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PREFACE ix

PREFACE

Human beings are exposed to many chemicals, natural and synthetic. To
assess whether those chemicals are likely to produce adverse effects in human
populations, toxicity tests are conducted in laboratory animals. In performing
such tests, toxicologists assume that laboratory animals are reasonable
surrogates for humans, that is, that most materials that have been found safe in
laboratory animals will be safe in humans. Nevertheless, the possibility that
reliance on data obtained solely with laboratory animals might lead to mistaken
estimates of risk to humans has been of continuing concern, because
interspecies and intraspecies differences in response clearly exist. Since some of
these differences lie in how different species or individuals within a species
handle xenobiotic chemicals, the new applications of pharmacokinetics
discussed in these proceedings are exciting, because they give promise of major
improvement in the prediction of human responses from animal data.

A wide variety of toxicity tests are performed routinely, but risk assessors
usually focus attention on chronic tests, i.e., those in which a test material is
administered to animals for most of their natural lifetimes. Such tests consume a
large portion of the resources available for assessing risk, but are justified by
the belief that they provide data that will be useful in predicting whether long-
term exposure of humans to tested materials will increase the incidence of
severely adverse conditions in humans, especially neoplastic diseases,
pulmonary injuries, fetal abnormalities, and neurotoxicities.
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Tests for carcinogenesis and other chronic conditions are typically started
with homogeneous populations of young healthy animals. For practical reasons,
only small numbers of doses in small numbers of animals can be evaluated.
Consequently, doses are usually set as high as possible (e.g., the maximum
tolerated dose), in the hope of providing maximal sensitivity, and the test agent
is often administered by a route that is experimentally most convenient. The
results of the completed tests are extrapolated to estimate the likelihood that
similar responses will be produced in human populations exposed to lower
concentrations of the same agent.

According to an NRC report prepared for the National Toxicology
Program, adequate toxicologic data do not exist for most chemicals in
commerce, and the available data seldom include noncancer effects, such as
neurotoxicity or reproductive toxicity. Even when data are available,
quantitative risk estimates still rely on assumptions concerning the mechanism
of disease, dose-response relationships, effective dose in relation to exposure,
etc., and therefore cannot be wholly accurate. Regulatory agencies are obliged
to make assumptions that they believe to be conservative, so as to avoid
underestimation of the risk to the human population. Unfortunately,
overestimating a risk might unnecessarily eliminate jobs or commercially
important materials, thereby decreasing our general standard of living. Hence,
the more that we can replace empirical assumptions with experimentally
validated procedures, the better off we will be in terms of both human health
and economic well-being.

In developing the program of the workshop on pharmacokinetics in risk
assessment, the Safe Drinking Water Subcommittee on Pharmacokinetics
recognized that substances in the environment can lead to the expression of
many kinds of toxicity through many mechanisms. It also recognized that
humans can be exposed to substances at high concentrations for short periods
(e.g., in industrial accidents, during transportation of chemicals, or in fires) or at
low concentrations for long periods in various environmental settings. It
acknowledged that risk assessors are required to make assessments on the basis
of incomplete knowledge, particularly when the duration, route, and intensity of
exposure differ from those tested in laboratory animals. In basing a risk
assessment solely on long-term high-dose toxicity studies, the risk assessor is
obliged to accept as working hypotheses that the incidence of response obtained
in test animals receiving high doses can be used to provide valid estimates of
the incidence of response in test animals exposed to much lower doses, that the
response will also occur in humans, and that the consequences of exposure are
independent of the route of exposure.

In light of these considerations, the subcommittee decided to start the
workshop with a description of the background of quantitative risk as
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sessment, the assumptions that must be made when knowledge is sparse, and
the feasible contribution of pharmacokinetics. To put the role of
pharmacokinetics into perspective, it was pointed out that biologic responses
are governed by two general categories of factors: pharmacokinetic factors,
which govern the concentration in target organs and the interaction of a
biologically active substance with putative sites of action; and
pharmacodynamic factors, which govern the sequence of events that result from
the interaction and lead to the manifestation of the toxic response. The
pharmacokinetic factors, in turn, may be subdivided into three groups: factors
that determine the rate and extent of absorption of a substance from the site of
administration; factors that govern the distribution and elimination of the
substance and the formation, distribution, and elimination of biologically active
metabolites, if any; and factors that affect the rate or extent of reaction of the
substance with putative target substances, such as DNA, enzymes, and receptor
sites.

The working hypotheses thus consist of many subhypotheses, each of
which requires several assumptions. Pharmacodynamically, it is assumed that
the toxicity seen in the test species will be seen in all species, that the
mechanism of the toxicity will be the same in all species, and that other major
kinds of toxicity will not occur. Pharmacokinetically, it is assumed that the
bioavailability and time course of absorption, distribution, and elimination are
generally the same in all species and hence that the exposure of the target to the
ultimate toxicant will be similar. It is also inherently assumed that the
concentration (or, when relevant, the area under the curve) of the toxicant in the
target tissue is directly proportional to the applied dose.

During the last several decades, pharmacokineticists have developed
several mathematical tools to evaluate factors that govern the time course of
substances at putative sites of action. Each of the tools has its uses, but each has
its limitations; both uses and limitations must be taken into account in selecting
the tools that will be appropriate for specific risk assessments. The tools derive
from two general approaches: compartmental analysis and physiologically
based models. In practice, the pharmacokinetic models useful for risk
assessment incorporate features from both general approaches, and the features
that distinguish the two approaches have become blurred. The subcommittee
therefore decided to include a session that traces the development of
pharmacokinetic models and their application to risk assessment. Further, to
illustrate the interrelationships between the two basic approaches to
pharmacokinetics and the possibility that allometric methods of extrapolation
are more valid with some mechanisms of elimination than with others, the
subcommittee included sessions on the approaches used to generalize and
extrapolate pharmacokinetic data.
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Clearly, such extrapolations entail uncertainty—not only in theory, but
also in the collection of data and in the sources of interspecies and intraspecies
variation. Indeed, there are even uncertainties in what is assumed to be known
of many of these uncertainties. Sessions were therefore designed to elucidate
many of the sources of uncertainty and to illustrate the experimental use of
physiologically based pharmacokinetics in exploring them.

The subcommittee recognized that scientists differ in their opinions of the
validity of quantitative risk assessments and of the use of pharmacokinetic data
in making them. To elicit those opinions and the concerns of scientists, the
subcommittee included a poster session to broaden coverage of the subject; and
the major issues raised by the posters were discussed in a plenary session.

Confidence in the validity of quantitative risk assessments will probably
vary with the quantity and quality of toxicity data available and the nature of the
toxicant under examination. Future development of the field of quantitative risk
assessment depends on the growth of the capacity to decide which toxicants
(and kinds of toxicity) yield reasonably accurate quantitative risk assessments
and which do not. The final sessions of the workshop were designed to illustrate
some of these problems and opportunities.

JAMES R. GILLETTE, CO-CHAIRMAN
DAVID JOLLOW, CO-CHAIRMAN
SUBCOMMITTEE ON PHARMACOKINETICS IN RISK ASSESSMENT
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Risk Assessment: Historical Perspectives

Seymour L. Friess

Beginning in the 1930s in the United States and Europe, the protection of
human health from chemicals in the workplace, the market place, and the
environment became a commonly recognized international goal. The general
approach toward that goal developed over time, but it was to be characterized
roughly by processes that involved the development of some form of human
dosage versus response relationships for undesirable health effects, the
assessment of risk for those effects under specified modes of exposure to the
chemical in question, and finally, the setting of permissible exposure limits for
the chemical in various exposure situations based on some form of societal
perception of acceptable risk.

To set this chain of procedures into action, it was first necessary to
generate some form of trustworthy picture of dosage versus response for the
most serious or most sensitive health effect that a chemical might produce in a
human target. Indeed, since the early 1900s data had begun to accumulate on
such health effects in human populations occupationally exposed to major
industrial chemicals. In the 1930s and thereafter, data on dosage versus
response were also generated in ever-increasing volume by dosing experiments
in experimental animal systems wunder laboratory conditions. These
toxicological experiments with rodents or larger mammals had the special merit
of permitting exposure to much larger dosages and concentrations of chemical
than adventitious occupational exposures of worker populations, and of
providing precise measures of the total exposure of the biological target rather
than the general guesses found in the early industrial epidemiological studies.
The animal toxicology data,
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usually from subchronic or chronic exposure experiments, were always clearly
indicated in the early studies as being pointed toward their ultimate use of
predicting the risk of the corresponding health effects in human populations
exposed to the chemical of concern. Toxicology was, and is, intended as a
predictive science, with test data from animal experiments to be translated into
assessments of risk for human and other populations. Generally, only the
toxicological experiments furnished quantitative dose-response data for specific
effects produced at specific target tissues or organs.

The risk assessment process, therefore, beginning roughly in the 1930s,
took the form of an initial review of the epidemiological health effects data
available for a given chemical in worker and user populations and of the dose
versus response data generated in test animal systems. Somehow, usually by
deliberations of a committee of specialists in the health sciences, the body of
epidemiological and animal toxicological data for the chemical was assessed for
scope and reliability, and then interpreted in terms of the most probable form
for the dosage versus response relationship for each serious health effect in the
human as a general target. For a given health effect, then, the relationship could
be displayed either as a curve of dosage versus anticipated response or, in an
attempt to linearize the relationship, as a curve of log dosage versus percentage
response. The display could also take other forms, in parallel with modes of
display developed in pharmacology.

Whatever the display mode, however, the predicted human dose-response
curve was then used for two purposes. First, it could be used to predict human
response amplitudes under a specified exposure scenario. Second, by accepting
a 5 percent response amplitude as being essentially a no-effect level within the
limits of biological variability in populations, the curve could be used to
establish the human no-observable-effect level (NOEL). This procedure was,
and is, a primitive quantitative risk assessment methodology.

A variant on this mode of generating human NOELs for specific health
effects produced by a given chemical has also enjoyed wide international usage,
beginning in the 1940s. Since the toxicological data base is usually far more
extensive and more quantitative than that available from occupational
epidemiological observations, the concept developed that human risk
assessment (in the form of human NOELs) for health effects from a given
chemical could be generated from the animal data base a. lone and later
validated as human data accumulated. In this mode, if data exist for a spectrum
of adverse health effects produced by a chemical in an assortment of test animal
systems, either reversible or irreversible effects, the risk assessor selects the
most serious health effect in the most sensitive animal species tested and uses
the data to estimate the animal NOEL for
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that effect. In the choice among several health effects involving different tissues
and organs, that effect may be selected which is manifested at the lowest dose
range. Then, by application of a suitable safety factor (SF) or translation factor
to the animal NOEL, a human NOEL is projected.

This translation procedure evolved. At least two key review papers in the
1950s serve as milestones in this evolution, that of Barnes and Denz (1954) and
that produced by Lehman and colleagues (1959) at the U.S. Food and Drug
Administration. In particular, the rationale for and size of the safety factor to be
employed in the animal-human NOEL translation was developed largely at the
hands of Lehman et al., although variants are still being discussed in today's
literature. For a well-defined toxic action at a target tissue which appears to
display a dose threshold and which is at least moderately reversible, a widely
applicable SF of 100 was postulated, with a first factor of 10 for the NOEL
translation from animal to human and a second factor of 10 to account for the
variability in sensitivities in human populations. For more serious, irreversible
types of effects, even including carcinogenesis in earlier considerations of risk
assessment for this chronic effect, additional safety factors (range, 2-10 and
higher) were factored into the fundamental SF of 100. For example, at times in
the last two decades, total safety factors of 2,000 or 3,000 have been mentioned
as being applicable to the apparent NOEL for tumorigenesis in a chronic animal
bioassay of a chemical in converting to an estimate of a NOEL for
tumorigenesis in human populations.

It should be noted that the simplistic form of risk assessment considered up
to this point was always generated singly, chemical by chemical, and was also
viewed as a prediction that should be validated or rejected as additional animal
and human dose versus response data for a chemical were developed. When
multiple chemical exposures were considered, the state of the art and
knowledge only extended to the possibility of additivity for closely related
structural analogs that produced similar effects on a given target tissue by
similar interaction mechanisms. The possibilities of synergism, potentiation, or
antagonism in multichemical exposures were discussed, but were rarely
attacked in the form of a joint risk assessment.

An important point of departure from this relatively simplistic but practical
methodology for risk assessment related to health effects from chemical
exposures took place in the 1960s-1970s, with the evolution of the regulatory
concept that there could be no such thing as a NOEL for chemical
carcinogenesis in humans and no such observable as a practical threshold for
the complex carcinogenic process in mammals. All exposures were conceived
of as contributing finite increments of excess lifetime cancer risk from the
chemical in question, regardless of whether repair processes were operable at
some level after the initial attack on DNA. From this regulatory philosophy
there evolved the process of modeling
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these excess lifetime risks for carcinogenesis in the humans based on postulated
human exposure scenarios and the observed tumorigenic responses measured in
chronic bioassay experiments with test animal systems (usually rodents). The
modeling process has been labeled quantitative risk assessment for chemical
carcinogenesis, and because it has moved in certain sectors of the public
perception from being viewed as a predictive technique into the status of a
supposedly factual presentation of real human risks, it deserves some explicit
analysis, as follows.

1. The process starts with a chronic bioassay, usually in rodent
systems, in which dosing with the test chemical extends over more
than 0.5 lifetime of the species involved, with daily administered
doses at the maximum tolerated level and one or more submultiples
of the maximum tolerated dose (MTD).

2. The data, in the form of administered dosages versus tumorigenic
responses, are then fitted to one or more modeling equations (for
example, one-hit, multistage, Weibull) of a form in which the
probability of excess cancer development is some function of the
average daily lifetime dose.

3. Generally, additional restrictions are placed on this modeling step
in the form of assumptions that the tumorigenesis process has no
threshold (zero probability only at zero dose), and that the
modeling equation is linear in the very low dose region, regardless
of the curve's shape at the very high administered doses (MTD, 0.5
MTD, 0.33 MTD) under which the bioassay is performed.

4. The fitted equation of the modeler's choice is then used to
extrapolate from the high-dose region of animal administered dose
versus response down to theoretical response levels at a very low
dose.

5. The assumption is then made (explicitly or implicitly) that the low-
dose sector of the animal-fitted curve can be used to predict human
risks for tumorigenesis by the test chemical at very low ambient
exposure levels. In this translation process, it is then customary to
make a gross correction for metabolic differences in handling of the
chemical by the animal and the human in the form of a correction
ratio applied to dose based on either relative body weights or body
surface areas. The implicit assumption in this correction process is
that the mechanisms of handling, target organ specificity, etc., in
the two mammalian species are similar.

6. Finally, under a series of postulated human exposure scenarios,
each of which leads to a calculated average daily lifetime dose
(administered), the low-dose equation for the animal is used to
predict a corresponding series of excess lifetime cancer risks in
humans.

Regulatory communities worldwide now use these modeled risks for
prioritizing their regulatory activities over a wide range of potentially
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carcinogenic chemicals in the environment or in the workplace, and for setting
numerical triggers to be used in initiating rulemaking or restrictions on specific
chemicals. These regulatory activities are important and are powerfully assisted
by the quantitative risk assessment process. The process itself is being extended
by investigators to cover simultaneous exposures to many potentially
carcinogenic chemicals found at low levels in the environment, such as the
assortment of chemicals found in drinking water supplies, by the use of risk
combination techniques (e.g., Crouch et al., 1983).

It should be realized, however, that there are scientific problems inherent
in the use of the modeling techniques based on animal bioassay data. To cite
just a few: (1) There are no general experimental/theoretical justifications for
the modeling assumptions, the validity of high dose-low dose extrapolations of
the animal bioassay data, or animal to human translations; (2) the methodology
provides no insight as to what delivered dose of what active material (original
chemical or a metabolite) delivered to what target tissue should actually be
modeled in a truly meaningful risk assessment; and (3) there is no assurance in
any given risk assessment that modeling of the administered dosage data has
any direct relationship to delivered dosage, for the test compound or an active
metabolite. Indeed, recent examples abound to show a lack of administered
dose/delivered dose congruence. All of these points have been well recognized
and discussed in the 1970-1986 time frame by scientists concerned with making
quantitative risk assessment more meaningful and sound.

Therefore, the need has been recognized for moving quantitative risk
assessment to a more realistic dimension, particularly by the use of data from
metabolic and comparative pharmacokinetic studies of a given chemical which,
when combined with chronic bioassay data from animal experiments, can lead
to knowledge about the active chemical species that reaches specific target
tissues at measurable delivered concentrations (as a function of time) in the
species of prime interest, humans.

The purpose of the workshop on which this volume is based was to review
progress in this development of the risk assessment process and to probe the
current strengths and weaknesses in this area.
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Tissue Dosimetry in Risk Assessment, or
What's the Problem Here Anyway?

Melvin E. Andersen

INTRODUCTION

The overall risk assessment process integrates hazard assessment data on
chemical toxicity with exposure assessment information (Figure 1). Hazard
assessment is the process by which the toxicity of a chemical is determined
either by a series of bioassay experiments with intact test animals or by
observing increased morbidity/mortality in exposed humans. Often there is no
human epidemiology on particular chemicals, and risk managers have to rely
solely on results of animal toxicity experiments for the hazard assessment.
These animal experiments allow us to generate dose-response information on
how much chemical is required to produce a specified degree of toxicity in test
animals. The major challenges in the hazard assessment process are to
generalize toxicity results in the test animal to (1) predict what will happen in
test animals given much lower amounts of chemical; (2) predict what will
happen in an entirely different species of animal, namely, humans; and (3)
predict what will happen in a different species receiving a chemical by a route
of administration different from that used in the animal studies. These are all
problems of extrapolating beyond the conditions used in the actual toxicity
studies to predict outcome under very different exposure conditions in a variety
of species. What concepts tie these problems together and give us some
confidence in the ultimate success of efforts to develop methods to conduct
these extrapolations?
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Figure 1

Elements of chemical risk assessment. The overall risk assessment process
consists of both a hazard assessment and an exposure assessment. These
provide information on which to make a risk analysis and give the risk
manager detailed information on which to make decisions regarding acceptable
environmental concentrations of a toxic chemical, cost-effective engineering
design criteria for reducing effluent or emission concentrations, and the
feasibility of replacing one chemical by another in a particular industrial
application. Pharmacokinetic modeling is useful in hazard assessment where it
can aid in estimating realistic measures of target tissue dose in exposed
animals and be used to support extrapolations to estimate tissue dose in humans.

Basically, there seem to be two fundamental assumptions which
toxicologists are forced to make in attempting quantitative extrapolations based
on animal toxicity experiments. The first is that experimental animals are true
surrogates for exposed humans. That is, chemicals would cause effects in the
same tissues in humans as those tissues in which they cause effects in the
exposed test animals, and the mechanisms of these effects would be
qualitatively similar in the two different species. This assumption accepts that
there is a qualitative similarity in effects in different species. There are
instances where this assumption is suspect. For instance, vinyl chloride causes
zymbal gland cancer in rats (Maltoni and Lefemine, 1974), but humans do not
have this structure. However, vinyl chloride is obviously carcinogenic in a
variety of animal species. In any case, the universal validity of this assumption
of qualitative similarity in toxicity is really not within the purview of the papers
in this volume. It does seem to be valid in the great majority of instances.
Instead, this volume focuses our attention on the other basic assumption that we
are forced to make to conduct our risk assessment calculations.
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This second tenet is that there is a quantitative equivalence in the tissue
chemical exposure required to produce an equivalent intensity of biological
effect in various species. This is the concept of tissue dose equivalence. More
simply stated, all species are regarded to have equal sensitivity to the toxic
chemical. Again, there are notable exceptions, such as the extreme interspecies
differences in toxicity of 2,3,7,8-tetrachlorodibenzo-p-dioxin (Kociba and
Schwetz, 1982). For more simple toxicities, related to reactive chemical
moieties, this assumption seems entirely appropriate. In addition, the species
and strain differences in dioxin toxicity might diminish substantially if the dose
were expressed in relation to the concentration and affinity of the dioxin
receptor(s) in these various animal species (Poland and Knutson, 1982). The
catch, of course, is that tissue dose is not a simple concept and will be different
for different chemicals. In fact, the real problem in hazard assessment is
defining and measuring tissue dose under a variety of exposure conditions in
several species.

A DOSE OF WHAT?

This hazard assessment process sounds deceptively simple. Determine the
toxic tissue dose in the test species and calculate the exposure conditions under
which this dose is likely to be achieved in humans. All we need to do is to
define tissue dose. As a working definition, we can say that an appropriate
measure of tissue dose is some measure of the intensity of chemical exposure
which is directly linked to the biological processes leading to toxicity or tumor
formation. With this definition, it is clear that some presumption of the
mechanism of interaction between the chemical and the tissue is required before
we can define tissue dose for any particular chemical.

What then are the primary processes by which chemicals interact with
tissue constituents to cause biological changes in the tissue? The first process is
by direct chemical reaction in which the toxic chemical reacts with and
consumes cellular constituents (Figure 2). With this type of interaction the
expected degree of damage, as loss of cellular constituents or accumulation of
bound reactive intermediate, should be related to the time integral of tissue
exposure to the reactive chemical. This time integral of tissue exposure is also
called the area under the tissue concentration curve for the reactive chemical.
The equations for reactivity in Figure 2 are true only for acute-exposure
situations. In chronic administration, the equation should be expanded to
include terms for the synthesis and normal catabolism of the macromolecules.

The second common process by which chemicals interact with tissue is by
noncovalent binding to cellular receptor molecules. This is the mechanism by
which dioxin is presumed to interact to initiate toxic changes in cells. This
binding with concomitant changes in receptor occupancy causes
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some response on the part of the organism which is ultimately expressed as
toxicity. The therapeutic action of most drugs is also related to specific receptor
binding (Goldstein et al., 1974). With this type of interaction, the response of
the cell is dependent on the occupancy of the receptor and occupancy is
determined by the binding constant for the chemical and the
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Figure 2

Tissue dose metrics and their relation to toxicity. Toxic chemicals interact with
tissues by two general processes. In one case, chemical reactivity, the toxic
chemical, T, reacts with cellular macromolecules, MM, to cause covalent
binding of the toxic chemical and a depletion in the concentration of MM.
Simultaneously, there are increases in the bound toxic chemical, T-MM, which
for genotoxic carcinogens can be regarded as similar to a DNA adduct.
Solution of the rate equation for loss of MM with time shows that the natural
logarithm of the remaining MM is proportional to the second-order rate
constant for the reaction of T with MM and the area under the tissue time
course concentration of T (AUTC). In the second case, receptor binding, T
binds to a receptor molecule, R, with a dissociation constant, K;. Toxicity
develops due to occupancy of the receptor with some attendant biological
consequence. Occupancy is the ratio of bound receptor (TR) and total receptor
(TR + R). As shown, this is equivalent to T/(T + K;), i.e., occupancy is
determined by the free concentration of T and the binding constant.
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free concentration of chemical in the cell. Thus, there are a variety of
quantitative measures of tissue dose which may be regarded as the appropriate
measures of the intensity of tissue exposure (Figure 3). In this paper these
parameters which are proportional to the relevant measure of tissue exposure
are referred to as tissue dose metrics. These metrics include estimates of time
integrals of tissue exposure to a chemical or its metabolite(s), concentrations of
these materials in tissues, or receptor occupancy caused by the presence of these
chemicals in tissues. The choice of which of these metrics to use as the
appropriate measure of tissue dose now depends on some knowledge of the
mechanism by which the toxic effects are induced.

WHAT ARE SOME
MEASURES OF TISSUE DOSE?

— AUTC PARENT CHEMICAL
— AUTC STABLE METABOLITE

— TISSUE CONCENTRATION
PARENT

— TISSUE CONCENTRATION
METABOLITE

— AUTC REACTIVE METABOLITE

AUTC: AREA UNDER TISSUE CURVE

Figure 3
Some potential tissue dose metrics for toxic chemicals.

