J. M., O'Nllu..D Cmnnn.B A., AND POPLACK, D.

lnhibntaonofﬁntp.smbo&m ch.modnnpy'mm

mf7&Wmummmwm 84:
10-817, 1

EZB.W.RA.ANDRID,P.R.:MM by indocyanine

predicted
green clearance. N. Engl. J. Med. 208: 1160-1163, 1978.

2102 ‘8 Jaqwiadaq uo Alslaniun Lesewwey | ye Bio'sjeuinofiadse asiwreyd woly papeojumoq


http://pharmrev.aspetjournals.org/