In this usage mechanism does not mean an exhaustive, complete
description of the entire set of events associated with toxicity. It relates instead
to certain general aspects of the nature and causes of a particular toxic event.
For instance, is the effect related to chemical reactivity or to occupancy of
cellular receptor molecules? Is the effect associated with parent chemical or
with a metabolite? If it is a metabolite, does the metabolite have a sufficiently
long half-time in the body to circulate freely throughout the body or is it so
reactive that it never leaves the organ(s) in which it is formed? In terms of the
effects themselves, are they essentially reversible cytotoxic phenomena or
irreversible carcinogenic transformations? If it is cancer induction, is the
process one of direct genotoxicity or is it epigenetic in origin and associated
with either induced hyperplasia as a result of cytotoxicity or with tumor-
promoting effects of the chemical?
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These are some of the more important aspects of mechanism that must be
considered in establishing the correct metric for expressing tissue dose.

ISN'T THIS VOLUME ABOUT PHARMA COKINETICS?

The later portions of this chapter discuss tissue dose for several classes of
chemical carcinogens. But right now, the reader may be wondering what tissue
dose has to do with the theme of this volume—pharmacokinetics. Well, if
determining and measuring the appropriate tissue dose is the problem in hazard
assessment, then pharmacokinetic modeling is an indispensable tool in
estimating tissue dose for a variety of exposure conditions. Pharmacokinetic
modeling contributes to the process by which we translate from obvious
measures of administered dose, such as amount of chemical instilled into the
stomach or concentration in the inspired air, to estimate the more relevant
measures of tissue dose which may not always be accessible to measurement by
direct experimentation.

The development of a pharmacokinetic model for use in chemical risk
assessment begins with identification of a toxic effect in a particular tissue.
Based on some limited knowledge of the mechanism of toxicity and results
from the literature, the appropriate measure of tissue dose is deduced, or
alternatively, several potential measures of tissue dose might be proposed. Next,
an analytical pharmacokinetic model should be developed to predict these
relevant measures of tissue dose under a wide range of exposure conditions.
What elements, if possible, need to be included in a useful pharmacokinetic
model? It should contain structures to account for routes of administration,
major storage tissues within the body, primary tissues involved with
elimination, target tissues, and sufficient biochemical detail within target tissues
to calculate the presumed measures of tissue dose. These models should be
validated as much as possible with kinetic data or with ancillary
experimentation to assess model parameters by experiments separate from the
kinetic studies. The successful kinetic models can then be used to estimate
tissue dose and correlate it with observed toxicity. Hazard assessment
calculations for human exposures are subsequently conducted based on the
expected human target tissue exposures under various exposure conditions.

In work in our laboratory in Dayton, Ohio, developing pharmacokinetic
models for use in chemical risk assessments, we have relied heavily on use of
so-called physiologically based pharmacokinetic models—PB-PK models (see
H. J. Clewell III and M. E. Andersen, this volume). These models contain
considerable physiological and biological information (Bischoff and Brown,
1966) and are amenable to interspecies extrapolation, a process which is
essential for predicting human hazard based on results of animal toxicity studies
(Dedrick, 1973). Gerlowski and Jain (1983)
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have provided a very good review of the status of PB-PK modeling of chemical
disposition. These PB-PK models describe the body in terms of realistic tissue
compartments with specified volumes, blood flows, partition coefficients, and
tissue binding characteristics (Gargas et al., 1986; Ramsey and Andersen,
1984). Biochemical constants for metabolic pathways and for tissue binding can
be included in the mass-balance equations for organs in which these interactions
are important. For most of these metabolic pathways the important constants are
the maximum velocity of the reaction (V,,,; in milligrams per kilogram) and
the binding affinity of the particular substrate for the metabolizing enzyme (in
milligrams per liter). Complex metabolic pathways involving parallel or
sequential reactions of the parent chemical or involving interactions between
chemical metabolism and cofactor depletion can also be readily incorporated
into these models, as necessary (H. J. Clewell III and M. E. Andersen, this
volume).

The entire process of problem definition, tissue dose assignment, and
pharmacokinetic model development can be captured in a simplistic flow
diagram (Figure 4). In this representation the process of model formulation
comes after evaluation of the nature of the problem and consideration of the
impact of mechanism on the choice of tissue dose metric. It is followed by
exercising the model, evaluating its success at predicting known kinetic and
toxicity behavior, designing necessary experiments to collect crucial data for
verifying or improving model performance, and refining the model when
needed. A successful model can then be used as an integral part of the hazard
assessment process. The take-home lesson here is that pharmacokinetic
modeling is not some knee-jerk process where the investigator collects blood
time course curves and draws limited inferences about the behavior of the
chemical in the body by an abstract mathematical curve-fitting procedure.
Instead, the pharmacokinetic modeling intended for risk assessment use is, an
integrating process which should be done early on before major data collection
efforts. It should provide a comprehensive description of chemical disposition
in target organs and be designed to predict human kinetic behavior when the
biochemical metabolic constants and the tissue-binding characteristics of the
chemical have been determined in human tissues.

The remainder of this chapter discusses tissue dose for various
mechanisms of carcinogenesis, identifies essential elements required in PK
models for tracking these particular forms of tissue dose, and emphasizes that
pharmacokinetic model development will often suggest a need to collect critical
metabolic or kinetic data that might not be available from the literature. In fact,
it would be completely wrong to believe that PK models should be developed
on existing toxicity data bases. The existing
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literature can be helpful for model definition, for drawing conclusions about the
nature of appropriate measures of tissue dose, and for providing limited PK
information, but it is also replete with experiments which are virtually useless
for hazard assessment. If a new approach, such as PB-PK modeling, is proposed
as an adjunct to existing hazard assessment techniques, it will have data
requirements of its own and require some independent experimentation not
previously conducted on a routine basis for each chemical for which a risk
assessment was planned. In general, this does not mean that there has to be
major new data acquisition needs for each PK model that might be developed
for risk assessment use. For many cases, this will be only limited, critical
experiments that are required to provide important constants for use in the PK
model (Figure 4) or to fill data gaps identified in the literature survey.

FROBLEM
DENTWIC ATION

|
LITERATURE
EVALUATION
|
WE L B HE AL Laakd Ui Ti i Ty
OF TOERCITY CONSTANTS COMSTANTS
WODEL
TR A THON
|
[ o |
I
R INE COMFARE TO WALIATED
WODEL EIRETIC DATA MOOFL
IDE FHGH. OO T F ETHAPGL & THOMN
CRETEC AL §EPERBMENTS Tl FUsLA NS

Figure 4

Simplified flow chart of the development of a pharmacokinetic model intended
for use in risk assessment. Problem identification: the finding of a particular
toxicity, in a particular organ(s), in a particular species. This effect is the
benchmark on which the risk assessment will be conducted. Literature
evaluation: the integration of available information about the mechanism of
toxicity, the pathways of chemical metabolism, the nature of the toxic
chemical species, the tissue-binding characteristics, and the physiological
parameters of the target species. From these data a model is developed to
estimate the appropriate measure of tissue exposure for a wide variety of
exposure conditions. The essential elements to be included in such a model are
outlined in the text. Before a PK model can be used in human risk assessment
it has to be validated against kinetic, metabolic, and toxicity information and in
many cases refined based on comparison with experimental results. The model
development process can frequently be used to design critical experiments to
collect data needed for final validation.
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GENOTOXIC CARCINOGENS

In terms of the chemical carcinogens themselves, there are two broad
mechanisms by which chemicals cause cancer: by some direct chemical
interaction with the DNA structures of the cell or by indirect effects on the
cellular environment which increase tumor yield without direct chemical
alteration of DNA. The former are called genotoxic carcinogens and the latter,
epigenetic carcinogens (Weisburger and Williams, 1980). As might be
expected, the distinction between these two categories of carcinogens is not
always clear-cut. Many substances appear to possess properties characteristic of
both categories of carcinogens. However, this division can be profitably
examined in terms of the importance of a proper definition of tissue dose for
both types of chemical carcinogens.

Genotoxic chemical carcinogens themselves can be further subdivided on
the basis of whether parent chemical or a metabolite is the moiety that reacts
with DNA. The possibilities include cases where parent chemicals, such as
ethylene oxide or dimethylsulfate, are genotoxic; cases where stable
metabolites, such as ethylene oxide formed from ethylene or butadiene epoxides
formed from butadiene, are genotoxic; and cases where reactive, nonisolatable
metabolites, such as the epoxide formed from vinyl chloride or the
chloromethylgluthathione formed from methylene chloride, are presumed to be
responsible for genotoxicity (Figure 5). These three possibilities for the nature
of the DNA-reactive chemical need to be considered independently.

PARENT CHEMICAL

For the simplest case there is a chemical reaction between DNA and parent
chemical leading to chemical alteration of the DNA which can cause mutation
during cell replication. As discussed for cases of chemical reactivity, the tissue
burden of altered DNA is expected to be associated with integrated tissue
exposure to the DNA-reactive chemical. The modeling problem is to identify
the chemical-specific tissue solubilities or tissue-binding characteristics and the
distribution and activity of chemical-specific detoxifying enzymes in various
tissues. The goal of the PK model is to identify and understand the metabolic
and physiological processes that limit the action of the parent chemical in the
cells.

Interspecies scaling is the determination of how target tissue exposure is
affected by animal size for a particular administered dose. An attempt was made
in volume 6 of Drinking Water and Health (National Research Council, 1986)
to predict the interspecies scaling of tissue dose, depending on the nature of the
toxic moiety—for example, parent or metabolite, etc. This analysis assumed
that both metabolic and physiological clearances
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scale as a partial power of body weight and that both tissue volumes and general
volumes of distribution are directly proportional to body weight. For these
idealized pharmacokinetic behaviors, a particular dose (in milligrams per
kilogram) will give a larger area under the tissue curve for parent chemical in a
larger species than in a smaller species. This occurs because the original dose is
dispersed into a volume proportional to body weight, and animals, regardless of
body weight, should attain the same initial internal concentration for a given
dose (in milligrams per kilogram). Clearance, however, is expected to be
proportionately larger in the smaller species because it increases as a fractional
power of body weight, and therefore, the area under the blood and tissue curves
will be smaller in the smaller animal species. This simplified PK analysis
indicates that larger species are at greater risk (i.e., have larger area under the
tissue curve) than are smaller animals for those instances where parent chemical
is the DNA-reactive chemical. This behavior is consistent with the traditional
surface area correction used for interspecies dose adjustments in the chem

GENOTOXIC INTERACTION

NATURE OF PROXIMATE CARCINOGEN

* PARENT CHEMICAL:

— ETHYLENE OXIDE

— DIMETHYLSULFATE

*"STABLE'" METABOLITE:

— BUTADIENE

— ETHYLENE

* "REACTIVE (NONISOLATABLE)" METABOLITE:
— VINYL CHLORIDE

— METHYLENE CHLORIDE (?)

Figure 5

Classification of genotoxic carcinogens: Genotoxic chemicals are defined as
those materials which are sufficiently reactive in vivo to react with DNA bases
to form adducts. The presence of these adducts increases the probability of a
mutational event during cell replication. The genotoxic entity can be parent
chemical, a stable, freely circulating metabolite, or a reactive metabolite that is
not sufficiently long-lived to isolate in vivo. Representative environmental
chemicals from each of these classes of genotoxic carcinogens are listed here.
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ical risk assessments conducted by the Environmental Protection Agency
(EPA). The use of this factor is usually justified by reference to studies on the
interspecies differences in acute toxicity of a variety of chemicals used
medically in cancer chemotherapy (Freireich et al., 1966).

STABLE METABOLITES

Ethylene oxide can also be produced in vivo by the oxidation of ethylene
by microsomal metabolism. In developing a pharmacokinetic model for
ethylene oxide as a DNA-reactive, stable metabolite, other PK modeling
considerations become important. These include the rate of formation of the
epoxide in various tissues, the stoichiometric yield of the epoxide from ethylene
in vivo, and the distribution of the stable metabolite to target tissues. With
butadiene, there are two epoxide metabolites that have genotoxic potential, and
some provision for their differential DNA reactivities might have to be included
in model development. A very elegant analysis of the relative risks of ethylene
and ethylene oxide has been conducted by Bolt and Filser (in press). They
developed pharmacokinetic models for both of these chemicals and attempted to
predict ethylene exposure conditions that would yield carcinogenic tissue doses
of the epoxide. They did not use a physiological model, and their results are
limited to interpretation of the bioassay results in experimental animals.
Nonetheless, their study is an excellent example of the use of sound
pharmacokinetic principles in the analysis, interpretation, and design of toxicity
experiments.

In instances in which the genotoxic chemical is a stable, freely circulating
metabolite, the analysis of the effect of body size on tissue dose includes
consideration of the metabolic formation of a DNA-reactive metabolite and its
consumption by various clearance pathways. For the purposes of risk
assessment, when there is no available information on the human population, it
seems appropriate to assume that both the metabolic production and the
clearance pathways are related to the same fractional power of body weight
(National Research Council, 1986). Thus, equivalent doses on a body weight
basis are expected to produce approximately equal tissue exposures expressed
as area under the tissue curve of the genotoxic, stable metabolite. This suggests
that larger animals should be at the same risk from equivalent doses of these
chemicals as smaller animals. For this class of chemicals, the standard surface
area correction used by EPA would overestimate the expected risk in humans
based on extrapolation of toxicity results in small laboratory animals. The Food
and Drug Administration approach which uses body weight for interspecies
dose conversion is the more appropriate correction factor for this class of
chemical carcinogens.
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REACTIVE, NONISOLATABLE METABOLITES

In a recent paper we attempted to develop a strategy for conducting a
pharmacokinetically based risk assessment for methylene chloride (Andersen et
al., 1987). On the basis of a variety of kinetic and chemical arguments, we
suggested that the carcinogenicity of methylene chloride was related to the
metabolites produced by conjugation of parent chemical with glutathione. If this
proposed mechanism of toxicity is correct, the appropriate measure of tissue
dose should be the time integral of the tissue concentration of the glutathione
conjugate. This material is too reactive to measure directly, and a surrogate
measure of tissue concentration of this chemical must be utilized in place of its
concentration. The surrogate dose metric that was developed based on kinetic
principles was a ratio of the integral of the amount of chemical metabolized by
this pathway in the target tissue divided by target tissue volume. This same
approach could be used with other chemicals, like vinyl chloride, where the
presumed genotoxic metabolite is also too short-lived to measure directly.

When reactive metabolites are associated with carcinogenicity, the
simplified pharmacokinetic analysis of the effect of animal size on integrated
tissue exposure suggests that larger species will be at proportionately less risk
than smaller species (National Research Council, 1986). The reason for this
dependence is that metabolic production (the numerator) is proportional to a
fractional power of body weight, while tissue volume (the denominator) is
directly proportional to body weight. The ratio of the two then decreases with
increasing body weight. This approach to interspecies scaling for vinyl chloride
was previously suggested by Gehring et al. (1978) based on somewhat different
arguments.

The above examples point out that it is very difficult to depend on a single
approach to interspecies scaling. When scaling strategies are developed based
on generalized pharmacokinetic principles, there are several very different types
of interspecies scaling behaviors depending on the nature of the DNA-reactive
chemical—whether it is parent chemical, stable metabolite, or a highly reactive,
nonisolatable metabolite. These differences should in some way be reflected in
the process of hazard assessment when the mechanism of carcinogenicity of a
chemical is fairly well-established. Universal reliance on the surface area
correction, or any one particular adjustment factor, should be avoided; however,
in the absence of information on the mechanism of toxicity, the surface area
correction would at least err on the conservative side.

INTERCALATING AGENTS

Another group of direct-acting, DNA-interactive chemicals are the
intercalating agents, represented by acridine-type dyes and related chemicals
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(Rogers and Back, 1982). With these materials there is noncovalent bonding
between the dye and DNA, and the interactions are probably best described by
the mass action law with critical receptor site occupancy by the intercalated
dye. For this type of tissue interaction we would need to know the dissociation
constant(s) and binding capacity for the agent-DNA binding processes, and the
time course of intercalator concentration in the target tissues. Tissue dose in this
case is probably best represented as a time-weighted average receptor
occupancy by the intercalating ligand. Thus, even for genotoxic chemicals there
are possibilities that interactions can occur either by chemical reactivity or by
mass action effects of particular chemical ligands. These two mechanisms lead
to two very different expressions for tissue dose.

These estimates of tissue exposure with chemically reactive or
intercalating agents can be used as the dose inputs to drive increased mutational
frequency in biologically based cancer models such as that proposed by
Moolgavkar and Knudson (1981). Combining pharmacokinetic and
pharmacodynamic modeling of the cancer process (Figure 6) promises to
greatly improve our ability to conduct interspecies scaling and support risk
assessment extrapolations. It is important to remember, however, that tissue
dose will often be nonlinear with respect to administered dose, and it is clearly
wrong to use administered dose uncritically in developing realistic cancer
models. To a very great extent, it is only the availability of accurate
pharmacokinetic descriptions of tissue exposure which permits validation of
biologically motivated models of chemical carcinogenesis. In fact, it is essential
to have an adequate understanding of the pharmacokinetic characteristics of
target tissue exposure before pharmacodynamic models are developed for any
kind of toxic response.

The mechanisms of carcinogenicity of directly acting genotoxic chemicals
are still under active investigation in terms of fundamental questions about the
nature of DNA adducts formed, rates of repair of damaged DNA, the presence
of critical mutational sites on DNA, etc. Eventually, as more information is
developed, it may even be possible to use the formation of particular adducts as
the measure of tissue dose instead of the use of integrated tissue exposure. This
would give metrics for tissue doses of carcinogens which were closer to the
biological process of tumor induction.

EPIGENETIC CARCINOGENS

Despite the many outstanding questions with regard to the mode of action
of genotoxic carcinogens and to the relative importance of particular DNA
adducts, it is clear that a great deal more is known about the mechanisms of
tumor initiation with these chemicals than about the detailed
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mechanisms by which epigenetic carcinogens cause tumor development. In
general, there seem to be two very different groups of epigenetic carcinogens.
The first group consists of those chemicals that cause overt cytotoxicity and
cancer appears secondary to chronic tissue damage. Chloroform and carbon
tetrachloride are examples from this group (Reitz et al., 1982). The second
group consists of the tumor promoters which interact with the cell in such a way
to induce expression of new, characteristic sets of enzyme activities. The altered
cellular environment caused by these promoters then leads to enhanced tumor
yield under appropriate exposure conditions. Examples here include
phenobarbital and dioxin. Tissue dosimetry for these epigenetic carcinogens
will be more complex than it is for genotoxic carcinogens.

f D1 102
PT1'@—\°®
. *31 ) |82

A schematic of a two-stage cancer model: Normal cells (1) have a basal birth
rate (B1) and death rate (D1). There is also a background mutational rate (P1).
The probability of undergoing a mutational event is the product of the birth
rate and the mutational frequency (i e., P1 x B1). The stage 2 cell (2) has
undergone a single mutation but is not a tumor-forming cell. It has its own
birth and death rate (B2 and D2) and some probability of undergoing a second
mutational event (P2) to become a cancer cell capable of progressing to a
tumor. Genotoxic carcinogens are expected to increase P1 and P2. The
increase in P1 and P2 will be related to the integrated area under the tissue
concentration curve of the DNA-reactive chemical. These tissue exposure
estimates can be derived from physiologically realistic PK models. There are
two major classes of epigenetic carcinogens discussed in this paper: those
which cause cell toxicity with continuous cell division during chronic
exposure, and those which act as promoters by increasing synthesis of new
enzymes (or altered levels of existing enzymes). These mechanisms are more
fully developed in the text. The former class of chemicals will primarily affect
D1 and D2 with subsequent changes in B1 and B2. The latter group is believed
to affect the balance of B2 and D2 to give the cells with single mutations a
growth advantage. PK models will have to be developed to link tissue
exposure, cell toxicity, enzyme induction, and changes in cell growth kinetics.
These coupled PK and pharmacodynamic models of the cancer process should
greatly improve cancer risk assessment for most chemical carcinogens.

For epigenetic mechanisms, it will be necessary to include some kind of
pharmacodynamic modeling along with the pharmacokinetic descrip

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/1015.html

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

Pharmacokinetics in Risk Assessment

TISSUE DOSIMETRY IN RISK ASSESSMENT, OR WHAT'S THE PROBLEM HERE ANYWAY? 22

tion. For cytotoxicity (Figure 6) it will be necessary to model the linkage
between tissue reactivity of reactive chemical with depletion of critical cellular
macromolecules, cell death, and attendant hyperplasia. This new birth rate
function can then be used in a biologically motivated cancer model (see R. B.
Conolly, R. H. Reitz, and M. E. Andersen, this volume). With promoters the
proper tissue dose metric will be related to receptor occupancy and a resulting
induction of new protein synthesis. The pharmacokinetic modeling strategy
ultimately devised for these promoters will require physiologically accurate
models for the processes involved in enzyme induction. In the two-stage cancer
model, the action of these promoters is considered to be on the birth and death
rates of the stage 2 cell, providing cells with a single mutation with a selective
growth advantage. While dosimetry with these epigenetic carcinogens is more
demanding than with genetic carcinogens, there still appears to be two dose
metrics that emerge—integrated exposure to reactive chemical for cytotoxicants
and time-weighted average receptor occupancy for chemicals such as dioxin
and phenobarbital. These seem to be the primary expressions required for
understanding our problem here: that is, just what is tissue dose? On the other
hand, what can be said of pharmacokinetics in these cases. The modeling
strategy is still the same—produce an integrated description of chemical
disposition and tissue exposure which is readily amenable to interspecies
extrapolation and in which all biochemical, physical chemical, biological, and
physiological processes are as clearly defined as possible.

SUMMARY

Mechanistic information on the processes involved in cancer causation by
a particular chemical is essential for defining the appropriate measure of target
tissue dose. Tissue dose will usually either be a function of integrated tissue
exposure or a function of the extent of receptor binding in a tissue. This latter
metric of tissue dose is dependent on mass action principles and not simply on
integrated tissue exposure. Measures of dose related simply to administered
dose or total amount metabolized should be viewed with great caution unless
there are compelling reasons for believing there is a direct correlation of these
very coarse measures of dose with actual tissue exposure. Once the proper
measure of dose is defined, a pharmacokinetic model should be developed to
predict this dose metric for various exposure scenarios in a variety of species.
The biological realism of physiologically based models confers on them certain
advantages for use in the risk assessment arena. Finally, much better cancer risk
assessments will be possible when validated pharmacokinetic models for tissue
dose are used in conjunction with more biologically, realistic
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pharmacodynamic descriptions of the biological processes involved in chemical
carcinogenesis.
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Modeling: An Introduction

Ellen J. O'Flaherty
Fick's First Law states that the rate of diffusion of a solute down a
concentration gradient is proportional to the magnitude of the gradient:

@ = —DA fi-g (1
dt elx
where M is mass, C is concentration, D is the diffusion constant with

dimensions distance?/time, A is the cross-sectional area of the diffusion volume,
and dx is the distance over which the infinitesimally small concentration
difference dC is measured. When Fick's First Law is restated for diffusion
across a membrane barrier of thickness dx, the concentration gradient dC is
approximated by the concentration difference across the membrane, C;-C,, and
DA/dx is the first-order transfer constant &, for diffusion across the membrane,
with dimensions distance®/time, or volume/time:

dM DA
- -E{C‘ = Cs)
= =k (C) — Cy). {(2)

Fick's Law states that transfer of freely diffusible molecules across a
membrane should be first order. A large body of experimental observations
supports this interpretation of the kinetic nature of diffusion. There are, of
course, exceptions: Excretion from liver or kidney may not be first order, and
gastrointestinal absorption may take place by active processes
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for a few chemicals. But, in general, it is reasonable to assume as a working
hypothesis that absorption and distribution of exogenous chemicals are first
order. The rate of diffusion is dependent on the partition coefficient and
molecular size and configuration of the chemical, and on its degree of ionization.

Figure 1

Thus, diffusion out of a single compartment is a first-order process whose
rate constant, k,, depends both on the chemical and on the tissue and has the
dimensions volume/time. If both sides of Equation 2 are divided by V so that it
expresses the rate of change of concentration, not of mass—since concentration
is what is measured in vivo—then the rate constant becomes the elimination rate
constant k., with dimensions time™! (Figure 1).

dC
— = —kC. 3
{f.f e { :I

Equation 3 is integrated to obtain the familiar first-order expression for C
as a function of ¢,

C = Coe o, (4)

Equation 4 has a single exponential term so that if the natural logarithm of
the concentration is plotted against time, the graph takes the form of a straight
line whose slope is - k. and whose ordinate intercept is the logarithm of C,. The
half-life is estimated from the value of k., and the volume of distribution from
the dose and the value of C,. The model is, of course, the one-compartment
body model with first-order elimination.

The body is not a single physiological compartment, however, and rarely
behaves as if it were a single kinetic compartment. More sophisticated models
of the body are created by the addition of peripheral compartments. The essence
of different approaches to modeling lies in how
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these compartments are defined and in what kinds of variables—measurements
of concentrations or amounts, or values of physiological parameters-are used to
drive the development of a quantitative model.

In the 1940s and 1950s, it was recognized that concentration behavior in
the central compartment of a multicompartment model could be represented by
a sum of exponential terms like the single term describing the one-compartment
model, one for each compartment in the model. Thus, for any model with more
than one compartment, there will be more than one term, and the dependence of
the logarithm of the concentration in the central compartment on time cannot be
linear. Instead, it takes a curvilinear shape with a terminal straight-line portion.
By a process variously known as feathering, peeling, or the method of residuals,
curvilinear plots of In C versus t were resolved into their component
exponential terms. As many terms were included in this feathering process as
were required to account fully for the curvature of the data. Such fits are now,
of course, carried out by nonlinear regression computer programs, but there was
a time when they were not.

In early modeling applications, model compartments were taken to have
exact physiological correlates. Because of the correspondence between the
number of compartments in a model and the number of terms required in the
equation describing the model, the number of exponential terms necessary to
account for the curvature in the data was taken to represent the number of
distinguishable exchanges between the central compartment and peripheral
tissues or organs, plus one term roughly equated with whole-body loss.

An example of this approach appears in a paper on the kinetics of the rapid
phases of plasma free cholesterol turnover (Porte and Havel, 1961). Free
cholesterol labeled with '“C was incorporated into plasma lipoproteins in vitro
and administered to dogs by intravenous injection. Resolution of the entire free
cholesterol curve by successive subtraction of each component—that is, by
feathering—gave five exponential terms with half-times of 4 min, 30 min, 65
min, 7 h, and 96 h. Porte and Havel compared these half-lives with turnover
times reported for different pools of cholesterol, and concluded that the slowest,
96-h component represented metabolic turnover plus equilibration with very
slowly exchanging compartments; the 7-h component represented formation of
plasma ester cholesterol; the 65-min component represented exchange of free
cholesterol between plasma and red blood cells; and the 30-min component
represented exchange of free cholesterol between plasma and liver. The most
rapid component, with a half-life of 4 min, could not be related to any known
physiological compartment.

It quickly became apparent that forcing such a rigid correspondence
between exponential terms and physiological compartments generated a number
of problems, two of which are illustrated by the cholesterol ex
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ample. It was not always possible to identify physiological correlates of
exponential half-lives, particularly the shorter ones. And often more than one
process—for example, metabolism and slow exchange—presented themselves
as candidates for the source of an exponential term.

Figure 2

With general dissemination of explicit mathematical solutions of
multicompartment models and recognition of the implications of these
solutions, in the mid-1960s a reaction set in. If there is only one compartment,
the half-life is the half-life of elimination, and dose/C, is the physiological
volume of distribution. When there is more than one kinetically distinguishable
compartment, the slopes and intercepts of the successive linear segments that
are revealed by the curve-peeling process are expressed in appropriate units for
calculation of half-lives and volumes of distribution. But these are not half-lives
that are descriptive of a single process, nor are they physiological volumes of
distribution.

The mason is apparent on consideration of the two-compartment model
shown in Figure 2 and below.
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dC
— = kyCy — (kyp + k,)C,, and
dt
dC
= = kuCi = kaCy (5)

Simultaneous integration of these two equations gives the explicit solution
of the two-compartment model, in which the intercepts Ay and B, and the
kinetic rate constants a and [ are expressed in terms of the rate constants kj,
and k,; for transfer between compartment 1 and compartment 2, the elimination
rate constant k., and the volumes of the compartments:

C] = Auvﬁ'_u’ + Buﬂ_ﬂr

Dig = k)

Ay = —=-

A S

B - Diky — B)

" Vi - P
o = 12k + ky + k) + [k + kay + k)2 = ko k,]'?}

B = 12{(k)y + ky + k) — [(k)y + kyy + k)* — dkyk,]'?}. (6)

Alpha and B are functions of all of the rate constants, and A, and B, are
functions of the volumes as well as of the rate constants. Being hybrid
constants, they need have no direct physiological significance, although of
course they reflect the biochemical and physiological basis of the chemical's
disposition. Consequently, the volume of distribution (calculated as dose/B)
and half-life (calculated as In 2/B) need have no physiological correlates.

Other apparent volumes of distribution can also be calculated. All are
constants that relate a concentration to an amount under a particular set of
conditions. But because kinetically determined volumes of distribution usually
do not correspond to real volumes of distribution, it became commonplace in
the 1970s to consider them simply as proportionality constants.

The apparent volume of distribution is a useful pharmacokinetic parameter that
relates the plasma or serum concentration of a drug to the total amount of drug
in the body. Despite its name, this parameter usually has no direct physiologic
meaning and does not refer to a real volume (Gibaldi and Perrier, 1975).

This philosophy of modeling was, of course, in some respects a reaction to
what was correctly perceived as unproductive and in some cases misleading
data interpretations as a result of insistence on too exact a cor
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respondence between the terms of the equation describing loss of the chemical
from the blood and the physiological nature of compartments—organs and
tissues—exchanging with the blood. During this period also, it became
commonplace to minimize the significance of half-lives derived from any but
the terminal slope of the plasma or blood concentration curve. The terminal
slope is used in the calculation of the biological half-life, which is generally
accepted as an index of the persistence of the chemical in the body.

The impetus for physiological modeling arose independently of classical
pharmacokinetics, and physiological modeling coexisted with classical
pharmacokinetic approaches during the 1960s and 1970s. In the 1980s, it is
beginning to emerge as the preeminent approach to pharmacokinetic modeling.
Because physiologically based pharmacokinetic modeling has received so much
recent attention, it is important to make the point that physiological
pharmacokinetics and classical pharmacokinetics are not fundamentally
incompatible. Although the philosophy behind the two approaches is different
and dictates their application for different purposes, there is a direct link
between the two approaches.

Let us return for a moment to Fick's First Law. Fick's First Law describes
the change in amount of a chemical with time. Thus, in the closed two-
compartment model, the rates of transfer across the membrane separating the
two compartments are expressed in terms of mass and kinetic rate constants, or
of concentrations and transfer constants or clearances:

aM,

a —kiaM | + kg M,

=k ViCy + by VoG (7)

At steady state, when dM,/dt = 0, k,V,Cy = k»V,C5; and since C; = Cy,
k1,V1 = k1 V5 = k;. The equality applies, of course, not only at equilibrium but at
disequilibrium as well. Thus,

dM,

e —k(Cy — Cy). (8)

It is not coincidental that the transfer constant of classical
pharmacokinetics has the dimensions of a flow rate. In the referent fluid volume
for that flow rate lies the link between classical and physiological
pharmacokinetics. If transfers are perfusion limited—that is, flow limited or
first order—then the transfer constant is the rate of blood flow to the tissue. In
the two-compartment closed model, let compartment 1 be the blood
subcompartment and compartment 2 the fluid subcompartment of a tissue.
Then, k,V; is the rate of blood flow to the tissue, which in this model is equal
to total blood flow since there is only one peripheral compartment.
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Substituting blood flow rate for k;,V; and k,;V,, we find that the rates of
transfer out of the blood and into the tissue fluid are expressed as blood flow
rate times the concentration difference:

M, _ oy 4G

o Vi T = 2x(C, — Ca). (9

With a single refinement, this is the fundamental equation of physiological
pharmacokinetics. The refinement takes into account the fact that chemicals do
not simply equilibrate between body fluids but, depending on their
physicochemical properties, may be bound to tissue macromolecules or
incorporated into tissue lipids. Thus, what is measured experimentally when a
tissue is sampled is not C, but Cy;, the concentration in the tissue including fluid
subcompartment V, and bound or sequestered chemical. Because transfer is
assumed to be flow limited, the concentration of the chemical in efferent blood
from the tissue should be equal to its concentration in the fluid subcompartment
of the tissue. Equilibration of the chemical between the fluid subcompartment
of the tissue and its bound or sequestered forms is assumed to be very rapid, so
that the partition coefficient R = Cy/C, = Cp/(concentration in efferent blood)
can be measured and used to obtain C, at any time from a measurement of
tissue concentration: C, = Cy/R. Often, the partition coefficient is determined in
a separate in vitro vial equilibration experiment. Substituting Cy/R for C, in
Equation 9, we obtain an expression for the rate of change in the amount of the
chemical in blood or tissue as a function of blood flow rate, partition
coefficient, and momentary blood and tissue concentrations:

daM dC
—r = Vi = (€ — CuiR).

The form of this equation suggests that it should be possible to substitute
physiological values of flow rates and volumes, and values of partition
coefficients, in order to obtain predictive, physiologically based
pharmacokinetic models. In fact, this is the fundamental relationship on which
such models are based. The expressions for all peripheral, nonelimination
tissues will be of this form, with Oy replaced by blood flow to the tissue in
question. The equation for the blood will be more complex but is directly
derivable from the same kinds of considerations of flow and partitioning. It will
include contributions from major tissue groups characterized by different
perfusion rates, and it may include input rate or elimination rate terms. The
equation for the liver may also include terms for metabolism or for input by
absorption from the gastrointestinal tract. Some of these terms, particularly
those describing metabolism, may not be first order.
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The difference between classical and physiological pharmacokinetic
models, then, lies not in how they are constructed but in how they are driven. In
classical pharmacokinetics, no effort is made to assign physiological correlates
to model parameters. A compartment is simply defined as a volume (strictly
speaking, as a fluid volume) that is kinetically homogeneous. It is generally
recognized that only in a very few instances are more than three exponential
terms required to describe satisfactorily, within the precision of the data, the
behavior of a declining concentration curve; most often, two suffice. This
understanding has given rise to a group of models in which the body is
represented by a central compartment and one or two peripheral compartments
which may be "shallow" or "deep"; i.e., they may exchange relatively rapidly or
relatively slowly with blood plasma. Such important concepts as volume of
distribution, biological half-life, clearance, integrated total exposure following a
single dose, and achievement of steady state during chronic exposure arise
naturally from these classical models. Their utility for characterization of the
behavior of a chemical, and for comparison of its behavior with that of other
chemicals, is firmly established.

Classical pharmacokinetic models support certain kinds of extrapolations
in particular, extrapolation to different exposure conditions, with reasonable
assurance. Capacity-limited or other nonlinear kinetic behavior can be
incorporated into classical pharmacokinetic models. A specific advantage of the
models is that because the kinetic characteristics of the compartments of which
they are composed are not constrained, a best possible fit to a data set can be
arrived at by varying the values of the parameters. Best estimates of parameter
values can be compared across experimental conditions, treatments, or
chemicals to establish whether apparent differences (effects) are statistically
significant.

This strength of classical pharmacokinetic models is also their greatest
weakness. Lacking a physiological or biochemical basis, the models cannot take
into account intraspecies changes such as growth, sexual maturation, or aging,
and cannot reliably be used in interspecies conversion of pharmacokinetic data.
The need for interspecies conversion of laboratory animal data, in particular,
has led to the development of physiological pharmacokinetic models, in which
the unspecified compartments of the classical pharmacokinetic models are
replaced by actual organs and tissues with their known blood flows. Because
tissue volumes, blood flow rates, and enzyme activities can be varied only
within physiological limits in these models, the models are not fit to
experimental data in the classical sense. Instead, gross discrepancy between the
predictions of a physiological model and experimental observation requires
reformulation of the model in such a way as to account for the observed
behavior.
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In a sense, then, we have come full circle, from early insistence on
correspondence between exponential terms and identifiable plasma-tissue
interchanges to recognition that those interchanges do indeed give form to the
plasma concentration curve, although not in the sense in which they were
originally believed to do so. Physiological pharmacokinetic models have
tremendous potential, particularly for species-to-species conversion of dose-
effect data. But classical pharmacokinetic models still have their place.
Specifically, they are amenable to statistical treatment and, thus, to hypothesis
testing, whereas the purely physiological pharmacokinetic models are not as
readily treated statistically.

Both physiological and classical pharmacokinetic models have valid
applications today. Both are capable of predicting the dose delivered to a target
organ, within somewhat different limits. The assumptions on which the
physiological pharmacokinetic models are based make them uniquely suited to
cross-species applications. On the other hand, the dependence of classical
pharmacokinetic models on experimental measurement of concentration or
amount makes them especially well suited to examination of questions about
mechanisms of effects that involve changes in pharmacokinetic behavior.
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Physiologically Based Pharmacokinetic
Modeling

Kenneth B. Bischoff

INTRODUCTION

Pharmacokinetic models are used to permit the rational prediction, as
much as possible, of the events occurring during the processes of drug
disposition throughout the body, thus yielding tissue levels. As will be seen, it
appears that it is feasible to do this with certain parts of the overall problem,
although other aspects are more elusive.

There are several specific reasons for pursuing this approach. One is the
scientific intellectual satisfaction of having quantitative predictive models based
on underlying knowledge, rather than the more empirical, curve-fitting
approaches often used. The latter are always needed to some extent, of course,
but should be minimized if possible. Another important purpose is to aid in the
constant problems of interpreting animal experiments in drug screening, dosage
regimen formulation, and similar matters. In quantitative terms this can be
called scaling the results from one species to another, and ultimately to man
(Dedrick, 1973a). It seems clear that it would be of benefit to have
pharmacokinetic models that specifically incorporated known animal
physiology and pharmacology in these endeavors. Yet another use of
quantitative predictive models is in the development of optimal dosage
regimens for clinical applications.

This chapter is primarily intended to document this approach which, as
usual, is in many scattered publications. It is hoped that other investigators will
find it useful to have these ideas, methods, formulations, and basic data
gathered in one place.
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The history and bases of physiological pharmacokinetics will be briefly
reviewed, and some misconceptions will be pointed out, e.g., that membrane
transport cannot be incorporated into these models and that only the flow-
limited case can be handled. Several recent literature reviews will be given for
those readers wanting further details on the modeling and/or specific drugs.
This will be followed by a brief description of a few examples, and the chapter
will conclude with my views of the most useful future research in the area.

The basic idea of physiological pharmacokinetics was to extend
pharmacokinetic modeling so that quantitative aspects of other biological areas
could be incorporated. For example, this includes what is known about
physiological differences and similarities among species, membrane bio-
physics, biochemical kinetics, and others to be illustrated later. The approach
will be to focus the models on anatomically real local tissue regions, including
their blood flow, binding, and transport characteristics. Certain aspects are
similar to the compartmental modeling methods of mathematical biology (see,
e.g., Rescigno and Segre, 1966, or Riggs, 1970) or of what will be termed
classical pharmacokinetics, which is primarily concerned with the prediction of
blood levels of various dosage regimens (see Gibaldi and Perrier, 1982, for a
comprehensive treatment).

Often, however, these compartments were rather abstract mathematical
constructs, whose number and properties were only able to be ascertained by
curve-fitting of experimental blood sample data. Useful insights into the
quantitative operation of the body were obtained, although specific organ levels
were usually not considered. Physiological pharmacokinetics, however, also
attempts to predict the various organ and tissue levels, even extra-versus
intracellular concentrations.

This concept of utilization of known anatomical and physiological
functions as a basis for pharmacokinetic models was proposed early on by
Teorell (1937). This remarkable work was not able to be fully utilized,
however, because of the lack of reasonable computing capabilities. When
computing capabilities became feasible, the number of differential equations
that needed to be solved in comprehensive models was not of crucial
importance, and multicompartment models based on known physiology were
formulated by Bischoff and Brown (1966). The basis was to use a compartment
as an actual local tissue region, as proposed by Bellman et al. (1960), although
the term physiological pharmacokinetics was not used until about 1973 by
Dedrick (1973b).

The philosophical basis of the present approach resides in chemical
engineering modeling and design, in which several of the problems, such as
combined flow, diffusion, and chemical reactions, are similar to the present
problem (see Himmelblau and Bischoff, 1968).
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BIOLOGICAL BASIS OF PHYSIOLOGICAL
PHARMACOKINETICS

There are many similarities in the anatomy and physiology of mammalian
species, and a general belief in this similarity has been the cornerstone of most
biomedical research. Mammalian species share a remarkable geometric
similarity. The same blood flow diagram could be used for all mammals, and
most organs and tissues are similar fractions of the body weight. Major
qualitative differences, such as the absence of a gallbladder in some species, are
the exception.

In a classic article, Adolph (1949) summarized an orderly variation of
numerous anatomic and physiologic properties with body weight. Many
physiologic processes vary as the 0.7-0.8 power of body weight, and the
anatomic variables show a more nearly first-degree dependence on body
weight. The result of this is that the physiologic process per unit of body weight
or per unit of organ weight tends to decrease as body size increases, although
blood perfusion (in milliliters per minute gram of tissue) may only vary by a
factor of 2 across a variety of species. It is well known, for example, that the
mouse has a heart rate and a relative cardiac output about an order of magnitude
higher than those of a human. This does not pose any theoretical limitation to
the use of the mouse as a model for cardiovascular dynamics; however, it does
require that appropriate time scaling be done if the results are to be generalizable.

Pureiy physiochemical interactions of exogenous chemicals with
biological tissues and fluids might be expected not to show a great variation
among species. We reported a pharmacokinetic model for thiopental (Bischoff
and Dedrick, 1968) in which data from experiments as diverse as peanut oil-
water distribution ratios and binding to bovine serum albumin and rabbit tissue
homogenates were used to predict tissue and blood levels in the dog and the
human.

The most significant species differences that can confound
pharmacokinetic predictability are in the qualitative pathways and kinetic
characteristics of metabolism. As discussed by Williams (1974), foreign organic
compounds tend to be metabolized in two phases. Phase I reactions lead to
oxidation, reduction, and hydrolysis products. Phase II reactions lead to
synthetic or conjugation products that are relatively polar and thus more easily
excreted by the kidney in the urine and, in some cases, the liver in the bile.
Within this general framework, however, there are large species variations.
Williams points out that species variations in phase I reactions are very
common and often appear to be unpredictable. If a species difference is found
for a particular compound, similar compounds may show similar variations.
Phase II reactions are much more limited in number than phase I reactions, and
it may be possible to identify patterns of these.
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Krasovskii (1976) reviewed the hepatic microsomal enzyme activities of
15 enzymes in several mammalian species. He observed that all except
phosphatase tended to decrease (in units of activity per kilogram of body
weight) as body weight is increased. Despite these observations, it does not
appear safe to make generalizations concerning rates of unknown metabolic
reactions. Many exceptions could be found to the apparent tendency of the
intrinsic rate to decrease with increasing body size; quite different qualitative
pathways can dominate in different species, and toxicity sometimes can
correlate with the concentration of an active intermediate that represents only a
minor elimination pathway. Further aspects of these species similarities have
been given by Dedrick and Bischoff (1980).

DEVELOPMENT OF MODELS

A comprehensive discussion of the details of constructing these
pharmacokinetic models has been provided by Bischoff (1975). There are two
parts to this: choice of body regions and compartments, and the formulation of
the proper mathematical relations to represent the drug transport, clearance, etc.,
in these compartments. The second of these is the more straightforward, being
based on the laws of physical chemistry and biology, for example; but, of
course, we by no means have a satisfactory, complete quantitative description in
hand. In fact, because of individual genetic differences, especially in the human
population, we may never be able to precisely define all of the required
parameters, as discussed by Gillette (1985). The first aspect of constructing
these models, however, requires even more judgment as to what are the
important features that must be considered for a given problem in
pharmacology or toxicology.

CHOICE OF COMPARTMENTS

The natural basis for the choice of compartments is the anatomy and
physiology of the body, from the cellular level to the whole body. It is clear that
the main question is how much detail needs to be used to provide an adequate
description of the events. Even though consideration of these events in
individual cells throughout the whole body is not feasible, special collections of
cells (e.g., tumors) may have to be modeled in this much detail. The main
features of drug distribution, however, can often be described with models that
have surprisingly little detail. Thus, certain parts of the body can be lumped
together (e.g., an organ) and described by a single concentration level. We will
often term these parts body regions, with a definite anatomic and physiologic
basis, to avoid confusion
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with the term compartment, which is often used in a more abstract sense. A
general flow diagram for mammals is shown in Figure 1.

This still does not resolve the question of exactly how many body regions,
or compartments, are needed. In fact, there is no simple way to decide this,
because judgment is required as to the important aspects of the drug distribution
events. We base the initial choice(s) on whatever is known about the
physiochemical (binding, lipid solubility, ionization) and pharmacologic
(mechanisms of transport, site[s] of action) properties of the drug. For example,
if the drug is not lipid soluble, the details of the adipose tissues of the body are
not particularly important.

One of the most difficult aspects concerns the importance of considering
membrane resistances for adequate pharmacokinetic results (see Lutz et al.,
1980). The main problem is the lack of knowledge of membrane transport for
almost all drugs. The processes are usually agent, species, and tissue specific
and often include saturable and/or active transport steps; and not much is known
about generally useful models. Experimentation is difficult and tedious, leading
to slow progress. Once again, however, there are some commonalities that can
be used, and some workable models will be described later in this chapter.
Because of these difficulties, it is often expedient to assume that the membrane
resistances are not rate controlling, and the dominant variable is how much drug
is presented to the tissue by the blood flow—the so-called flow-limited or
perfusion models. It is most important, however, to state that this approximation
is not fundamental to the physiological pharmacokinetic approach, and is
commonly used merely for the lack of sufficient information.

Another basis for the initial determination of the number of required body
regions is the speed or the time scale of events. Perhaps the simplest example of
this is to consider the necessity of including the finite time of passage around
the circulatory system (in man this is about 1 min). Thus, if one is attempting to
describe tracer concentrations in an indicator-dilution experiment, the
observations of interest are obviously occurring with a time scale the same as
that of the mean circulation time, and the details of the transit times in the
arteries and veins must be accounted for. (It should be mentioned here that if
only an overall property [such as the total cardiac output] of the tracer
concentration curves is of interest, then this detail may not be required.)
Pharmacokinetic models containing this amount of anatomic geography are
rather complicated, as is illustrated in Figure 2; the numbers in the
compartments are estimates of the various volumes (in cubic centimeters) of the
capillary, interstitial, and intracellular regions (from Bischoff, 1967).

The time scale of interesting events for most drugs is usually many
minutes, hours, days, or even longer. After an hour, about 60 circulations have
elapsed, and this is more than adequate to have "mixed" the drug such that
blood in the circulatory system has an essentially overall uniform concentration
of drug, even though there could be local arterial-venous
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differences across certain organs. For a bolus injection, in fact, this is a
good approximation after about three transient times. Thus, most
pharmacokinetic models for drugs ignore the very early time events and lump
the entire circulatory system into one blood pool. If the local (physiological)
behavior is of interest, this approximation is probably not suitable. Also, to
model very fast acting drugs, such as anesthetic agents, more detailed
pharmacokinetic models than those normally used may be required. For most of
the discussion here, however, only relatively long time scales will be considered.

If one carries this lumping to the extreme, the entire body can be assumed
to have uniform (water) concentrations of the drug, with no detailed distinction
between body regions. What is actually being assumed here will be discussed
later, but pharmacologists know from experience that this approach often leads
to reasonably accurate descriptions of the drug disposition. From the above
discussion, one can reason that lumping is likely to be most useful for a drug
that, for example, is rather slow acting, is primarily water soluble, and has no
complicated transport mechanisms. Empirical evidence of this is that a plot of
log concentration versus time gives a single straight line for a bolus injection.
The mathematical equations resulting from this simple model are easy to
manipulate and are the basis for most of the current detailed calculations of
optimal dosage regimens by, for example, Kriiger-Thiemer (1968, 1969).

However, it is probably more common to find that a semilog plot of blood
(or plasma) concentration versus time has two rather pronounced phases with
different slopes. The first, or earliest, time phase (sometimes denoted by a) is
dominated by the distribution of drug between the central and peripheral parts
of the body, and the second phase (or ) is dominated by the ultimate drag
removal process(es). Riegelman and Rowland (1968a,b) have explored
extensively the use of this two-compartment model for many specific drugs, and
they have discussed the proper evaluation of the various parameters. A detailed
analysis of this model was given by Bischoff and Dedrick (1970), and Wagner
(1971) has provided a compendium of the detailed mathematical features of a
collection of these and similar models.

Even though the biphasic model can often give a reasonable fit to
pharmacokinetic data, the specific interpretation of the model parameters, such
as that of the central compartment, is often ambiguous. Thus, one of the original
goals of having a predictive model incorporating physiological and
pharmacological data is not entirely met by this approach. It should be
emphasized, though, that for semiempirical projections of clinical data, these
models are often most convenient. For our purposes, however, we still wish to
construct the pharmacokinetic models from (close to) first principles.
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The above matters are the most intellectually difficult on the theoretical
side, because no one set of specific rules can enable us to automatically choose
the appropriate compartments. The writing of the mathematical equations, and
their use with experimental data, is more straightforward, although actually
doing this may be equally difficult and certainly more time-consuming. I will
now outline the modeling details to illustrate the concepts in a concrete manner.
I will often refer to, or imply, the above general discussion in constructing the
models, and thereby clarify the philosophy of the approach.

First, consider a body region consisting of cells randomly distributed in the
interstitial fluid and supplied by a typical capillary, as shown in Figure 3. Even
this may not be truly applicable to organs with a specific structure, such as the
liver, but more appropriate models are only now being developed (see, e.g.,
Roberts and Rowland, 1986). Mass balances for the drug in each of the three
components could be written, including three-dimensional diffusion, any flows
of the fluids, membrane transport, etc., but we normally have nowhere near the
amount of information to justify this. Therefore, some approximate form of
these balances is used for a capillary, and these are then combined according to
the architecture of the capillary bed, e.g., the Krogh tissue cylinder (see Leonard
and Jorgensen, 1974, for a review of many of these approaches and a rather
complete citation of the literature).

For drug pharmacokinetic models, this model of a body region is even
further lumped, as shown in Figure 4, based on what is normally done in an
experimental biopsy. Examples of the use of these conceptual diagrams will be
given below.

BASIC MASS BALANCES

All of the above discussions and developments will now be incorporated
into mass balance equations of various degrees of completeness that can be used
in actual pharmacokinetic models. Only the fully lumped models for body
regions will be considered, but the physiochemical complications will be
retained. A complete set of anatomically and physiochemically complicated
mass balances could be formulated, but these are probably much too involved
for any practical use at this time.

The balances will explicitly account for free unionized, ionized, and bound
forms of the drug, assuming that the ionized and bound forms are in
instantaneous dynamic equilibrium with the free concentration. This seems to
be a reasonable approximation right from the start, since the ionization and
binding processes are normally very rapid.
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Each of the terms in Equation 1 should be clear. To use the balance, the
relationships between ionized and free drug concentrations, C' (C, pH, . . ),
must be known from the ionization equilibrium constant, and likewise the
bound drug concentration, x (C, . . .), from Equation 2.

S:K4yCa

FTATY KRG

(2)

where S, is the number of binding sites of type i. Equation 2 is valid for
whole blood for a solute that instantaneously equilibrates with erythrocytes
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or for plasma when the solute is excluded from the erythrocytes. Cases with an
intermediate degree of cell uptake are usually handled semiempirically.

The tissue regions will be described as above in the section "Choice of
Compartments."

Mass Balance: Tissue Region i

For equilibrium blood:

das

Vv
B dr

= Qilge — gu) — (jAdars (3)

where g is total concentration of drug and is equal to wgCp + wp Cp" +
DPBXp, (JA)py; 1S the membrane flux-area product and is equal to PAICy, — C7)
for simple passive transport of free drug.

For interstitial fluid:

dg;,
dt

Vi = (jAdri — (JAkc . (4)

For intracellular fluid:

dge

I { jA) ; + reaction, secretion, etc. (5)

Vcr

In the above equations, the symbols are defined as follows: C, free
(unbound) unionized concentration; C”, free ionized concentration; x, bound
concentration; V, volume; Q, flow rate; w, fraction of water; p, protein
concentration; P, membrane permeability.

The combination of Equation 1 and Equations 3 to 5 for each of the
appropriate body regions, together with Equation 2 and the ionization equilibria,
would permit a solution for all of the various concentration levels. To actually
do this, of course, numerical values of all the parameters must also be known.
Rather good estimates are possible for the various organ volumes and flows,
and plasma protein binding can be measured in in vitro experiments, as can
ionization. The most difficult to obtain are tissue binding and the specific
membrane permeabilities.

SIMPLIFICATIONS OF MASS BALANCES

Since the membrane permeabilities are not commonly available, Equations
3 to 5 given above are usually simplified into blood and tissue regions,
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also corresponding to usual biopsy methods. Then, Equations 4 and 5 are
combined to give the following for tissue mass balance:

ﬂrffr, . .
Vr, 7 { jAdg ; + reaction, etc. (&)
where
Vigr, = Vigr, + Veac. (6a)

This, of course, only gives an approximation to the true intracellular
concentration, unless the cell membrane permeability is very large (the mass
transfer resistance is very low).

To completely get around this problem of membrane permeabilities, the
concept of flow-limited conditions is most often introduced. Physically, this
means that the membrane permeability is so large that any molecules that flow
into the region have an easy time moving throughout the space. Thus, the part
of the process that determines the drug concentration level is how much drug is
able to flow in from the blood pool. A corollary is that the free concentration is
essentially identical throughout the region, since this is the driving force for
mass transfer across the membrane, for simple passive diffusion.

Mathematically, a very large permeability in Equations 3 and 6 is
PA— = , and CB, = C:F, =C, , (equal free concentrations). Addition of
Equations 3 and 6, then, eliminates the mass transfer term, and the result is:

[P

dt

dC dxp
(wg Vg + wr V) ?; + pg Ve Ti?! + prVy
= Q(wgCp + ppxg — wy C, = pgag) + r(C). ()

(The ionized moiety terms have been dropped for simplicity.) Thus, one
equation results for each tissue region, but more importantly, the exact value of
PA need not be known, just that it is very large.

Dedrick and Bischoff (1968) have shown that the criterion for flow
limiting conditions is (PA);/Q;, > 1. This relation is about what one would
expect; that is, if the rate of mass transfer is much greater than the regional
perfusion, one can assume that the former is relatively very rapid and that the
only important resistance to transport is the flow limitation.

Some knowledge of the permeability is still required to use the criterion,
and such data are scarce. Dedrick and Bischoff (1968) provided some
information on how these can be estimated, and Lutz et al. (1980) have given
specific values. Data from biological handbooks could also be recast into an
appropriate form for the use of this criterion. Despite this there definitely is still
a paucity of information and more studies are needed.
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Flow-limited conditions will usually be assumed, but the true validity of
this often cannot be assessed.

The opposite extreme of having the membrane permeability be the
dominant mass transfer resistance has the implication that the blood
concentration in the region is constant; there is essentially no concentration
gradient across the region because more than enough drug is supplied by the
blood flow. Mathematically, Equation 3 basically gives Cg, = Cg, and then
Equation 6 reduces to:

aCy dxr
wrVr — D+ prVy —0 = (PAY(Cy = Cp) + 1(Cr). (®)

For no binding (or linear binding, see below), Equations 7 and 8 have
essentially the same form as a function of Cy, and so the forms of the
mathematical solutions would also be the same. With strong (nonlinear)
binding, there could be some differences between the equations representing the
two extreme limiting cases, but it is not clear how easily these differences might
be observed. Thus, it is of interest that both limits have the same form of
mathematical equation, except that the parameters have quite different physical
meanings.

For flow-limited models, the most important property is the perfusion of a
tissue. This then leads to four main compartments: the blood pool, highly
perfused viscera, low-perfusion lean tissue, and low-perfusion adipose tissue.
The last two would be kept separate for lipid-soluble drugs because of the
greatly different physicochemical nature of the two types of regions. For
primarily water-soluble drugs, the two low-perfusion regions could be combined.

Given the parameter values, sets of mass balances like the various
combinations given above can be readily solved for the important
interconnected body regions. Naturally, this question of parameter values is the
crucial one, but it is also a key advantage of the physiological pharmacokinetics
approach. Most of the parameters in the above equations are either known as
average values for many animal species (e.g., volumes and flows) or can be
measured in separate experiments (e.g., protein binding, although
characterization of tissue binding is still difficult; see Jusko and Gretch, 1976,
and Shen and Gibaldi, 1974). For a comprehensive discussion of scaling see
Dedrick (1973), and for hemodynamic considerations see Wilkinson (1975).

Further predictions are possible for special cases. If the definition of tissue
total concentration (Equation 6a) is combined with the equilibrium blood total
concentration, the combined tissue level, as used in the flow-limited models, is
obtained:

g = [wg Vg, + wrVi)Ci + pg Voxg + prVexp) (Ve + Vi) yf this
is substituted into the complete mass

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/1015.html

harmacokinetics in Risk Assessment

PHYSIOLOGICALLY BASED PHARMACOKINETIC MODELING 50

balance for this situation, Equation 7, the following simple form is obtained (see
Bischoff, 1975, for details):

Vy % = —(Qpgqg + = Qr-% + injection, and {9)
d i

da; .-
(Vp, + FT’}?E = Q,(G-‘a - % + r,-{%’,jl, (10)

where R, = tissue/blood distribution ratio at equilibrium.

In these equations, R, is equal to a constant only for linear binding, x = KC.
It should be emphasized that Equations 9 and 10 involve no further assumptions
beyond that of flow-limited conditions, which is really the only situation in
which the total tissue concentration has a unique meaning. Equations 9 and 10
are valid for either a variable or constant R,, although they are much more
useful only in the latter case. The arrow under
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Figure 5
Model for thiopental pharmacokinetics.
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the metabolic rate term indicates the question that the enzyme reactions
presumably depend on the free concentration, and for nonlinear binding this has
no simple relationship to the total concentrations in the rest of the mass balance.
The practical importance of ignoring this and just redefining the rates in terms
of ¢, is not presently known.

Examples

Several sources of reviews and literature references now exist, and so only
a brief set will be presented here. The second edition of the excellent book by
Gibaldi and Perrier (1982) has a chapter, and other recent review articles have
been presented by Himmelstein and Lutz (1979) and by Chen and Gross (1979);
a comprehensive collection of drugs modeled by this approach is given by
Gerlowski and Jain (1983). These provide a wealth of examples and sources of
parameter values and other data, as do the usual physiological and
pharmacological handbooks.

One of the first drugs simulated by us was thiopental (Bischoff and
Dedrick, 1968). Figure 5 is the lumped, longer time scale model used, with an
important compartment being the adipose tissue because the drug is highly lipid
soluble. This drug is also strongly and nonlinearly bound, and so the detailed
mass balances (Equations 1 and 7) were used, along with some approximate
relations for the tissue binding. Figure 6 is one illustration of the success of the
physiological model in simulation of the thiopental levels in the blood of
humans and dogs. Similar comparisons for other tissues have been shown by
Bischoff and Dedrick (1968). Bischoff et al. (1971) considered in some detail
the pharmacokinetics of methotrexate. Because this drug appears to be
essentially linearly bound for higher concentrations (an additive saturable
binding term is needed for low concentrations), the simplified Equations 9 and
10 could be used in conjunction with the flow diagram shown in Figure 7. For
low concentrations, the concentration-dependent term R(C,) was used. The
mass balance equations are given below.

For plasma:
[ Oy C
P fipiact + ol S Tt S =M
Vv, P {injection) + @, R, Q Re Ou Rus
= (@ + Ok + Q)G (11a)
For muscle:
dCy Ch
- _ — =M, 11b
Vi — QM(C,, RH) (11b)
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Figure 7

Model for methotrexate pharmacokinetics.

For liver:

dc; CL) C; €

Vi — = -z C, — =] + — — — | —rp, (lld

L (Qr QL,J( » TR, Os R: R rg, (11d)
where ry = [K (CU/RONIK, + (Cu/Rp)].

For bile ducts:

dr )
Td—;=r,_1—r,. (i=1,23). (11e)

For gut tissue:

dCo _ o (o _ Co) . 9 L[ _kC,
Vg dI_QG Cp Re +,-214£¢+C;+bc") (11f)

For gut lumen:

dCe 1 & dC;

dt 4 .2‘1 ¢ (fg)
Vo dC 1 C

L on kfvaﬂcl—g(ﬁ + H:.) cand  (11h)
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Ve, dC,
% 2 = ThValCio - G
1 kG, _ |
4(KG rC + bCr-) (i =2,3,4), (11i)

Most of the terms and their origins should now be clear. The new ones are
as follow. In Equation 11c, the term kxCy/Ry represents the renal excretion of
methotrexate, which is close to the glomerular filtration rate; in Equation 11 d-
e, 1 is the bile flow of the drug, with the liver secretion being saturable at high
doses (the three compartments in series represent the actual tubular or
distributed nature of the real system); in Equation 11f-i, the motion down the
gut lumen is modeled by four compartments, and the absorption term has both a
saturable and a nonsaturable component that is important only for very high
doses, presumably passive diffusion.

The various parameters in Equation 1 la-i were either estimated from the
values given earlier or were independently measured in the case of the complex
secretion steps. Then, the pharmacokinetic behavior was able to be predicted in
mice, rats, dogs, monkeys, and man over a dose range of 3,000, all with the
same model and with a consistent set of parameters. Two examples are shown
in Figures 8 and 9. Thus, the details of this model must be a reasonably faithful
representation of the actual physiological and pharmacological events, and
should be of aid in interpreting results of experiments. Also, valid predictions of
local drug concentrations for various dosage regimens are possible.

The flow diagram in Figure 7 has a rather complicated configuration
because of the importance of the enterohepatic cycle in the methotrexate
pharmacokinetics. There was little direct metabolism of the drug, however, so
metabolism is not a major route of elimination; the ultimate excretion was by
the renal or the fecal route. Another example considers the opposite extreme, in
which a straightforward anatomic flow diagram is the basis but the metabolism
is dominant. Dedrick et al. (1972) have considered the drug cytosine
arabinoside on the basis of the compartments seen in Figure 10. The sizes of the
boxes in Figure 10 signify the relative importance of the various regions. Again,
the same types of balances were used, but with metabolic terms in each based
on known enzyme kinetics and levels. Figure 11 shows one prediction of the
concentrations of cytosine arabinoside and its metabolite, uracil arabinoside.

A final reduction in the complexity of the models is possible when the
excretion/metabolism processes are relatively slow compared with the
intercompartment blood flows. In this case, the entire body has an essen
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tially identical time response, and a one-compartment whole-body model is
useful. In terms of Equations 9 and 10 this implies that:

METHOTREXATE CONCENTRATION, mcg/g

0.01 | L L I

MINUTES

Figure 8
Comparisons of data with model predictions for methotrexate. Mice, 3 mg/kg.
Abbreviations: GL, small intestine; L, liver; K, kidney; P, plasma; M, muscle.

rpes Q= e, gy = (12)
and then the addition of all the tissue mass balances to that for blood gives:
[V + E.'{Vﬂl + Vi) R % = X (injections) + X r;(C)). (13)

I 1

The term in brackets would be the theoretical basis of the volume of

distribution. An alternate form can be derived from Equations 1 and 7 in terms
of free concentrations. These types of equations are very familiar
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in pharmacology, although they are usually used with empirical parameters, and
therefore, no specific examples will be given.

METHOTREXATE CONCENTRATION, mcg/g

01 l i ] 1
00 0 90 180 270 360

MINUTES

Figure 9
Comparison of data with model predictions for methotrexate. Man, 1 mg/kg.

DISCUSSION

Various special situations can require the use of combinations of all of the
types of mass balance equations given above. The examples showed the type of
reasoning used in several instances, although the flow-limited case was used in
all of them. It appears that this quite often gives a good estimate of the overall
drug concentrations throughout the body, even though the drug may be
membrane limited in certain specific organs. Thus, a combination of the
analyses illustrated in the examples, plus the use of Equation 6 for the specific
region, might be a reasonable scheme for both the overall drug distribution and
the details of, for example, tumor uptake. The work of Dedrick et al. (1975) is
in some ways an illustration of this.
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Figure 10

Model for cytosine arabinoside pharmacokinetics.

Finally, it should also be mentioned that the precise definition of the
various anatomic regions is often somewhat flexible and can depend on the
exact situation. For example, the major barrier to the transport of many drugs is
not the capillary membrane but the cellular membrane; in this case, tissue can
be defined as intracellular space, and blood can be defined as vascular plus
interstitial space. The important point is that the physi
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ological and pharmacological information should be used in formulating the
model, so that the several goals mentioned in the introduction to this paper
might be achieved. The reviews quoted above provide many examples of this;
all of these are based on flow diagrams similar to those shown in Figure 7 or 10,
with appropriate modifications for the specific drug.
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Figure 11
Comparison of data with model predictions for cytosine arabinoside and
adenine arabinoside.
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FUTURE RESEARCH NEEDS

I would like to end with a brief discussion of my view of some of the
important future research needs. The first is the use of nonlumped tissue region
models, with spatial variation of concentrations, for certain critical tissues. This
could be important in tubular-type regions or thick, quasi-homogeneous regions
where diffusion must be accounted for other than across a thin membrane. Of
course, this also includes more detailed descriptions of intracellular fluid, which
are probably necessary to quantitate truly the biochemical drug effects. The
above types of reaction-diffusion models lead to partial differential equations,
which are more difficult mathematically, but with modern computing
technology they should not cause severe problems in calculations. A related
issue is the use of more realistic descriptions of the local blood flows in the
microcirculation. This is not a totally new area, of course, because the Krogh
tissue cylinder has been used for many years in physiology to model oxygen
transport, and two papers in this volume are concerned with a very detailed
distributed model of the lung to model transport and reaction of ozone (see J. H.
Overton, R. C. Graham, and F. J. Miller and F. J. Miller, J. H. Overton, R. C.
Graham, E. D. Smolko, and D. B. Menzel in this volume). A sort of middle
ground model combining lumped compartments with distributed regions where
needed was used by Flessner et al. (1984, 1985) to study peritoneal-plasma
transport, and by Morrison and Dedrick (1986) to study the transport of
cisplatin in the brain. The papers by Roberts and Rowland (1986) mentioned
above also report comprehensive studies and refer to previous papers, one of
which was an early approach by Pang and Rowland (1977) for hepatic
metabolism. All this work is quite recent and has not yet been incorporated into
very many pharmacokinetic studies.

A second broad area is the addition of more realistic biochemical rate
expressions that involve known pathways and the like. This will virtually
always lead to nonlinear terms, and so simple mathematical solutions will no
longer be feasible. Finally, we must move forward with the modeling of drug
effects with the same type of fundamental philosophy and combine these
improved pharmacodynamic models with the pharmacokinetics to provide
simulation of the actual problem: improved knowledge of tissue levels at the
site of action for improved risk assessment. A few examples of this are
discussed by Bischoff (1973).
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Allometry: Body Size Constraints in
Animal Design

Stan L. Lindstedt

INTRODUCTION

In 1928 the English philosopher and physiologist J. B. S. Haldane wrote a
captivating essay entitled, "On Being the Right Size." He began by discussing
the dimensions of the giant Pope and Pagan from Pilgrim's Progress. If the
giants were 10 times Christian's height, they would have been 1,000 (10 x 10 x
10) times his mass. Being of similar shape, Haldane concludes that the cross-
sectional area of their bones would be but 100 times those of Christian. "As the
human thigh bone breaks under about 10 times the human weight, Pope and
Pagan would have broken their thighs every time they took a step. This is
doubtless why they were sitting down in the picture I remember. But it lessens
one's respect for Christian and Jack the Giant Killer" (Haldane, 1928). In the
case of giants, as is a moose from the perspective of a mouse, bones are not
built with geometric similarity, i.e., dimensional proportionality, rather bones of
all species must be built with similarity of structural strength. This is why bones
of larger animals are relatively more robust than those of smaller animals; the
skeleton accounts for nearly 20% of an elephant's mass but less than 5% of a
shrew's.

Perhaps no single factor is more dominant in constraining animal design
than body size. Size-induced patterns have been identified for all aspects of
animal design and function from structural dimensions, to life history
characteristics, to pharmacokinetics. An animal's body size is certainly among it
most prominent of all distinguishing features. Among the mam
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mals, the 136,000-kg (150-ton) blue whale is 75 million times the mass of the 2-
g Etruscan shrew, yet both share the same skeletal architecture, suite of organ
systems, biochemical pathways, and even temperature of operation. What
engineers have known for a long time, however, is only now gaining
widespread consideration among biologists: there are tradeoffs that must
accompany size changes. The scaling up of a bridge, or a mammal, to a size
100,000 times larger than the original requires more than just the creation of
bigger parts. Rather, those parts must be redesigned if they are to perform the
same functions throughout a size range spanning several orders of magnitude in
body mass. Further, changes in size result in shifts in optimal or preferred
frequencies of use. It is becoming increasingly apparent that there are a suite of
body size-dependent physical laws that dictate many features of animal design.

Size-dependent constraints of design are expressed in the form of
allometric equations. Allometry (literally, "of another measure") describes the
disproportionate changes in size (or function) that occur when separate isolated
features in animals are compared across a range of body sizes. If all
characteristics varied in direct proportion, that is, if the large animal were
merely a scaled up exact replica of the small one, they would be built with
isometry. Quantitatively, allometry takes the form of power law equations
relating some variable of structure of function (Y) as a dependent function of
body mass (M) in the form Y = aM®, where a and b are derived empirically.

On logarithmic coordinates this equation describes a straight line with a
slope of b. Therefore, the value of b describes the nature of the relationship.
When b is near 1.0, Y scales as a fixed percentage of body mass (i.e.,
isometrically). Virtually all volumes or capacities, for instance, lung, gut, and
heart volume, scale isometrically. Blood volume in all mammals is about 7% of
body mass. If b is greater than 1, Y increases more rapidly than does mass in
going from small to large animals. To maintain a constant safety factor of bone
strength (discussed above), the mass of the skeleton varies with an exponent
near 1.1 in both birds and mammals (Anderson et al., 1979). If b is between 0
and 1, a unit increase in mass is accompanied by a fractional increase in Y. The
well-known Kleiber equation describing resting metabolism in homeotherms
scales with an exponent of 3/4 (Kleiber, 1932); thus, weight-specific
metabolism (rate of metabolism per unit mass) is much higher in small than in
large animals. Finally, if b is negative, its absolute value is highest in the
smallest animals. The exponent b is close to -1/4 for biological rates such as
heart and respiratory rates.

Allometric equations are often limited in their use as descriptive tools to
identify patterns of form and function. Recently, many of these equations have
been compiled and presented in encyclopedic form (see, for example, Peters,
1983). Although these equations are most valuable for
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identifying interspecific patterns, there may be equally important information
hidden within the variance around the equations. In looking for those species
that do not conform to body size predictions, allometry can identify those
animals that Calder (1984) refers to as "adaptive deviants," suggesting that the
process of deviation from body size-expected patterns must be the result of
selection rather than random variance. Finally, in addition to identification of
patterns and those animals that deviate from the patterns, allometry may be
most useful as a tool to identify interspecific constraints of design and function.
Many of these are discussed in two recent books (Calder, 1984; Schmidt-
Nielsen, 1984).

Allometric equations can furnish much more than empirical patterns that
lack a conceptual foundation. Many structural relationships can best be
explained allometrically. For instance, as the surface area of an animal, or any
object, varies as the 2/3 power of its volume [i.e., suface area (Y) = aM*?] any
increase in mass results in a decrease in relative surface area. Here we
encounter an allometric "law" of sorts, namely, that size changes often require a
concomitant mechanism to permit surface area to increase linearly with mass
(i.e., as a fixed percentage of mass). A sufficient number of allometric equations
have been generated to confirm quantitatively what Haldane (1928) proposed
nearly 60 years ago: "The higher animals are not larger than the lower because
they are more complicated. They are more complicated because they are
larger. . . . Comparative anatomy is largely the story of the struggle to increase
surface in proportion to volume." The design of the mammalian respiratory
system provides a quantitative example of Haldane's declaration. Lungs with
alveoli and pulmonary capillaries, and circulatory systems with capillaries and
red cells, are prominent examples of structures that are necessary only as a price
for large body size. Interestingly, in all cases the surface areas of the above-
named structures vary with body mass exponents (b) near 1.0. Across 6 orders
of magnitude in body size, metabolically important surfaces generally increase
in direct proportion to volume. How can these apparent design patterns be of
use in risk assessment?

SIZE, DESIGN, AND PHARMA COKINETICS

A hopeful result of the linking of pharmacokinetics and risk assessment
will be to identify interspecific principles of design. Once identified, these may
be extremely valuable in making species extrapolations with the eventual goal
of risk assessment in humans. In suggesting a potential role for allometric
analysis in that process, I will focus on three diverse examples from my own
research which illustrate the value of allometry as a unique mechanism for
identification of design constraints. In all cases,
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apparent principles of design surface only when viewed across a range of
species.

Aerobic Energetics of Muscle In Vivo

The structural, contractile, and metabolic properties of skeletal muscle
have been well characterized. The maximal cross-sectional force of all muscles
is roughly constant, and mechanisms of cross-bridge cycling, adenosine
triphosphate (ATP) synthesis, and use are well characterized (for reviews, see
Peachey et al., 1983), yet in vivo muscle possesses some properties that are
unpredictable from in vitro experimentation. In mammals, the external (weight-
specific) work performed by locomotory muscles does not vary systematically
with body size; however, the energy required to perform that work does. Small
animals expend more energy for a given force production than do large animals.
As a result, the energetic cost of locomotion (energy spent to move a unit mass
a unit distance) and, therefore, the efficiency of locomotion are strongly body
size dependent. There is an energetic cost associated with small body size, the
source of which could be the obligate scaling of muscle contraction times.
While all skeletal muscle can produce roughly the same maximal cross-
sectional force, the power required to do so increases with increasing
contraction velocity.

Because differences in energetics span more than an order of magnitude,
by examining this question allometrically, we have the luxury of a favorable
signal-to-noise ratio that is not present within any single species. It is possible
to estimate the in vivo rate of muscle shortening by calculating a series of
equations and combining these algebraically (after Stahl, 1962). Thus, ratios or
products of allometric equations can be formed to predict functions that are
either unmeasurable or impractical to measure. By doing so we found that
variance in muscle biochemistry, structure, contractile properties, and whole
animal maximum oxygen uptake all followed an identical pattern. Hence, there
is a parallel (causal?) relationship among the rate of muscle shortening and the
energy supplying oxygen consumption, volume density of ATP-synthesizing
mitochondria, and the activity of myosin ATPase (Lindstedt et al., 1985)
(Figure 1). When examined over a broad range of body sizes, constraints of
design surface suggest a common scheme of muscle structure and function.

In this example, allometry is useful for making estimates for problems too
demanding to be currently solved with direct measurements; it can thus be more
than a descriptive tool.
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Figure 1

An allometic analysis of the design of the knee extensor muscles in mammals
demonstrates remarkable structure-function consistency. Among terrestrial
mammals, there is a constant relationship among oxygen consumption Vi, ma:!,
volume density (V,) of mitochondria, myosin ATPase activity, and the rate of
muscle shortening. Although these parameters vary greatly as a function of
body mass, within any given mammal their ratios remain nearly constant.
(Used with permission of the American Journal of Physiology.)

Conflict of Physiological and Chronological Time

Four decades ago, Brody (1945) introduced the concept of "physiological
time," in acknowledgment of a variable biological time scale that exists among
organisms. Hill (1950) refined the concept by suggesting that within an
organism physiological time may be as constant as is chronological time. Hill's
speculation was that all physiological events are likely entrained to the same
body size-dependant clock. Thus, critical biological times, such as gestation
period or time for growth to maturity, as well as other temporally linked
biological events, may all be constant if compared per unit of physiological
time. Hill ended this most interesting paper by suggesting that 10 s to a large
animal may be physiologically equivalent to 1 s in a small one, implying that
they differ only in pace of life, not in absolute number of life's events.

A sufficient number of physiological rates and times have been measured
to permit a quantitative examination of Hill's hypothesis. Among physi
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ological events, all apparently occur with a body mass-dependent metric
(Figure 2). In fact, we (Lindstedt and Calder, 1981) found that virtually all
biological times do indeed vary with nearly the same body mass exponent
(mean = 0.24) in both birds and mammals (Figure 3). It is assumed that this
parallel scaling is the result of a common body size-dependent clock to which
these events are all entrained (a periodengeber; see Lindstedt, 1985). Thus,
whether the result of function is in a single tissue (e.g., muscle contraction
times), single organ (e.g., cardiac cycle), organ systems (e.g., inulin or PAH
clearance), the entire organism (e.g., growth times), or even populations of
organisms (population doubling time), all biological times seem to vary as a
consistent and predictable function of body mass.

There are at least two consequences of the regularity of physiological time
that have direct bearing on pharmacokinetics and risk assessment.

102 -
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Figure 2

The duration of physiologically critical time periods are examined over a range
of body masses. Equations are from many sources and have been uniformly
extrapolated (when necessary) to encompass the range of body mass in
terrestrial mammals.
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Biological times are shown for birds (dashed lines) as well as mammals (solid
lines). These include strictly physiological times (muscle contraction) to
strictly life history or ecological times (time to achieve reproductive maturity
or population doubling). The slopes of these lines are nearly identical (mean =
0.24) in spite of the apparent unrelated nature of the times and methods of
measurement. (Used with permission of the Quarterly Review of Biology.)
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The first is that if volumes and capacities vary as linear functions of mass
and times as mass raised to the 1/4 power, then volume rates (i.e., volume
divided by time, such as clearance rates) must vary as MY/M'* = M3,
Application of this physiological volume rate scaling will be discussed below.
The second is that ratios of various temporal events are essentially constant,
independent of body size, and independent of their absolute rate of occurrence
(Figure 4). Mammals may indeed burn roughly the same
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Ratios of any two physiological times are nearly constant, varying little from
shrew to elephant. Thus, all mammals experience about four to five heart beats
per breath, and all burn roughly the same number of calories per gram of tissue
per lifetime. This constancy of times suggests that there is a body size-
dependent clock to which all of life's events are entrained. Thus, physiological
time is just as critical as chronological time and may be the best measure of
time for cross-species comparisons.
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number of calories per gram of tissue per lifetime, which itself is composed of a
constant maximum number of cardiac, respiratory, and other cycles (Lindstedt,
1985; Lindstedt and Calder, 1981).

Thus, a second allometric law is identified; even though chronological
time is body mass independent (b = 0), physiological time is not (& == 1/4). All
animals must contend with identical lengths of days and seasons, but these span
disproportionately longer physiological periods in small than in large animals
(i.e., chronological/physiological time = M%M"* = M-'/*). This simple principle
may explain several interactions of time and size, from fasting survival times to
the structure of the mammalian lung (Lindstedt, 1984; Lindstedt and Boyce,
1985). The ubiquitous presence and regularity of physiological time among
animals argues strongly for its consideration as a constraint of design. That
physiological time is just as critical as chronological time should have a
profound effect on interpretation and extrapolation of experimental data.

In summary, through the use of allometric equations, a pattern surfaces,
namely, that among the noise of various physiological rate functions there is a
strong signal linking events as diverse as muscle contraction times occurring
over periods of milliseconds with population doubling times requiring years. So
salient is this pattern that physiological time must be recognized an identifiable
characteristic of organisms.

Species Extrapolations, Physiological Time, and
Pharmacokinetics

How does a consideration of allometry in general, and physiological time
specifically, have an impact on pharmacokinetics? Like other rate functions,
those involving the biochemistry of drug metabolism are inseparably bound to
physiological but not chronological time. Uptake, processing, and excretion of
drugs all transpire at rates that are generally directly proportional to one another
and with body mass exponents characteristic of physiological time, j = Ty4
(Boxenbaum, 1982; Calder, 1984; Dedrick et al., 1970; Weiss et al., 1977).
Virtually all pharmacokinetic variables from tissue dose (M. E. Anderson, this
volume) to first-order kinetics (E. J. O'Flaherty, this volume) can best be
interpreted through the perspective of physiological time. I naively present one
caution and one possible application.

One danger exists in the way in which we perform and interpret our
experiments. Doses (per kilogram) and incubation times are virtually always
fixed, independent of both body mass and physiological time. Perhaps we are
losing some information by comparing processes that transpire at mass-specific
rates (b = -1/4)! using concentrations and times that

! Because rate is the reciprocal of time, the exponents describing biological rates are
likewise the reciprocal of those describing times (1/M"* = M~1/4),
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are invariant (b = 0). This distinction becomes especially important when results
are extrapolated over several orders of magnitude in body mass, for example,
from rodents to humans. A simple example might best illustrate this point.
Miners used canaries in caves as biomonitors because of their apparent
increased sensitivity to toxicants; when the bird dropped dead the miners would
make a hasty retreat from the mine. In fact, are canaries more sensitive or are
they affected by the same absolute levels of toxicants over shorter
(physiological) time periods? Pharmacokinetic effects are not simple dose
effects, but are dose effects integrated over physiological time periods. Thus,
when examined over physiological rather than chronological time, species
variability in pharmacokinetic rates may disappear (see, e.g., Mordenti, 1985).

In a now classic paper, Dedrick et al. (1970) first made use of biological
time scaling in their interspecific analysis of methotrexate pharmacokinetics.
They found that plasma concentrations could be normalized if dose were
divided by body mass raised to the 1/4 power (b = 1/4). Amid the noise of
interspecific variation there emerged a strong signal; there is a hidden M'*
scaling linking diverse animals to a single pharmacokinetic pattern. In general,
dose varies as a function of rate of clearance; hence, it would be expected that
dose = quantity/time. If we correct for physiological rather than chronological
time, then we must divide by M"*. A simple example best illustrates the point.
Dedrick et al. (1973) carefully examined the clearance of 1-B-D-
arabinofuranosylcytosine (Ara-C) in four mammalian species. They found that
clearance rates varied nearly as mass raised to the 3/4 power, as would be
predicted based on the volume and rate allometry discussed above. Thus, while
absolute rates of clearance varied by nearly 1,000-fold, they did so in an
identifiable pattern. If those data are normalized for size and physiological time
scaling, clearance can be expressed per unit of body mass per unit of
physiological time (Figure 5). By this manipulation, interspecific differences for
this particular compound can be adequately explained solely as a function of
size-dependent time scaling.

Several compounds have been examined through the perspective of what
has since been called the Dedrick plot (Boxenbaum and Ronfeld, 1983). A key
to understanding this type of manipulation is not that it makes all animals equal,
rather that their differences actually become more pronounced when removed
from inevitable, size-dependent variation resulting from physiological time
scaling. For instance, if the resultant slope is not close to O (as it is in Figure 5),
then we know immediately that there is a difference in the way small and large
animals process a given drug. In the case of clearance data, a positive slope
would imply that large animals are clearing the compound in faster
physiological times; a slope below 0 would imply that smaller animals are
doing so. In any case, the appropriate
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means of comparison is against a physiological rather than a chronological
metric.
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Figure 5

Clearance of 1-B-D-arabinofuranosylcytosine (Ara-C) in four species of
mammals: mouse, monkey, dog, and man. Data are expressed in conventional
units of milliliters per minute (asterisks and dashed line), as well as
physiological time units of milliliters per kilogram physiological minute (open
circles and solid line). Interspecific variation in the clearance rate of Ara-C
virtually disappears when size-specific time scaling is considered (data are
from Dedrick et al., 1973).

Perhaps physiological time can form the bases of comparison for risk
assessment across species. The exponentially expanding pharmacokinetic data
base may be outgrowing useful paradigms for interpretation. If comparisons
across widely different taxa are possible, perhaps an equivalent means of
comparison might be physiological time. In collaboration with several
individuals at the Environmental Protection Agency (EPA) in Duluth, Minn.,
we have made a first attempt at such a comparison for the insecticide
fenvalerate. Our preliminary results are somewhat promising because we have
been able to directly equate results from different temperatures and modes of
delivery in invertebrates (lobsters and flies) and vertebrates (rats and three
species of fishes). We plotted the 50% lethal
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doses (LDsgs) as a function of physiological time, calculated as the time to
metabolize a given quantity of oxygen proportional to body mass (roughly the
reciprocal of weight-specific metabolism). The results suggest that the huge
variability among animals may be largely accounted for (#> = 0.82) when
physiological time is considered (Figure 6). The exception was the fly, which
should have a much higher relative sensitivity (i.e., by insecticide design) and is
about four orders of magnitude more sensitive than predicted by this analysis.
While this approach is only a first rough attempt with a limited sample size, it
may provide one potential means of cross-species pharmacokinetic comparison.

1000 —
= 0.82
= 100 # Rat
2
B
=
10 -
E
i
H & Trout
§ 1 Bluadgill #® Fathead Minnow
&
L
E & Lobstar
8 o1
O Fly
| | l | J
0.01
0.01 0.1 1 10 100 1000
BIOLOGICAL TIME SCALE {min)
Figure 6

One method of comparing animals from diverse taxonomic groups may be on a
single continuum of physiological time. Here LDs, values for fenvalerate are
plotted as a function of one measure of time, namely, the time required to
metabolize one body mass equivalent of O,. These preliminary data suggest
that sensitivity to fenvalerate decreases with decreasing body mass. They also
suggest that the fly may be several orders of magnitude more sensitive to the
drug than are the other species represented on this graph. For comparison
purposes. man would be predicted to fall very near the point for trout (data are
from the EPA laboratory in Duluth, Minn.).
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CONCLUSIONS

In an essay entitled, "Comparative Physiology, Compared to What?," F. E.
Yates (1979) summarized what should be the value of "comparative
physiology." As a consequence of making comparisons (in design or function),
physical laws and constraints often surface suggesting design principles that
operate across species. Allometry is one of the most directly comparative of all
tools available to biologists. MacArthur (1972) began his now classic book
Geographical Ecology with the affirmation, "To do science is to search for
repeated patterns in nature, not simply to accumulate facts." While the
accumulation of facts will always be a necessary goal of science, the process of
pattern identification continues to occur only infrequently.

Physiological time has emerged as one of those patterns in nature. It may
prove to be of significant value in understanding interspecific pharmacokinetics.
It is not proposed as a substitute for direct measurements; however, cross-
species comparisons should be made by normalizing for physiological time
first, assuming it is the "default value." If differences persist, those can be fairly
attributed to species differences. In planning and executing experiments,
researchers must be aware of the two important time scales that have an impact
on animals and ask how each may affect interpretation and extrapolation of
results. Lack of consideration of this pervasive principle is no less of an
assumption. For instance, in designing experiments to assess lifetime exposure,
perhaps the best technique for the extrapolation from risk to an experimental rat
to a potential risk to humans is some measure of physiological time equivalence
such as number of heartbeats (suggested by Blancato and S. L. Friess, personal
communication) or a measure of drug or metabolite turnover time. If so, 2 years
may be much shorter than researchers assume. Further, perhaps shrews or small
birds, which have the most rapid physiological time scales, may be the ideal
experimental animals for certain studies.

SUMMARY

One of the products of science is an exponentially increasing pool of
knowledge. Hopefully one goal of science is to combine emergent facts in such
a way to form patterns from which new conceptual hypotheses and predictions
can be derived. One of the potentially valuable techniques for the identification
of patterns is allometry.

Allometry literally means "of a different measure," in distinction to
isometry. Functionally, allometry is an attempt to quantify the extreme
importance body size has in dictating virtually all aspects of an animal's
morphology, physiology, and ecology. Allometric equations can identify
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patterns of design and function that would be otherwise obscure. Further, they
may be useful in identifying species that deviate from the pattern. Finally,
allometric equations may be extremely useful in suggesting interspecific
constraints of design and function. In this paper I present three examples.

1. Using a very simple model of a single mass and spring system, it is
possible to couple the geometry of the mammalian knee with a
description of muscle energetics to make an allometric estimation
of locomotory energetics. A running mammal behaves like a tuned
spring system with an optimal (and therefore most efficient) stride
frequency, somewhat analogous to a resonating frequency (see
Taylor, 1985). Rather than using allometry merely as a descriptive
tool, we are able to make mechanical and bioenergetic predictions
starting with a series of allometric equations.

2. If we examine a variety of rate functions across a wide range of
species, another design constraint seems to surface, that of
physiological time. While all animals experience the same
chronological time of days or seasons, each animal apparently also
possesses an internal body size-dependent clock to which
physiological rates are entrained. From the rate of muscle
contraction to life-span itself, physiological processes seem to be
set to the same "periodengeber."

3. As an extension of this concept, we propose that species
extrapolations may best be made as a function of physiological
time (rather than dose or some other aspect of chronological time).
Preliminary results for Fenvalerate suggest potential utility of this
approach.

Physiological time is not a substitute for measurements, rather it is a strong
enough design pattern that it should be considered in designing and interpreting
any experiment.
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Prediction of In Vivo Parameters of Drug
Metabolism and Distribution from In Vitro
Studies

Grant R. Wilkinson

Physiologically based pharmacokinetic modeling is critically dependent on
accurate estimates of the determining anatomical, physiological, and drug-
specific parameters. Anatomical parameters, such as organ size and blood flow
rates, are usually constant and well-established; if not, they can often be
estimated directly or by allometry (see S. L. Linstedt, this volume). On the other
hand, factors like drug binding to plasma and tissue constituents and elimination
by various organs are not so readily available. In many instances these
characteristics must be determined experimentally. In the past, this has largely
involved in vivo measurements such as the determination of tissue/plasma
partition coefficients or the apparent kinetic parameters of metabolism.
Potentially, however, data obtained in vitro may, if appropriately interpreted, be
applicable to the in vivo situation and can be rigorously incorporated into a
physiologically based pharmacokinetic model to allow quantitative prediction.
This approach was an implicit hope of early investigators (Bischoff and
Dedrick, 1968; Dedrick et al., 1973), but unfortunately, it has not been explored
as extensively as might be expected. The ever increasing number of drugs and
other chemicals to which animals and humans are exposed and the need to
assess their disposition, however, along with any toxicity, will necessitate that
such in vitro studies become more widely applied. This is particularly the case
in humans, in which direct exposure to a putative toxic agent may be limited,
for example, to accidents or occupational activities for which the dose and other
details of the exposure are not well known. Over the past several years, a
limited number of in vitro/in vivo extrapolation studies
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have been undertaken that demonstrate the utility of the involved approaches, as
well as their limitations. In this chapter I will review some of the findings and
their potential for further application.

IN VITRO PREDICTION OF IN VIVO DRUG METABOLISM

Numerous in vitro systems are available to determine the metabolism of a
drug, including simple aqueous solutions for measurement of nonenzymatically
mediated reactions, purified enzyme preparations, crude tissue homogenates,
microsomes, isolated intact and cultured cells, and tissue slices. Such variety
indicates that no single system provides all the necessary information required
for a complete understanding of the determining factors of drug
biotransformation. Moreover, the purpose and experimental design of the large
majority of studies with such systems is frequently not suitable for extrapolation
of the findings to the in vivo situation. A critical requirement is that the kinetic
parameters of metabolism, expressed in terms of a specific pathway(s) or the
overall process, must be available. Generally, these are interpreted according to
the well-known Michaelis-Menten mechanism so that the rate of metabolism [(d[S]
t/ dr)V] can be described by Equation 1:

d[SIl'af ‘,-l' _ Vmwc IS]r::H
di  Kf* o+ (S]]

(1)

where V., is the maximal rate of metabolism, K, is the concentration of
unbound substrate at half the maximal velocity, [S]'! is the total substrate
concentration, and f* is the fraction of the substrate that is unbound in the
reaction medium. By normalizing the rate to the substrate concentration,
metabolism can be expressed as a clearance value (Equation 2) which is
frequently termed total intrinsic clearance (Gillette, 1971, 1984; Wilkinson and
Shand, 1975):

asf™ v Vinar f* Vinar

a1 K+ 577 Ky, + sy CEme o @

Alternatively, the metabolic clearance rate can be related to the unbound
drug concentration by the free intrinsic clearance rate {CL{y = f“CLY ).
Account can also be taken that metabolism often involves more than one
pathway, so that the overall intrinsic clearance in any system represents the sum
of the individual processes (Equation 3):
i=n er,

CLJH‘J = I IKmI + f|r[5]mr ’

(3)
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In many instances the driving concentration for metabolism, the unbound
concentration, is far less than the K, of the involved enzyme(s), and the kinetics
become independent of substrate concentration. Under such linear or first-order
conditions, the free intrinsic clearance reaches a constant maximum value equal
to the ratio of the overall V,,,, to K;, (Equation 4):

Vinar,

K,

G

CLy, = % (4)

i=1

In principle, therefore, the means exists to relate readily determinable

Michaelis-Menten enzyme kinetic constants to a well-understood concept and
parameter of pharmacokinetics. Such V_,, and K, estimates can be directly
incorporated into the differential mass-balance equation for total drug in a
particular metabolizing organ(s) by using a perfusion-limited physiological
model (Equation 5):

dC

d:vr = Q[CTIKP -

Voad Cr/K ) ] ®

K. lf* + CrlK,

where C, K, and V represent the total substrate concentration, tissue/
plasma partition coefficient, and volume of the eliminating tissue (7)),
respectively; and Q is the blood flow to the organ. This approach has been
applied to studies with cytosine arabinoside, when the in vitro kinetics of
deamination in a number of organs and in different species allowed good
predictions of the in vivo situation (Dedrick et al., 1972, 1973). Similar findings
were made with three barbiturates (Igari et al., 1982).

One possible reason for the paucity of this type of data is that Equation 5
provides no intuitive insights into drug elimination relative to the conventional
quantitative estimates of this process, such as (organ) clearance (CL) and
extraction ratio (E). Unless the equation is solved along with others in the
model and the resulting blood concentration/time data are analyzed by
conventional pharmacokinetic techniques, there is no easy way to assess the
validity of the in vitro values relative to those determined from experimental
data. Under steady-state conditions, Equation 5 can, however, be rearranged to
provide an estimate of the extraction ratio (Equation 6) or clearance (QF) of an
eliminating organ:

Vﬂmﬁ'
K. ™+ CrK
E = l'I'JIr T , [ﬁ-}
VMIZT
o+

K Jf" + CyiK,

which under first-order conditions simplifies to:
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_ o cLm e,
@+ CLx Q + fiCLE

(7)

where f§ refers to the unbound fraction of drug in blood which is related
to the more frequently measured value in the plasma { f§} by the blood/ plasma
concentration ratio [ f§ = f#/{B/P}]. Equations 6 and 7 therefore provide the
means to incorporate in vitro estimates of enzyme Kkinetics into a perfusion-
limited model of an eliminating organ and to evaluate their appropriateness by
comparing the predicted extraction ratio or clearance to that measured in vivo.
This model has been termed the venous-equilibration or well-stirred model of
organ elimination (Pang and Rowland, 1977; Rowland et al., 1973; Wilkinson
and Shand, 1975). The feasibility of such an in vitro/in vivo predictive approach
was first investigated with several drugs that had widely divergent extraction
ratios (0.2 to >0.9) undergoing drug oxidation (Rane et al., 1977). The
Michaelis-Menten kinetics of overall substrate disappearance were determined
in a 9,000 x g supernate of rat liver; and after correction for dilution and protein
recovery, the first-order, intrinsic clearance value (V,,,/K,), along with the
unbound fraction, was incorporated into Equation 7, resulting in an in vitro
predicted hepatic extraction ratio. Comparison of this with an experimentally
determined steady-state extraction ratio in the isolated perfused rat liver showed
excellent agreement (r = 0.988, p < 0.001). Subsequently, the same approach
was applied to other drugs and metabolic pathways, as well as other hepatic
preparations (Table 1). The prediction of metabolic elimination by other organs
such as the lung and intestinal mucosa was also studied (Table 2).

Despite the relatively small number of these studies, some tentative
conclusions can be drawn from their findings. First, and most important, the in
vitro predictive approach using Equation 7 appears to provide a reasonable
estimate of the in vivo situation for a number of drugs across a broad range of
metabolic activity. This is particularly the case when the compounds are
metabolized by the liver and involve the cytochrome P-450 system. Examples
of other hepatic routes of metabolism are not sufficiently large to draw any
conclusions, although the in vitro under-estimation of glucuronidation (Rane et
al., 1984) is consistent with the known lability of glucuronyltransferase activity.
The situation in the lung is less clear, which may reflect the anatomical and
biochemical heterogeneity of this organ.

The type of in vitro system on which the prediction is based may also be
an important factor. Successful predictions require that the conditions of
metabolism in vitro be identical to those in vivo. Unfortunately, these are never
known, and this is the crux of the problem. Microsomal and purified enzyme
preparations are usually investigated with a maximal
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concentration of substrate and under optimal biochemical conditions, in
which the pH of the medium and the concentrations of cofactors may be much
different from those in the in vivo situation. Purification steps may also affect
the biochemical parameters. The latter may account, for example, for the almost
50% underestimate of phenytoin's hepatic extraction using microsomes (Collins
et al., 1978), but not when a 9,000 x g supernate was used (Rane et al., 1977);
preparation of microsomes reduces the V,, of phenytoin by about one-half
without affecting the K, (Kutt and Fouts, 1971). The use of intact cells such as
hepatocytes may not necessarily overcome such problems because at least one
additional factor is involved, namely, the ability of the drug and metabolites to
diffuse into and out of the cells (deLannoy and Pang, 1986). If such diffusion is
slow, then the apparent K, value, but presumably not V,,,,, may differ from that
observed in cell-free preparations. Other complicating factors may also occur so
that the V,,,, or K, values alone or together may be different from those in other
in vitro systems (Gillette, 1984). Unfortunately, no general rules appear to exist
that would indicate when hepatocytes, for example, reflect the in vivo situation
more closely than do other preparations (Pang et al., 1985).

In addition to these factors, it must be recognized that the Michaelis-
Menten mechanism is probably an oversimplification of actual intracellular
events. The relationship between V_,, and K, may be quite complex and
modified by changing the concentrations of, for example, cosubstrate,
activators, and even products of the substrate and cosubstrate. Moreover, a
multienzyme system is more frequently operative in a drug's overall metabolism
than is a single enzyme. These enzymes may have widely different
characteristics, including reaction mechanisms, so that any overall kinetic value
like intrinsic clearance (Equation 4) may not accurately reflect in in vivo
determinants (Gillette, 1984).

A further consideration in extrapolating in vitro biochemical data to the in
vivo pharmacokinetic situation is the validity of the venous equilibration model
(Equation 7) to describe organ elimination. In this model the organ is
considered to be a single well-mixed compartment, and diffusion from the
blood into the tissue is not considered to be rate-limiting. Accordingly, the
concentration of unbound drug in the emergent blood is assumed to be in
equilibrium with that in the tissue, and the concentration profile across the
organ is constant. Two alternative perfusion-limited models have been
developed, however, that have the merit that an arterio-venous concentration
gradient exists across the organ. The sinusoidal perfusion or parallel tube model
conceives of the organ as a large number of identical cylindrical tubes that are
arranged in parallel with the cells (hepatocytes), each of which has the same
eliminating activity, surrounding the cylinder. The relationship between
intrinsic clearance and extraction is then given
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by Equation 8 (Bass et al., 1976; Pang and Rowland, 1977; Winkler et al., 1979):
Ly,

E=1-¢ ¢ | (8)

By contrast, the dispersion model of elimination conceives of the organ as
a packed-bed chemical reaction with nonideal flow (Roberts and Rowland,
1986). Two parameters characterize this model; the efficiency number (Ry)
which describes the efficiency of drug removal and is equivalent under first-
order conditions to [ CL},/Q, and an axial dispersion number Dy. The latter is
a measure of dispersion or spread of residence times of drug molecules moving
through the organ; the higher the value of Dy, the greater the degree of axial
dispersion, reflective of functional heterogeneity. The mathematical solution for
the extraction ratio is quite complex (Equation 9):

da
T {1+ a)explla — D2Dy] — (1 — a)lexp—[(a + 1)2Dy]

(9)

E=1

where a = (1 + 4R\Dy)'?. Interestingly, when Iy, — =, i.e., when there is
extensive axial dispersion, the model devolves to the venous-equilibration
situation (Equation 7), whereas when [y = (I, ie., axial dispersion is
negligible, Equation 9 reduces to a form similar to that of the sinusoidal
perfusion model (Equation 8).

In global terms, all three models predict similar relationships between the
biological determinants of drug elimination, but they differ at the finer level.
For example, an in vitro estimate of intrinsic clearance will predict a larger
extraction ratio when incorporated into a sinusoidal perfusion model than if the
same value is used in the venous equilibration model; the dispersion model
provides an intermediate value. Moreover, the model discrepancies become
larger as the intrinsic clearance increases, i.e., the greater the drug's extraction
ratio. Discrimination studies to determine which model, if any, provides the best
in vitro/in vivo predictions are, however, very limited. Recently, Roberts and
Rowland (1985) concluded that the dispersion model was more consistent with
published data for 10 drugs than either of the other two models, especially when
the extraction ratio was greater than about 80%. Further studies of this aspect of
prediction are clearly required.

Another modeling consideration requiring further investigation relates to
the known functional heterogeneity of organs such as the liver. It is well
established, for example, that hepatic perfusion is not uniform and intraorgan
shunting is present; also, enzyme activity is not uniformly
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distributed in hepatocytes. The venous-equilibration model cannot take such
factors into account, whereas they are implicit in the dispersion model; and the
sinusoidal perfusion model can be modified to reflect such heterogeneity (Bass,
1980, 1983; Bass et al., 1978; Sawada et al., 1985). Studies have begun to
address this problem (Pang, 1983; Pang et al., 1986), particularly with regard to
the formation and elimination of different metabolites; however, it is not a
factor that can be currently taken into account in in vitro/in vivo predictions.

Other unresolved problems of in vitro extrapolation of drug metabolism
include consideration of metabolites. In the past, the primary focus has been on
unchanged drug and its disposition, but the formation and subsequent fate of a
metabolite, stable or reactive, may in certain cases be a more important
consideration. Complications due to such factors as suicide-substrate
inactivation of metabolizing enzymes and cofactor depletion need to be
considered when certain types of nonlinear pharmacokinetics are likely. Finally,
it is important to note that there appears to be only a single reported study
(Bddrnhielm et al., 1986) where the metabolism of a drug in humans has been
predicted from in vitro data. Human liver preparations, for example, are
becoming increasingly available, and it would be a reasonable extension to
apply modeling approaches to this critical area. This is particularly important
with respect to interspecies extrapolation by using physiologically based
pharmacokinetic models. The well-established variability in metabolism
between species logically precludes the use of any allometric scaling factor.
Accordingly, studies in human tissue(s) will be required.

IN VITRO PREDICTION OF IN VIVO DRUG BINDING AND
DISTRIBUTION

Drugs and other xenobiotics invariably bind in a reversible fashion,
described by the law of mass action, to a variety of blood and tissue
constituents. Such binding determines the unbound fraction in the blood/
plasma, and also distribution from the intravascular space into tissues.
Accordingly, for physiologically based pharmacokinetic modeling to be
successful, estimates of this binding and distribution are required.

The various in vitro techniques and interpretative approaches for
characterizing the kinetics of drug binding to plasma proteins are well-
established, as are various factors that modulate such binding (Reidenberg and
Erill, 1986; Tillement and Lindenlaub, 1986). A limited number of examples
exist in which in vitro parameters of linear or nonlinear plasma binding has
been explicitly incorporated into physiologically based pharmacokinetic models
of specific compounds (Bischoff and Dedrick, 1968; Engasser et al., 1981; Igari
et al., 1983; Tsuji et al., 1983). But this factor
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is generally ignored, and only total drug is considered. Given the potential
importance of plasma binding on the pharmacokinetics of drug elimination and
distribution (Pang and Rowland, 1977; Wilkinson, 1983; Wilkinson and Shand,
1975), and the fact that only the unbound drug is considered to be biologically
active, the omission of this factor in modeling is regrettable. But, more
importantly from the extrapolation standpoint is the validity of the assumption
that the binding parameters established in vitro reflect those in vivo.

The conventional concept of plasma binding and drug transport out of the
vascular space is that only unbound drug is able to penetrate membranes, and
therefore, the unbound fraction and concentration in the capillary blood are the
important determinants. Moreover, binding equilibrium is maintained within the
capillary so that the kinetics of binding is the same as that in systemic blood,
and this can be estimated by an appropriate in vitro technique such as
equilibrium dialysis. An increasing number of experimental studies with
xenobiotics that are normally very extensively bound to plasma proteins (>99
percent), however, appear to be inconsistent with this dogma. Instead, it appears
that bound drug is in some fashion intimately involved in uptake by such organs
as the liver, heart, and brain, beyond its role as a passive store for replenishing
the unbound moiety subsequent to its extraction. The mechanism involved in
such transport is not well understood and may well differ, depending on the
drug and the experimental situation (Jones et al., 1986; Pardridge, 1986;
Weisiger, 1986). Nevertheless, it is clear that in this type of situation
conventional modeling approaches will be of little value in predicting drug
disposition.

For a noneliminating organ, the mass balance equation for drug transport is:

dCy

o 1= ACh = Cou)- (10)

Generally, it as assumed that distribution is perfusion limited, so that the
emergent venous blood is in equilibrium with the average total concentration in
the tissue (Cr), so that Equation 10 can be modified to the familiar form:

dCry - _G
fﬂ .‘r"'}' - Q(Cm ) 1 {1!-}

where K, is the tissue/blood (plasma) drug concentration ratio, also called
the partition coefficient or solubility of drug in the tissue. Accordingly,
knowledge of this parameter is critical in the physiological modeling procedure.
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In practice, K, is generally determined by direct measurement after drug
administration and analysis of the arterial blood (plasma) and the tissues of
interest. Sampling is usually performed after intravenous drug infusion to
steady-state, although it is also possible to determine K|, after an intravenous
bolus dose subsequent to the attainment of pseudo-equilibrium distribution.
Theoretically, the partition coefficient during the terminal phase of elimination
(Kp.app) 1s greater than the value obtained at steady state, the difference being
smaller the more rapidly drug distributes into the tissue and the faster the rate of
elimination (Equation 12):

Kpopp = —F= (12)

where 1, and kr are the first-order rate constant during the terminal
elimination phase and for tissue uptake, respectively (Rowland, 1986). In most
instances, it is likely that kp > 4,, so that the difference between K, and K, ., is
small, and experimental comparisons support this assumption (Lin et al., 1982;
Schuhmann et al., 1987). It has also been demonstrated that determination of a
partition coefficient is further complicated if elimination occurs in the tissue
(Chen and Gross, 1979; Lam et al., 1982). In this case, the appropriate blood
concentration used to estimate K, should be that in the emergent venous blood
of the organ rather than the arterial level (Rowland, 1986).

Under steady-state conditions, and recognizing that total drug
concentration can be defined in terms of the unbound fraction and
concentration, Equation 11 can be rearranged to show that K, is equal to the
ratio of the unbound fractions in the blood and tissue {{§/f%}. Thus, in theory
the in vitro estimation of the extent of a drug's plasma and tissue binding could
be used to predict the in vivo partition coefficient. If valid, this approach would
have considerable value in physiologically based pharmacokinetics.

The measurement of tissue binding and determining factors has not been as
extensively explored as that involving plasma proteins. This may partly be
explained by methodological problems, but mainly through the studies of Kurz
and Fichtl (1983) and colleagues (Fichtl and Schuhmann, 1986; Schuhmann et
al., 1987) these now appear to be mostly resolved. Tissue binding can be readily
determined by ultrafiltration (Kurz and Fichtl, 1983) or equilibrium dialysis
(Igari et al, 1982) of tissue homogenates, with appropriate correction for the
effects of dilution (Kurz and Fichtl, 1983). Such binding demonstrates many of
the characteristics of binding to plasma proteins, including saturability.
Importantly, there does not, in general, appear to be any useful correlation
between the two phenomena. Thus, plasma binding cannot be used to predict
tissue binding. Also, binding to
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tissue constitutents appears to involve mechanisms besides simple hydro-phobic
interactions as related to lipid solubility measured by partitioning into organic
solvents.

Good correlations (Figure 1) have been found between predicted K, values
based on in vitro measurement of f3 and f¥ and those determined in vivo
following intravenous infusion to steady-state of a number of drugs with widely
different physicochemical and partitioning characteristics (Schuhmann et al.,
1987). The best prediction was for muscle (» = 0.93), in which all of the data
centered around a line with a slope of unity. A similar finding was obtained for
the liver, except for drugs with a high extraction ratio in which the in vivo value
was lower than predicted; this probably was due to the use of the arterial rather
than the more appropriate

TPl MUSCLE (1P| LUNGS
100 -
L]
14
014
ITF,| LIVER TPy | KIDNEYS
1o 1
1
14
a1
Figure 1

Correlation between experimentally measured (T/P),, and in vitro-predicted (T/
P). tissue partition coefficients for several drugs and tissues in the rabbit.
Reproduced with permission from Schuhmann et al. (1987).
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hepatic venous plasma concentration to estimate the in vivo partition
coefficient. In the lung and kidney, the predicted K, values of highly lipophilic,
cationic drugs such as buphenine, quinidine, imipramine, and propranolol were
lower than those measured in vivo. This probably reflects the loss of saturable
uptake process in these homogenized tissues and the slow equilibration time for
distribution in vivo.

These and other data (Harashima et al., 1983; Lin et al., 1982), although
limited, indicate that it is possible to predict tissue partitioning in vivo for
several tissues from their in vitro binding data, particularly if the drug is anionic
or neutral. With cationic drugs, distribution into muscle, and possibly liver, is
also well predicted; but discrepancies are possible with organs such as lung and
kidney, in which active uptake processes may be present in vivo. A similar
situation would be expected if tissue distribution is not perfusion limited; i.e.,
diffusion across the capillary epithelium is slow. Interestingly, preliminary
findings indicate that binding of drugs to various different tissues are well-
correlated and similar (Fichtl and Schuhmann, 1986). This raises the possibility
that drug distribution to a variety of organs could be predicted by using a single
tissue such as muscle. As an extension of this hypothesis, Schuhmann et al.
(1987) have recently found that the unbound volume of distribution of drugs in
vivo could be predicted by their binding to rabbit muscle tissue in vitro.
Moreover, interspecies differences in tissue binding do not appear to be as
pronounced as those in plasma binding. Partitioning of a large number of drugs
into muscle tissue of rats, rabbits, and humans is very similar (Fichtl and
Schuhmann, 1986). If further substantiated, this would simplify considerably
the interspecies extrapolation problem.

CONCLUSION

In summary, the concepts and experimental techniques for predicting the
in vivo distribution of a drug into tissues and its elimination by metabolism by
using in vitro data have been established. Experimental data to substantiate and
validate these approaches are still relatively limited, but they are sufficiently
encouraging to suggest practical feasibility. Clearly, much more investigation is
required, particularly with respect to delineation of the approaches' limitations.
In this regard it is important to define the goals and recognize the purposes of
any in vitro/in vivo prediction. As the precision and accuracy requirements
become more rigorous, the more difficult it will be to make a prediction. On the
other hand, much useful information and insight can be gained from
appropriately interpreted in vitro data, even though the prediction is not
necessarily exact. Finally, it must be appreciated that interindividual variability,
particularly in drug
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metabolism, may be quite extensive, and predictions based on a single or
average set of data may be of little relevance to the individual.
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Dose, Species, and Route Extrapolation:
General Aspects

James R. Gillette

The objective of any pharmacokinetic study is to describe as simply as
possible the factors that govern the time course of the concentrations of
biologically active form(s) of a substance at putative action sites and to relate
these concentrations to the incidence and magnitude of the biological responses.
The biologically active form(s) may be the parent substance and/or one or more
of its metabolites. In developing pharmacokinetic models to achieve this
objective, investigators must consider a host of interrelated complex factors and
events that could conceivably affect the time course of the parent substance and
its biologically active metabolites at the action sites and to decide whether such
factors are sufficiently important to include in the model.

DIFFERENT PROBLEMS AND OBJECTIVES, DIFFERENT
MODELS

Clearly, the complexity of suitable models differs with the substance. A
model that is suitable for describing the pharmacokinetics of substances, like
ozone, which might be expected to act almost solely at the site of administration
(such as lung) would clearly differ from a model designed to describe the
pharmacokinetics of a substance (like halogenated hydrocarbons and heavy
metals) that persists for several years in the body or in the food chain and
causes toxicity in remote organs of the body. A model designed to describe the
pharmacokinetics of a parent substance would be inadequate to describe the
pharmacokinetics of a toxic metab
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olite. A model designed to describe the pharmacokinetics of a stable metabolite
would differ from one designed to describe the pharmacokinetics of a suicide
inhibitor. A model designed to describe the kinetics of a single dose of a
substance may or may not be appropriate for the description of the kinetics of a
substance entering the body by a series of repeated doses or at a continuous rate.

Different Mechanisms

When a substance enters the body by a series of repeated doses until a
steady state is achieved, the investigator must also consider whether the
incidence or magnitude of the biological response is most closely related to the
maximum concentration, the average concentration, the minimum
concentration, or the total dose of the biologically active form of the toxicant.
The response will be most closely related to the maximum concentration of the
unbound biologically active forms (1) when the response is manifested virtually
instantaneously after the active forms interact reversibly with receptor sites, (2)
when the response is due to irreversible interaction of a substance (or enzyme)
that turns over rapidly in the body, or (3) when the biologically active form(s)
causes physiological or biochemical changes that exceed the capacity of
homeostatic mechanisms to adjust to them and result in irreversible damage.
The response will be most closely related to the average concentration of the
unbound biologically active form(s) when the response is due to certain
irreversible mechanisms when the rates of replacement or repair of the action
sites are slow. The response will be most closely related to the minimum
concentration of the unbound active form(s) (1) when the response is caused by
non-competitive, but reversible, inhibition of an enzyme that alters the
concentration of a vitally important endogenous substance, or (2) with certain
kinds of irreversible mechanisms. The response will be more closely related to
the total dose of the biologically active forms when the response is due to an
irreversible accumulation of toxic products in the body. In this context, the
accumulation of transformed cells that serve as clones for tumors can be viewed
as the accumulation of toxic products.

GENERAL PHYSIOLOGICALLY BASED
PHARMACOKINETIC MODELS

Unquestionably, the approach used in developing physiologically based
pharmacokinetic models is the most versatile of all the approaches used in
solving pharmacokinetic problems. As pointed out by K. B. Bischoff (this
volume), one simply writes an appropriate set of differential equations, based
on the conservation of mass law, which describe the rates of
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changes in the amounts of the substance and its metabolites in various
compartments in blood, extracellular fluid, and cells within an organ and allows
the computer programs to integrate the equations by iterative procedures. The
investigator thus is not limited to first-order reactions that have simple analytic
solutions. A complete description of all of the events that can occur within an
organ, however, can be very complex. Sets of equations could be written to
describe the rates of change in the amounts of various metabolites within cells
and other compartments of the organ. Other sets of equations could be written
to include changes in concentration of the substance and metabolites as they
pass from the proximal to the distal portion of capillaries in a given organ.

Thus, the number of differential equations used by the investigator to
describe a physiologically based pharmacokinetic model can be virtually
infinite. The solution of such a model, however, would also require knowledge
of the values of all of the rate constants that relate the amount of the substance
and its metabolites in the various compartments to the rates of transfer into and
out of each of the various compartments. Most of these rate constants, however,
are not only unknown but also virtually unattainable.

Simplification of Models

Clearly, the investigator wishes to simplify the system to a minimum
number of differential equations that still would provide all of the relevant
information. How the model can be simplified and still be valid, however, will
differ with the substance and the organ and the time frame within which the
investigator wishes to focus attention.

Most simplifications are based on the realization that when a substance is
constantly infused through an organ most reactions that occur within the
intraorgan compartment will approach "virtual equilibria" and "virtual steady
states" within the time required for the blood to pass through the capillary bed
of the organ. For example, theoretical calculations of the rates of formation and
dissociation of complexes of various small molecular weight substances with
various proteins, including enzymes, will usually be considerably faster than the
transit time of blood through organs. Thus, these complexes are usually
represented by steady-state conditions.

Rates of Formation of Complexes

The validity of this conclusion can be illustrated by the events that occur
immediately after a substrate is added to a solution containing an enzyme.
Under these conditions the following differential equation can be written:
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d[ES)ide = {[E1] — [ESI} [S1k, — [ES1(k; + k), (0
d[ES)/dt = [EQ[SIk, — [ES)(K[S] + ky + ky), or (1a)

d[ES)idr = [E1][81k — [ESTk) {[S] + [(ky + ksMkiQ}.  (1b)

But (k, + k3)/k; may be set to K, and thus,
d[ES)/dr = [Et][S1k, — [ESTK ([S] + K.,.). (lc)

Integration of Equation 1c gives:

[E][5] -Jrl[|.'i|+ﬁ’..?]!]_

[ES] = 5] + Km“ - &

(1d)

Inspection of the exponent reveals that the half-time required to approach
the maximum concentration of [ES] is dependent on the value of ki, as well as
on [S] and K. Although the value of k; may vary markedly, most values of k;
between proteins and small molecular weight substances are between 10° M-! s°!
to 108 M! s*! (Taylor, 1972). Thus, for an enzyme in which the K,, is greater
than 107, the half-time for the approach to a steady state usually should be less
than a second; thus, a virtual steady state usually would be achieved within 5 s.
After a virtual steady state is achieved, the rate of metabolism of the substrate
can be frequently expressed by the usual form of the Michaelis-Menten equation.

Equations analogous to Equation 1 a can be written to describe the rate at
which a substance may become reversibly bound to each of the components in
blood, extracellular fluid, and cells in an organ. The time required to approach a
virtual steady state depends largely on the second-order rate constant for the
formation of the complex and the equilibrium constant of the complex. Since
the average residence time of blood within capillaries is probably in the range
of 1 to 10 s in most organs, one can be reasonably assured that virtual steady-
state values can be assumed when either the unbound concentration or the 1/K,
values for reversible binding are greater than 10> M. But one would worry
when they are less than 10% M. Equilibrium constants rather than rate constants
of association and dissociation are thus generally used in the models, but the
rate constant of dissociation for ultrahigh-affinity binding sites may still be
important during the terminal phases of elimination, when [S] decreases below
the 1/K, values or during constant exposure to very small doses.

Diffusional Barriers and Modified Fick's Law

Whether an investigator wishes to incorporate diffusional barriers in the
model depends on the time required to achieve the virtual steady state in
"filling" the extracellular and intracellular spaces. According to Fick's
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Law of Diffusion, the rate of passive transfer of a substance across a thin
membrane is usually written as,
d_s = E [} S 1
o= x (€1 -ey. @)

where D is the diffusivity index, A is the area of the membrane, and X is
the thickness of the membrane. Since a membrane is usually considered to be
lipoidal in character, the value of D is usually considered to be proportional to
the partition of the substance between the cell membrane and water, which is
frequently estimated from the partitioning of the substance between oil and
water. When the substance is a weak acid or a weak base, it is usually assumed
that only the neutral form of the substance is able to pass through
semipermeable membranes and that the concentration of the neutral form can be
estimated from the total concentration of the unbound substance by means of
the Henderson-Hasselbalch equation. The ionized forms of many substances,
however, can pass through semipermeable membranes, even though the
diffusivity index for the ionized form may be orders of magnitude smaller than
that for the neutral form. Thus, for weak acids with pK, values that are several
units smaller than 7, and weak bases with pK, values that are several units
larger than 7, the rate of diffusion can be governed predominantly by the
concentration of the ionized form, despite its low diffusivity index. Moreover,
membranes can differ markedly in their structure and function. For example,
capillaries usually have intercellular spaces, which allow passage of both polar
and nonpolar substances. Moreover, the plasma membranes of cells frequently
permit the passage of very small substances through the membrane. Thus, the
value of the effective D depends on a number of the diffusion indices
representing different parts of the membrane (Pang and Gillette, 1979). For
these reasons a modified version of Fick's Law of Diffusion is more appropriate
(Figure 1). Thus, the passage of the substance across a membrane can be
described by:

dSidt = (DAIX)CY — (D,AIX)CY, (2a)

in which both D; and D, incorporate not only the heterogenous nature of
biological membranes but also the effects of different pH values and other
factors that affect electrochemical gradients at the two interfaces of the
membrane. In Equation 2a, both Ct and € i are the concentrations of the
unbound substance at the two interfaces of the membrane; they do not include
the amount reversibly bound to proteins and other components in the
compartments.

The rate at which the concentration of unbound substance changes in
compartment 2 can be expressed by:
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MODIFIED FICKS LAW OF DIFFUSION

Oy
e I U

Z 1

~ [NJ;

[Reversibly

[Reversibly
Bound],

Bound |,

D'y

DNA

dSi DA
f = [l ‘T [Nl

= E.I]I- {DIA {DH‘A

At Equilibrium

[, t“"“} + [N]o [—J (1) {E;—A + (N) (22

or

D
1, {-E,-";} +[Nlp = I { =)+ N

N=Neutral : |=lonized

Figure 1
Modified version of Fick's Law of Diffusion.

Vi dCyidt = (D,AIX) CY — (D,AIX)CY, (2b)

where V% is the apparent volume of distribution of the unbound substance
in compartment 2. Since C% is expressed as the concentration of unbound
substance within the compartment, ¥§ would be defined as the total amount of
substance in compartment 2 at any given time divided by C% at that time. Under
conditions in which ¥ is constant, integration of Equation 2b would give the
equation:

oy Cy - (DA VN

Cy="p-l e ™. (2¢)
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Thus, the approach to a virtual equilibrium in the system depends on the
apparent volume of compartment 2, but the ratio of the concentrations of
unbound substance in the two compartments at equilibrium does not.

When a substance leaves compartment 2 by first-order processes, such as
metabolism, Equation 2c would be modified to:

(o AXCY — {0y A} +CLY 1 Vah

Jra— 1 —
C8 =15, am) + ey ¢ Lo @d

where CLY; represents the metabolic clearance. When a substance leaves
the compartment by passage into another fluid, such as lymph or the cerebral
spinal fluid, the CLY, is replaced by CLY3/f*. Thus, inclusion of the clearance
term actually decreases the time required to come to a virtual steady state. But
because of the ratio of the concentrations of unbound substance in the two
compartments, a virtual steady state would be dependent on the relative values
of (D A7X) and CL4;

Whether the approach to a virtual steady state for the diffusion of
substance is less than a few seconds, and therefore can be excluded from
consideration by the investigator, depends not only on the substance but also on
the organ and even perhaps on the types of cells within an organ. Obviously, a
lipid-soluble substance in an organ in which the apparent volume of distribution
is small is unlikely to be diffusion limited. Indeed, the attempts to demonstrate
diffusion-limited metabolism with such substances have invariably failed. With
polar substances, however, the conclusion is less certain. Obviously, diffusion
limitations do take place with substances that are apparently excluded from the
brain; in such cases, the low brain concentrations are maintained at low levels
predominantly by the cerebral spinal flow. Moreover, the rate of metabolism of
polar substances in liver can be diffusion limited (deLannoy and Pang, 1986).

Simple PB-PK Models

Frequently, pharmacokineticists that develop physiologically based
pharmacokinetic models (PB-PK models) simply assume that the substance in
the capillaries of an organ distribute instantaneously to all compartments within
the organ, that metabolism within the cell is diffusion independent, and that the
approach to virtual steady states in all organs is limited solely by blood flow
rates. They describe the approach to a virtual steady state of the entire organ by
a very simple differential equation. For a well-stirred model, in which the total
concentration of a substance in capillary blood is assumed to equal its total
concentration in venous blood leaving the organ,
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. QJ Cr’ _ FI'F-I-IT.I'I:J:ICJ _ CLl'ﬂriJ:lCi \
Ru‘ RJKI'R[F] + CJ Ru‘

(3

where V, is the actual volume of the organ, C; is the amount of a substance
in the organ at any given time divided by the volume of the organ, Q, is the
blood flow rate through the organ, Vmax(i) and Km(i) are Michaelis-Menten
parameters, and CLint(f) is the intrinsic clearance of other processes of
elimination from the organ. R, is the ratio of C; to the total concentration in the
blood within the organ, Cv(i).

Basic Parameters fu and R

Although within the limitations of the assumptions Equation 3 is correct as
written, it nevertheless is deceptive in that certain relationships may not
necessarily be obvious. Equation 3 could just as easily be written as:

RV, dC.,; Voo Co
[ I-lfIE = . c o . | ) Wil - L ... . 1
dr o [C, Cunl Ko + E-m_} Clinwn Curny (3a)

In this form of the equation it becomes obvious that the K, value and the
CLiy value are expressed in terms of the total concentration of the substance.
But it is the unbound concentration in capillary blood, which in turn is assumed
to be its unbound concentration within the cells of the organ, that governs the
activity of the enzyme within the cells. Thus, there would be no way of relating
a K, value or the CL;, value obtained from in vitro experiments with the K,
and the CL;, values used in Equations 3 and 3a. To emphasize this point,
Equation 3 more properly should be written as:

Fﬁc— — Q C’ — QEC: — V-'nmn:fjcj
df - e .R, [Rr l“f.l.llvl'.i'l"lf'l'l] + C,
CL W
- e (3b)
i
R,V,dC,,,
= 016 — Gyl
V il ”C-. i
B Km-[;] ?“C T- = ClLiwiy f*Cotiys (3c)
1] vidp

where f* is the unbound fraction of the substance in blood.

The term C; represents the total concentration of the substance in the
organ. It thus does not necessarily represent the total concentration of the
substance in any compartment within the organ. Moreover, R; is assumed
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to be a constant, but because reversible binding of substances to proteins and
other components in blood plasma, erythrocytes, and tissue cells may be
nonlinear, it should be regarded as a mathematical function, which under certain
conditions may be virtually a constant. Furthermore, the rate of metabolism is
assumed to be independent of the rates at which the substance diffuses through
capillary and cellular membranes. When the rate of metabolism of polar
substances in liver is thought to be diffusion limited (deLannoy and Pang,
1986), the equations would have to be modified.

Nonlinear Kinetics and Lost Concepts

When the concentration of substances approach or exceed the K, values of
enzymes or transport systems or the 1/K, values of binding sites in blood or
tissues, the meanings of such terms as organ clearances, organ availabilities,
organ extraction ratios, volumes of distribution, total body clearances, and
biological half-life become obscure. Moreover, the usefulness of measurements
of area under the curves of the substance in blood and tissues in evaluating
many of these parameters, as well as bioavailability, is largely lost. When the
concentrations of substances and their metabolites are small, however,
physiologically based, linear compartment models can be developed, which
provide information that cannot be obtained from either general
pharmacokinetic approach alone.

INTERFACE BETWEEN PB-PK MODELS AND CLEARANCES

When C,; never exceeds a value equal to about 10% of the smallest K, of
any drug-metabolizing enzyme in an organ, the rate of metabolism by the
enzyme can be written as a linear equation:

FC Vi Ky = f"Cl CL,. (4)

and we can rewrite Equation 3c as:
RJ Vr dC‘rlflJ

dt = Q'[C"’ - C"[”'] - f"‘C,.“:,{Sum C'r"mr::l' {43-]

Organ Availabilities (F), Extraction Ratios (E), and
Clearances (CL)

After a virtual steady state is achieved in the organ, RV, dC, can be set
equal to 0, and the resulting equation can be written as:

041 = [Con/Colt = [f"Cyy/C,]1 Sum CL,, = CL,. (db)

The term C/C, is frequently called the organ availability, F;, and can be
obtained by another rearrangement of the equation:
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Fy = Ct‘[J}"rCﬂ = Q@ + f* Sum CL,). (4c)

Substitution of Equation 4c into Equation 4b provides the following
equation:
Qrfﬂ Sum CLf-'II'

CLe:Qr“ _F:I:QE]:Q,""fWSUI'HCLmr‘

(4d)

where E, is referred to as the extraction ratio of the substance. Equation 4d
is the same equation for a well-stirred model discussed by G. R. Wilkinson (this
volume) and is the link between the differential equations used in general
physiologically based pharmacokinetic models and the equations used in the
physiologically based linear compartment pharmacokinetic models.

Physiologically Based Linear Compartmental
Pharmacokinetic Models

In these models investigators simply assume that all elimination processes
that occur in organs approach virtual steady states rapidly. They visualize how
the individual organ clearances can be incorporated into a total body clearance
term and obtain a first-order elimination constant by dividing the total body
clearance by an apparent volume of an empirical central compartment that
includes not only the blood and the organs of elimination but also the
nonelimination organs that would be included in this apparent volume of
distribution.

Validity of the Assumption of Virtual Steady State

In order to gain an insight into the time required to attain a virtual steady
state in an organ, let us assume that QC, remains constant during the approach
to virtual steady state and integrate Equation 4a. We would obtain:

2.C,

= — =k
CLI QI + f‘u Sum (:'"r"r'.ur [I ¢ -}’ {5}

QI + fﬂ Sum CLIHT[—'" .
RV,

k= {5a)

Thus, the value of k, which governs the time required to approach a virtual
steady state, is dependent on R, even though the steady-state value of C,. is not.
The longest time required to approach a virtual steady state can be estimated by
setting k = Q;/R;V,. The effect of R; on the maximal #; 5
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for the approach to virtual steady state in the organ can be estimated from the
relationship, #y 5 = R, In 2/(Q/V,). For example, most estimates of the blood rate
through the liver of different animals, including humans, are usually between 1
to 3 ml min'! g'!. On setting Q/V, = 1.0 min™!, we can calculate that In 2/(Q/V))
= 0.693 min"!. Thus, we can calculate that the longest £, 5 for a substance with a
R, = 10 in liver would be about 7 min. Similar estimates can be made for other
organs in the body. The assumption that the major organs of elimination
(namely liver, lung, and kidney) attain virtual steady states by the time that the
first blood sample is taken thus will be reasonably valid for most substances.

Calculation of Other Compartmental Model Parameters

The rate constants for the other compartments in the model can also be
derived with the same parameters that are required for the solution of the simple
physiologically based pharmacokinetic models. Each of the organs (or group of
organs) would represent a separate compartment. The respective rate constants
for the substance entering the organ from the central compartment would be (Q,/
R.V,), and the rate constants for the substance leaving the organ and entering
the central compartment would be QF/R,V;. After substitution of these rate
constants into the appropriate La Place transform equation, the hybrid rate
constants used in compartmental models can be obtained by finding the roots of
the resulting equation. These in turn can be used to calculate the coefficients of
the various phases. When there are many compartments in the model, however,
the process can be quite laborious.

Approximations of Terminal Half-Lives

As long as the rate constant of absorption is not the smallest rate constant,
an approximation of the half-life of the terminal phase can be obtained rather
easily from the relationship:

Aln 2 <ty 5 jueminay = 14 + B) In 2, (de)
where,

A= (R V. + Sum £V, )/CL, and (4f})

B = Sum (R,V,/Q,). (4g)

In Equation 4f the value of A is the transit time of a linear model. During
the workshop on which the volume is based, Leslie Benet suggested this value
as an estimate of the minimum half-life of a substance in the body.
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Approximate Time Required to Approach Steady State

During repeated administration of a substance, the amount of substance
eliminated from the body during the dosage interval approaches the amount of
substance administered during the dosage interval. The time required to
approach within 95% of the steady-state value can be estimated by multiplying
the sum of A and B in Equation 4e by 3.

LINEAR PHARMA COKINETIC SYSTEMS

Even though all processes that govern the pharmacokinetics of substances
in organs do not always follow first-order kinetics, physiologically based
pharmacokinetic models of first-order systems provide insights of relationships
that are not always obvious. From these relationships, the investigator can
identify parameters that are useful in comparing data for consistency and in
making inferences and extrapolations that would be difficult, if not impossible,
to obtain from direct experimentation.

Among the most useful are the relationships:

F Dose/(AUC), _ {F(Dose/7)/[(AUC),/7]};
(single dose} (repeated doses)

— F Iii’l:l"ll CEI:H'I' {6}

{constant infusion)

CL =

where F is the fraction of the dose that reaches arterial blood, (AUC), is the
area under the concentration-time curve in arterial blood, = is the dosage
interval between doses when the substance is administered repetitively, k is the
constant rate of infusion, and C,(,,) is the steady-state concentration ultimately
achieved during constant infusion; C,(,) implies that all organs and
compartments within the organs are in steady state. These relationships should
be valid as long as all processes that govern the parameters follow first-order
kinetics and remain constant during the time frame under consideration.

The term steady state, as used in {F(Dose/T)V[(AUC),/7]},; , simply
means that the administration of a substance is repeated until the amount of
substance eliminated from the body during the dosage interval equals the
amount of substance administered at regular intervals. The relationship may
express a variety of different dosage schedules. For example, an individual may
be exposed to a substance for 8 h/day for 5 days a week. In this situation the
dosage interval would be 1 week, and the dose would be the total dose received
during the week.
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Total Body Clearance

In these equations, the total body clearance that governs the value of C,(,,)
includes all of the processes by which the substance is eliminated from the body
and not just the metabolic clearances by various organs in the body. Almost
invariably investigators would consider the contributions of excretion into urine
of the unchanged substance and perhaps the contribution of biliary excretion.
But they frequently ignore elimination of volatile substances into exhaled air
and through the skin, and of lipid-soluble substances directly into the
gastrointestinal tract across the intestinal wall. Indeed, Fick's Law of Diffusion
suggests that any site of administration that requires the passage of a substance
across a biological membrane should also be considered as an organ of
elimination. In fact, even saliva can be visualized as a fluid of elimination;
indeed, assays of substances in saliva have been used as indirect measures of
the concentration of unbound drug in blood (although with mixed success)
(Homing et al., 1977).

One conclusion that results from these considerations is that the unbound
concentration of an absorbed substance in arterial blood can never be greater
than the maximum concentration of the substance at the site of administration,
unless there are active transport systems or ion trapping effects due to pH
differences. The maximum concentrations of metabolites, however, may exceed
the concentration of the parent substance.

Importance of the Unbound Concentration of Substances

Because substances are usually bound to many components within tissues
of an organ, in addition to possible reversible binding to action sites,
measurements of the total concentration of the substance within an organ is
proportional to the magnitude of the response only to the extent that the total
concentration of the substance is proportional to the concentration of the
substance in water in the immediate environment of the action site.
Investigators interested in biologically relevant concentrations thus should
focus attention on the factors that govern the concentration of the unbound
substances at action sites rather than on factors that govern the total
concentration of the substance in organs containing the action sites.

Classification of Organs; Routes of Administration

Although the concept of AUC values have usually been restricted to the
concentration of substances in arterial blood, the concept can be used to
estimate AUC values of substances in blood within capillaries of various organs
and within the total organ. In this approach it is useful to classify
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the organs according to different categories (Gillette, 1985) (Figure 2). After a
substance is absorbed from the site of administration, it enters a series of organs
before it reaches the arterial circulation. All of the organs through which the
substance has passed have been called first-pass organs. In turn, the first-pass
organs can be classified into two groups: elimination organs and nonelimination
organs. The elimination organs contain either mechanisms that remove the
substance from the organ, such as metabolism or excretion into bile or expired
air, or nonelimination organs, which do not contain any of these processes.
After the substance reaches the arterial circulation, it is distributed to other
organs in the body, which have been called non-first-pass organs. In turn, the
non-first-pass organs can be divided into rapidly equilibrated and slowly
equilibrated organs according to their Q/VR values. Rapidly and slowly
equilibrated organs are further subdivided as nonelimination and elimination
organs. Some organs, such as the brain, are visualized as elimination organs,
because substances can be removed from the organ in fluids other than blood,
even though the clearances by these processes do not contribute to the total
body clearance of the substance. According to this classification, some organs
such as the kidney are always non-first-pass organs. The lungs are always first-
pass organs, except in certain experimental procedures. Some organs, such as
the intestinal mucosa, the liver, and the skin, can be either first-

— ———+ Siteof
W Adminisation

> v Venous Bln-ud and
First Pass Naonelimination Orgars
Organs
. ¥ Lung and Cthar
* | B Elimination Organs
________ ..__..___..__._...._l___...__ I
Artarial Blood
Manfirst Pass ’ I
Organs k b I 1 r Kidnay ard Other
| Efimination Organs
|
I
)
________________ - ———————
Slowdy Equilibrated I Rapidly Equilibrated
Qrgans | Organs
|
I
Figure 2

Relationships among sites of administration, first-pass organs, and non-first-
pass organs in physiologically based models.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/1015.html

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

Pharmacokinetics in Risk Assessment

DOSE, SPECIES, AND ROUTE EXTRAPOLATION: GENERAL ASPECTS 110

pass organs or non-first-pass organs, depending on the route of administration.

Non-First-Pass, Nonelimination Organs

Under steady-state conditions, there is no net flux of a substance between
the blood and the tissues within a nonelimination organ. It follows, therefore,
that the steady-state concentration of the substance within the capillaries of
nonelimination organs that are also non-first-pass organs is identical to that in
arterial blood. It also follows from the identities shown in Equation 6 that this is
also true for the AUC values after a single dose and the steady-state AUC values
during repetitive administration. This principle is the basis for the rationale that
measurements of the AUC in venous blood passing through nonelimination, non-
first-pass organs provide valid estimates of the AUC value in arterial blood,
even though the shape of the time course of the concentrations in the arterial
and the venous blood may differ. It also follows from this principle that the
value of R for a given organ in linear reversible binding models can be
estimated from the ratio of the area under the concentration curve of the
substance in the organ to the area under the concentration curve in the blood.
The value of R obtained from this relationship should be constant, provided that
the concentration of reversibly bound substance to components in both blood
and the tissues in the organ are directly proportional to the concentration of
unbound substance (Gillette, 1984, 1985). Nonlinear, dose-dependent changes
in the elimination of the substance in other organs, however, would not change
the value of R in a nonelimination organ.

As long as changes in reversible binding to various components in
different organs and blood do not result in changes in the steady-state
concentration of unbound substance in arterial blood, they do not affect the
steady-state concentration of unbound substance at action sites in non-first-pass
organs that are not elimination organs. The steady-state concentration of
unbound substance in arterial blood, however, is governed only by the available
dose and the clearances of the elimination organs. Inspection of Equation 4d
reveals that under steady-state conditions, the equation for the concentration of
unbound substance in blood or in the organ does not contain any term for
reversible binding of the substance in the organ cells. Thus, alterations of
reversible binding to tissues other than the blood usually do not affect the
average concentration of unbound substance in blood. Indeed, they do so only
when the organ clearance is nonlinear and the changes in tissue binding result in
oscillations in the concentration that affect any of the organ clearances.

The principle also predicts that the steady-state concentration of substance
in both extracellular and cellular water (i. e., unbound concentration)
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in the organ is identical to that in blood, provided that the classical equation of
Fick's Law of Diffusion is valid. It would not be valid, however, if there were
ion trapping of weak acids and weak bases due to differences in pH between
cellular and extracellular water of tissues in the organ or if there were active
transport systems in cellular membranes (Figure 1).

Range of Maximum and Minimum Unbound Concentrations
in Nonelimination Organs and Repetitive Administration

Linear compartmental models, based on the assumption that the classical
form of Fick's Law of Diffusion is valid (i.e., [C} = €% at equilibrium), reveal
that after a substance is administered repetitively until a steady state is
achieved, the maximum concentration of unbound substance in any
nonelimination compartment cannot exceed the maximum concentration of
unbound substance in the central compartment during the dosage interval. In
fact, when the maximum concentration of unbound substance is reached in any
nonelimination organ, the concentrations of unbound substance in blood and the
organ should be equal, a principle that provides another way of measuring R
(.e., R = Cimany Cppa tma}. Moreover, the minimum concentration of unbound
substance in any nonelimination compartment cannot be less than the minimum
concentration of unbound substance in the central compartment. Thus, under
steady-state conditions the maximum and minimum concentrations of the
unbound substance in the central compartment serve as the boundaries between
which the concentration of unbound substance must be in any nonelimination
compartment in the body (Gillette, 1984, 1985) (Figure 3).

When these principles are applied to physiologically based
pharmacokinetic models, it follows that during a dosage interval under steady-
state conditions, the maximum and minimum concentrations of unbound
substance in arterial blood will be between the maximum and minimum
concentrations of unbound substance in any non-first-pass, nonelimination
organ. The maximum concentration of unbound substance in such organs will
be between the maximum concentration and the A"/t value of the unbound
substance in arterial blood, and the minimum concentration of unbound
substance in such organs will be between the minimum concentration and the
AL/C 7 value of unbound substance in arterial blood. In organs with small R In
2/(Q/V) values, the changes will tend to mimick the arterial concentrations
rather closely. In organs with large R In 2/(Q/V) values, the concentration of
unbound substance will remain rather constant during the dosage interval and
will mimick the Af/¢"/r value. From these considerations, it becomes evident
that much information can be gained concerning the concentration of unbound
substance in non-first-pass, nonelimination organs from studies of the
concentration of unbound
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substance in arterial blood, even when the R values for various organs are not
known.
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Figure 3

Steady-state maximum and minimum concentrations of the diffusible form of
substances administered intravenously. The concentrations represent the
boundaries between which the concentrations must lie in non-first-pass,
nonelimination organs when the substance enters and leaves cells solely by
passive diffusion. Blood (———); shallow compartment (*——"); deep
compartment [ k------ A).

Non-First-Pass, Elimination Organs

According to the well-stirred model, the concentration of a substance in
blood within the capillaries of an elimination organ is assumed to be the same
as the concentration of the substance in venous blood leaving the organ. Thus,
under steady-state conditions, the concentration of the substance in blood within
the capillaries can be estimated from the arterial
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concentration and the ratio C,,/Ci, = F. It follows, therefore, that the AUC,,,
within the capillaries can be estimated from the AUC of the substance in arterial
blood by the relationship:

AUC,, = (AUC), F . (7)

As pointed out by G. R. Wilkinson (this volume), many investigators have
questioned the validity of the well-stirred model as a universally valid concept.
Some have suggested the parallel tube model, in which the concentration of the
substance in blood decreases gradually as the substance passes from the
proximal to the distal ends of the capillaries. Others have suggested models that
provide estimates between the well-stirred model and the parallel tube model. In
the parallel tube model the average concentration of the substance in blood
within the capillaries [C(,,)] can be estimated from the relationship:

l:"[HI'] = {C.in - E‘Nr}"l]ﬂ {C;,,;"Cm,}. or {:Ta}
Clim']"lcerr = '-r.l = F}l‘lll'l {I.I'IF} {Tb}

As F approaches 1.0, however, both C(,,) and C,, approach C;, and thus,
the distinctions among the models become less important when the value of 1 -
F is small.

Portions of the blood pass through several organs from the time it leaves
the arterial circulation until it reenters the arterial circulation. For example,
blood passes through the intestinal mucosa into the portal vein and then through
the liver and lungs before it reenters the arterial circulation. When several of
these organs serve as elimination organs, adjustments must be made to relate
the arterial concentration to the concentration entering the various sequential
organs (Gillette, 1982; Rowland and Tozer, 1980).

FIRST-PASS, NONELIMINATION ORGANS

A substance can pass through several organs from the site of
administration to the arterial circulation. If a substance is not eliminated in an
organ in this pathway, that organ would be considered a first-pass, non-
elimination organ.

The steady-state rate at which a substance enters a first-pass organ depends
on two rates: the rate at which the substance enters the organ directly from the
site of administration and the rate at which the substance enters the organ from
the arterial circulation. If none of the first-pass organs were elimination organs,
to determine the concentration of the substance entering a first-pass,
nonelimination organ, under steady-state conditions, we can write:
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Cm = [Rﬂff[mh] + Ra:e[u:r:l]u"rﬂurg = [Rarf[dbs]sx"lgurg; + cﬂ[jj]' {E)

The blood passing through the site of administration, however, may have
passed through an elimination organ before it reached the first-pass, non-
elimination organ, and some of the blood coming from the arterial circulation
may have passed through organs of elimination before it reached the first-pass,
nonelimination organ. Thus, adjustments may have to be made for both
elements governing the concentration of substance entering the organ:

Con = [Fy Rmf[m&:]m:u]"'Qarg + FoCusys (8a)

where F is the fraction of the absorbed dose that enters the organ, and F,
reflects a rather complex function that represents an effective availability,
which has been called a poly-input availability (Gillette, 1982).

As with non-first-pass, nonelimination organs, the steady-state
concentration of the substance in blood within the capillaries of the organ and in
venous blood leaving the organ is the same as that entering the organ. Thus, all
of the conclusions that were valid for non-first-pass, nonelimination organs are
also valid for first-pass, nonelimination organs, after the input concentration has
been modified. In addition, however, the term F; Rate(abs)(ss)/Qq, represents
the minimum AUC value that the substance can attain even when the clearance
by organs not contributing to F; are so large that C, is virtually negligible.
Indeed, the relative contributions of the two terms to the total steady-state
concentration represents the difference by which different routes of
administration may affect the steady-state concentration of the substance in first-
pass organs.

First-Pass, Elimination Organs

According to the well-stirred model, the steady-state concentration of the
substance in blood within the capillaries of a first-pass, elimination organ can
be described by:

Cl}ar = F::rgcfm {9}

where Cj, is described by Equation 8a.

According to the parallel tube model, the average concentration of the
substance in blood within the capillaries of the organ, however, should be
described by:

Cimy = Cp [T = FYIn (1/F)]. (9a)

ROUTE-TO-ROUTE EXTRAPOLATION

When the various pathways along which blood must pass from the various
sites of administration to the arterial circulation are considered,
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it becomes evident that the lungs are a first-pass organ by almost any route of
administration. Thus, the general equation for the steady-state concentration of
a substance in arterial blood takes the form of:

_ kP Fy

':c.ll:u] - CL [ ]-G}

CL is the total body clearance, which includes the clearance by the lung
which in turn depends on the intrinsic clearances of exhalation and metabolism,
Fyye is the fraction of the dose entering the body that enters the lung, and F is
the availability of the substance in lung. For a well-stirred model:

I{flil 'Q-:n::

FI.- = [
Qro + CLl;ex.hafarmn:l + CL[mI‘}

(10a)

where Q., is the cardiac output, and the other clearances are intrinsic
clearances of exhalation and metabolism.

The effects of various routes of administration on the steady-state
concentration of the substance in arterial blood thus depends on whether the
route of administration changes F..

Lungs and Skin Administration

When a volatile substance is inhaled and absorbed into blood in the lungs,
the value of Fp,. would be 1.0. When the same substance is absorbed through
the skin, the value of F,. depends on the fraction of the absorbed dose that
escapes metabolism in skin and enters the lungs. Usually the fraction of the
dose that is eliminated from the body by the skin by diffusion and metabolism is
assumed to be negligible, and thus, the value of Fy,. in this situation is assumed
to be 1.0. Thus, the steady-state concentration obtained by two routes of
administration (skin and lung) should be identical as long as all processes
follow first-order kinetics and equal amounts of the substance are absorbed by
the two routes of administration.

Whether an inhalation experiment provides sufficient information to
predict the steady-state concentrations in blood depends on how the experiment
is performed. Placing animals in a closed container and measuring the area
under the concentration curve of the substance in the container provides an
estimate only of the total metabolic clearance of the substance. It does not
estimate the total body clearance, because the unchanged substance passes from
the animals back into the container and thus does not measure the clearance of
exhalation. Estimation of the total body clearance requires either measurements
of the AUC in the blood of the animals or a combination of estimations of the
amount of unchanged substance that would be exhaled as well as the amount
metabolized.
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Oral Administration

When a substance is administered orally, the steady-state concentration in
arterial blood depends on where the substance is absorbed. If it is absorbed only
in the mouth, the effect on Fj,. would depend only on the fraction of the dose
that escaped metabolism in the membrane lining of the mouth, but if the
substance is absorbed in the stomach or the gastrointestinal tract (excluding
certain parts of the rectum), the value of Fy,. depends not only on the fraction of
the absorbed dose that escaped metabolism by these tissues but also by the liver,
because the venous blood draining these organs enters the portal circulation.

Biliary Excretion

Whether biliary excretion contributes to Fj,. depends on whether the
substance excreted into bile is reabsorbed. If it were completely reabsorbed,
biliary excretion would not contribute to Fj, although biliary excretion would
affect the shape of the concentration-time curve during single or repeated
administration of the substance.

Location of Organs of Elimination

The effects of different routes of administration on the steady-state
concentration of the substance in first-pass organs depends on which organs
contribute to the total body clearance of the substance. If the substance were
eliminated from the body by only one organ in the body, the steady-state
concentration of the substance in that organ would be independent of the route
of administration, even though the organ may be a first-pass organ after one
route of administration but a non-first-pass organ by another. The concentration
of the substance in first-pass, nonelimination organs, however, would still
depend on the route of administration.

The ratio of the steady-state concentrations of the substance in blood
within first-pass elimination organs becomes much more complicated when the
substance is eliminated by several organs of the body. For example, the well-
stirred model predicts that when the same amount of a substance is absorbed
and the substance is eliminated by the lungs, kidney, and liver, the ratio of the
steady-state concentrations of the substance in blood within the sinusoids of the
liver would be:

Chupoy _ 1 [1 + %EEf.Fn +Ep) + B Lo QR}EL] .
0n Ca

l:H'.1'|'[.'rr.l'|:l F.L

If the substance were eliminated from the body solely by lung and liver,
the equation would become:
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where Q,, is the cardiac output, the F' terms are extraction ratios, and the F
terms are organ availabilities.

Notice that Equation 10 does not contain any terms representing the
elimination of the substance by non-first-pass organs and Equation 11 does not
contain any terms representing the extraction of the substance by the liver.
Thus, the effects of different routes of administration on the steady-state
concentrations of a substance in an organ depend solely on the elimination of
the substance in organs other than the one under consideration.

Inspection of Equations 10 and 11 also reveals that the effects of different
routes of administration depend on the organ availabilities (i.e., the F values). It
follows, therefore, that when the apparent total body clearance, as measured by
the dose/AUC value, is considerably smaller than the slowest blood flow rates
through any organ of elimination, the value of all elimination organs is virtually
1.0 and the elimination of the substance is flow independent. Under these
conditions any difference between the AUC values observed after different
routes of administration can be attributed to differences in the fraction of the
dose that is absorbed from the site of administration or to the effects of different
rates of absorption on saturable processes of elimination.

Linear Steady-State Models for Metabolite Formation and
Elimination

The rate of formation of a metabolite in cells within an organ obviously
depends on the concentration of its precursor in the cells, and thus, the
discussion of the factors that govern the concentration of the parent substance in
the previous sections are relevant to the formation of its metabolites. The
pharmacokinetics of metabolites, however, are far more subtle and frequently
not intuitively obvious. If a metabolite were formed directly from the parent
substance in a homogenous group of cells within a single non-first-pass organ, a
linear, well-stirred, steady-state concentration of the metabolite in arterial blood
can be described by Equation 12 (Gillette, 1985; Pang and Gillette, 1979):

oM kg FFS fCLITY FY .
IR i) CLJ, CL M

(12)

where F¥ represents the fraction of the dose of the substance that enters the
arterial circulation and reaches the organ in which the metabolite is
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formed. £ fug5 is the organ availability for the substance, and f* is the unbound
fraction of the substance. CLJ;"™ is the intrinsic clearance of the enzymes that
catalyze the formation of the metabolite; FM is an availability term that
describes the fraction of the metabolite formed in the cells that leaves the cells
and eventually enters the arterial circulation; and CL® and CIM are the total
body clearances of the substance and its metabolite, respectively. In Equation
12, the terms kp ] 'Fg\rg SUCLY are those that govern the steady-state
concentration of unbound parent substance within the organ. The steady-state
rate of formation of the metabolite can be expressed by the steady-state
concentration of the unbound substance and the intrinsic clearances of the
enzymes that catalyze the formation of the metabolite. These terms also can be
expressed as the rate of infusion times the fraction of the dose that is converted
to the metabolite in the organ, F¥—4. Thus, Equation 12 can be written as:

Cﬁss] = ko Fg;;'“ FM. (12a)

This form of the equation points out the invalidity of the assumption of
many investigators that only the activity of the enzyme(s) that catalyzes the
formation of a toxic metabolite governs the steady-state concentration of the
toxic metabolite. Instead, Equation 12a demonstrates that as long as FM and
CIM remain constant, changes in the value of CLi;"™ affect the steady-state
concentration of the toxic metabolite in arterial blood only to the extent that
such changes result in changes in £ gr_g'”. Indeed, if the

formation of the metabolite were the sole mechanism of elimination of the
parent substance, Er‘,{” would be 1.0, and the steady-state concentration of the
metabolite in arterial blood would be completely independent of the activity of
the enzyme that catalyzed the formation of the metabolite, as long as the rate of
infusion did not exceed the V,,,, of the enzyme (see Figure 7).

TABLE 1 Functional Classification of Metabolites

1. Ultrashort-lived metabolites

Metabolites never leave the enzyme (suicide enzyme inhibitors).

2. Short-lived metabolites

Metabolites never leave the cell.

3. Intermediately lived metabolites

Metabolites never enter aortic blood.

4. Long-lived metabolites

Negligible amounts of metabolites excreted into air, bile, and urine.
5 Ultralong-lived metabolites

Metabolites extensively excreted into air, bile, or urine.
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Stable Metabolites

When the value of FM approaches 1.0, the general conclusions of the
relationships between the steady-state concentration of unbound substance in
blood to the concentration of unbound substance in nonelimination organs are
also applicable to the metabolite. For example, under steady-state conditions the
maximum concentration of unbound metabolite in an organ that does not
participate in either the formation or the elimination of the metabolite will never
exceed the highest concentration of the unbound metabolite in blood, and the
minimum concentration of unbound metabolite under these conditions will
always exceed the minimum concentration of metabolite in blood during a
dosage interval, unless there are ion-trapping effects or active transport systems
in the organ.

Categories of Unstable Metabolites

With many toxic metabolites, however, the value of FM may approach 0, in
which case the metabolite would be undetectable in blood. It is, therefore,
useful to devise functional categories of metabolites according to the extent to
which the metabolites can leave the enzyme that catalyzes their formation, leave
the cells in which they are generated, and leave the organ in which they are
generated (Table 1). The approaches used to study the kinetics of metabolites
that may be appropriate to one of these categories may not be appropriate for
studying another category. For example, when it can be demonstrated that a
metabolite never leaves the cells in which it was generated, the total body
clearance of the metabolite would be restricted to the cells in which the
metabolite was generated, and the investigator would focus attention on such
intracellular mechanisms. Several equations describing the kinetics of
metabolites in different categories have been devised (Gillette, 1985). Such
considerations are especially relevant in focusing attention on potential target
organs of toxic, chemically reactive metabolites. If toxic, reactive metabolites
never leave the cells in which they were formed, then the direct toxic effects
would be restricted to those cells containing the enzymes that catalyzed their
formation. Alterations in the activities of the enzymes that catalyze the
formation of the metabolite in cells of different organs thus may alter the
relative toxicities in different target organs and would be unpredictable from
pharmacokinetic studies solely of the parent substance. By contrast, the
interorgan differences in the toxicity of long-lived metabolites depend largely
on the biochemistry and physiology of the target organ.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/1015.html

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

Pharmacokinetics in Risk Assessment

DOSE, SPECIES, AND ROUTE EXTRAPOLATION: GENERAL ASPECTS 120

DOSE EXTRAPOLATIONS

Increasing the dose of a substance can have profound effects on virtually
every aspect of pharmacokinetics, including the rates and extents of absorption
from various sites of administration, the extent of reversible binding of the
substances to binding components in blood and other organs, the rates of
formation of different metabolites, and the rates of excretion of the substance
and its metabolites into bile and urine.

Unknown Biologically Active Forms

It is important to realize that when the biologically active form(s) is not
known, only the dose-dependent effects on the rate and extent of absorption can
be unequivocably related to the incidence and intensity of toxicities. It is
frequently impossible to decide whether the response will be directly
proportional to dose, greater than proportional to dose, or less than proportional
to dose when increasing doses result in the approach to saturation of various
enzymes and active transport systems. With nonlinear models the concentration
of unbound parent substance becomes proportionately greater as the dose is
increased. But the increase in the concentration of various metabolites may be
either greater or less than proportional to the dose. It is also possible that under
certain conditions the concentration of a metabolite may remain directly
proportional to the dose, even when the concentration of its precursor is not.
Under other conditions, the concentration of a metabolite may be larger or
smaller than proportional to the dose, even though the concentration of its
precursor is virtually proportional to the dose.

When pharmacokinetic studies are made a part of a toxicity study, such
discrepancies frequently aid the investigator in elucidating the biologically
active forms that cause toxicity. But without such prior knowledge, the
regulator is faced with a host of possible interpretations that are frequently
contradictory.

When considering the effects of increasing doses and concentrations of
compounds, such as enzymes, on saturable processes, many investigators focus
attention on a single enzyme, apparently without realizing that knowledge of the
Michaelis-Menten parameters of a single enzyme alone seldom, if ever,
provides sufficient information to predict either the concentration of the parent
substance or any of its metabolites.

Dose-Dependent Absorption of Insoluble Substances

According to Fick's Law of Diffusion, the rate of absorption by passive
diffusion should always be directly proportional to the concentration of
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diffusible forms of a substance, provided that the substance does not alter the
characteristics of the membrane. Most dose-dependent kinetics of absorption
occur with insoluble compounds, in which a steady state is established between
the rate of dissolution of the crystals of the substance and the rate of diffusion
across the pulmonary membranes, gastrointestinal membranes, or skin (Pang
and Gillette, 1979; Rowland and Tozer, 1980). The question then arises as to
which of these processes becomes the predominant rate-limiting step in
governing the rate of absorption. Two extreme cases are represented in
Figure 4. In the first case, the substance has a high oil/water partition ratio and
therefore would be rapidly absorbed, but the rate of absorption may be limited
by the rate of diffusion from the bulk liquid phase to the membrane interface.
Thus, the rate of absorption of a substance in the gastrointestinal tract
frequently may be limited by the motility of the gastrointestinal tract. In a well-
mixed absorption compartment, however, the rate of absorption may be limited
by the rate of dissolution of the substance from its crystalline form. In this case,
however, the rate of absorption would be dependent more on the size of crystals
and other physicochemical characteristics of the dosage preparation than on the
factors that govern Fick's Law of Diffusion.

RATE OF ABSORPTION
Which is the Rate Governing Step?

1 ot —ti) S |
i e e :ﬁw - E‘;rw
SR

Showly Absorbed Material |

55, Sasadhy stabe level of dPussbly farm when CL by other mechanisms s zero.

Figure 4
Rates of dissolution and rates of diffusion as rate-limiting steps in absorption.
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Fraction of the Dose Absorbed and Bioavailability

The fraction of the dose that is absorbed, however, depends not only on the
rate of absorption diffusion and facilitative and active transport systems, but
also the rate at which the substance is removed from the site of administration
removed by other processes.

Bioavailability and Gastrointestinal Absorption

In the gastrointestinal tract, the substance may be eliminated with the
feces. In addition, however, the substance may be unstable at pH values
occurring in the stomach, or it may be metabolized by intestinal flora and/ or
intestinal mucosa. These latter processes confuse the interpretation of
pharmacokinetic studies of metabolites, because it is frequently difficult to
determine whether a metabolite is formed in the gastrointestinal tract and then
absorbed or is absorbed and then converted to a metabolite within other organs
of the body (Rowland and Tozer, 1980).

Biliary excretion and passive diffusion from the body through the
gastrointestinal wall further complicate the interpretation of bioavailability
studies, particularly when these processes represent major contributions to the
total body clearance.

Bioavailability and Absorption Through Skin

Studies on the absorption of insoluble substances through the skin are
especially difficult to interpret and apply to risk assessment studies. Although it
might be assumed that a substance must dissolve into a liquid vehicle before it
can be absorbed, the solubility in that vehicle seldom is known. Because it is the
concentration of the substance in the vehicle as well as the partition ratio of the
substance between the vehicle and the lipoidal membrane that presumably
governs the rate of diffusion, extrapolations to different vehicles in which the
substance may dissolve to different extents would be difficult. Moreover, the
fraction of the dose that is absorbed would depend on the time at which the
substance is washed off or otherwise removed from the skin. Whatever the
actual kinetics may be, the assumption that the rate of absorption would be
directly proportional to the total amount of material suspended in the dosage
form will not always be valid.

Because the rate of absorption of substances across thin membranes is
usually directly proportional to the oil/water partition ratios, it might be
assumed that this would also be true for thick membranes, such as the skin. But
when a membrane contains several layers of cells, the substance must pass
through not only lipoidal membranes but also aqueous phases
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before it reaches the capillary beds within the membrane. When the membrane
consists of several layers, the rate of diffusion depends not only on the
diffusivity through the lipoidal layer but also the diffusivity through aqueous
layers. The rate of diffusion of substances with very high oil/ water partition
ratios, therefore, can be limited by its concentration and diffusivity through the
aqueous phases (Figure 5). Thus, there frequently is an optimum oil/water
partition ratio for absorption through thick membranes (Houston et al., 1974).

The rate of absorption through thick membranes, however, is seldom
limited by the blood flow rate through the membrane. Under conditions in
which this would likely occur, the substance simply diffuses more deeply into
the membrane and enters capillaries in the deeper regions of the membrane.
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Diffusion through thick membranes.
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Dose Dependencies in Reversible Binding of Substances to
Proteins and Other Macromolecules in Blood and Organs

Increases in the dose of a substance may result in concentrations of
unbound substances in blood and organs that approach or exceed the 1/K,
values of the various binding components in blood and the organs. Because the
effects are dependent on concentration, however, the effect is dependent on the
rate and the extent of absorption of the substance from the site of
administration, as well as the rates of distribution and elimination of the
substance.

The effects of increases in concentration on the value of the organ partition
ratio R depend on the K, values of the various binding components, the number
of binding sites with a given K, value, and the location of the binding sites.
Suppose, for example, that the sites with the highest K, value were located in
the blood, the sites with the second highest K, value were located in the tissues
of the organ, the sites with the third highest K, value were in the blood, and the
sites with the fourth highest K, value were in the tissues of the organ. As the
concentration of unbound substance is increased from a very low level, the
value of R would first increase, then decrease, then increase, and then decrease.
Because the relative distribution of binding sites within an organ may differ
with the organ, the pattern of changes may differ with the organ. Thus, as long
as the relative as well as the total number of the binding sites and their
respective K, values remain unknown, the effects of an increase in the
concentration of the substance on the value of R in various organs are
unpredictable. The situation becomes even more complex if we include
competitive binding with the metabolites of the substance. It follows, therefore,
that the effects of increasing doses on the shape of the time course of the total
concentration of the substance in various organs and blood are unpredictable.
Moreover, the relationship between the total and the unbound concentrations in
various organs varies not only as the concentration approaches the maxima in
various organs but also as the concentrations in the organs decline after the
administration of bolus doses of the substance. Thus, the time course of the
unbound concentration should be simulated separately in order to relate them to
the response.

The effects of concentration-dependent changes in the reversible binding
to blood components on the maximum, minimum, and average concentrations
of unbound substance after a steady state is achieved during repeated
administration of the substance largely depend on the influence that reversible
binding of the substance to blood components has on the rate of absorption of
the substance and the extraction ratios and location of the elimination organs. If
saturation of the binding sites decreases the rate of absorption without having
much effect on the extraction ratio of
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a first-pass organ, the maximum concentration may be less than proportional to
the dose. But if saturation of the binding sites has little influence on the rate of
absorption of the substance and markedly decreases the extraction ratio of a
first-pass organ, the maximum concentration may be greater than proportional
to the dose. Thus, the effects of saturation of binding sites to blood components
is unpredictable.

Saturation of binding sites in tissues within the organs, however, causes
greater increases than expected in the magnitude of the oscillations between the
maximum and minimum concentrations of unbound substance in the blood and
the organs during the dosage interval, which may be relevant to the magnitude
of rapid responses initiated by reversible binding to receptor sites.

DOSE-DEPENDENT CHANGES IN METABOLISM OF
SUBSTANCES AND THEIR METABOLITES

Michaelis-Menten Kinetics

When pharmacokineticists discuss the implications of dose-dependent
metabolism of substances, they usually focus attention on the -classical
Michaelis-Menten equation and note that when the concentration of the
substance approaches infinity, the rate of metabolism approaches a constant,
namely, V... But they frequently fail to emphasize the importance of other
mechanisms of elimination of the parent compound in governing the
concentration of the substance under steady-state conditions. Moreover, most
substances can be metabolized by several enzymes in the body, each one of
which has its own substrate specificity and its own set of Michaelis-Menten
parameters for any given substrate.

It may be useful for the purpose of illustration to visualize a model in
which a substance is constantly infused intravenously until a steady state is
achieved and the substance is eliminated from the body by being excreted
unchanged into urine and into exhaled air and by metabolism in the liver. In this
model, the value of f* is assumed to be 1.0 in order to preclude any
complicating effects on the clearances caused by dose-dependent, reversible
binding. The steady-state equation for such a system would be:

ko Fy

E — L] 13
4 T Cly + Clg + (Q,, — CLy — CLg) E; (13)

where Q. is the cardiac output.

If the substance were metabolized either by a single enzyme or by a group
of enzymes with the same K, value, we can write the equation for hepatic
clearances as:
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Sum V
CLy = O oy s or (14)
QH'K'H + {Su‘m Vm&xj + QH' Culr!fn]
CL
CLy = — . (14a)

DA (CL /Dy + [Conpen/ K ) 1H

where CL;, = Sum(V,,./K.,).
The term Cs) requires the solution of the quadratic equation:

Comizn = D-E[Cr'nu:] = K, |1 + {(CL,/Q}]

0.5
+ ({C.'rr[ﬁ:l - Km [] + [:E:Llrlr"rg}]}l - 4K.rrrcrn[:.1"|) ] (]4]:'}

Simulations based on these equations would indicate that when CL,,, & (],
the hepatic clearance approaches hepatic blood flow at very low values of C,,
s But when Cgy s, approaches virtual infinity, the hepatic clearance
approaches 0. Substitution of these values into Equation 13 would thus provide
an estimate of the maximum range of effects that an increase in the rate of
infusion would have on the steady-state concentration of the substance.

Studies designed to estimate only the Michaelis-Menten parameters V ..
and K, or the clearance of a single organ, however, do not provide sufficient
information to predict steady-state concentrations of a given substance in
arterial blood and other organs at different doses. The values of the clearances
of other organs that contribute to the total body clearance and dose-dependent
effects on these clearances must also be known and reported to accomplish this
objective.

Intraorgan Localization of Enzymes

Although the clearance of a substance by an organ in most cases can be
adequately described by well-stirred models, the Kkinetics describing the
formation and elimination of metabolites requires more sophisticated models
when the organ availabilities of either the parent substance or the metabolite are
small. Under such conditions the intraorgan localization of the enzymes (Baron
and Kawabata, 1983) may be important. As pointed out by G. R. Wilkinson
(this volume), the changes in liver metabolites of highly extracted substances
caused by changes in either the blood flow rate or the fraction of unbound drug
are not accurately predicted by either the well-stirred model or the parallel tube
model. Instead, the experimental availabilities are usually between the values
predicted by the two models. The parallel tube model, however, provides an
easy way of illustrating the effects of an increase in the dose (and thus the
steady-state concen
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tration of the parent substance) on the exit concentrations of metabolites formed
by different enzymes preferentially distributed in different zones of an organ
(Figure 6). For example, imagine that an enzyme (Figure 6, enzyme 1) that
formed one metabolite (M;) was localized preferentially in the periportal zone
of the liver (the proximal end of the tube) and that another enzyme (Figure 6,
enzyme 3) that formed another metabolite (M3) was localized in the pericentral
zone (the distal end of the tube). Also imagine that the intrinsic clearance of
enzyme 1 was considerably greater than the hepatic blood flow rate. When the
rate of infusion is slow, virtually all of the substance entering the liver would be
converted to M;, because very little of the substance would reach enzyme 3.
When the infusion rate is increased, however, the concentration may approach
or exceed the K, value of enzyme 1, and the available fraction reaching enzyme
3 would increase. Thus, the pattern of metabolites exiting the liver would
change as the infusion rate increased, even when the K, values of the two
enzymes are virtually identical.

If the K, values of the two enzymes differed, the effects of an increase in
the infusion rate would depend on which enzyme had the lower K, value. The
increase in the hepatic availability of the substance caused by increasing the
infusion rate would become evident at lower infusion rates when enzyme 1 has
the lower K, value than when enzyme 3 has the lower K, value. Moreover, the
shape of the changes in the relative proportions
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Idealized intraorgan distribution of enzymes.
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of the metabolite depends on which of the enzymes has the lower K, value as
both enzymes approach saturation.

The parallel tube model also predicts that the location of enzymes that
catalyze the metabolism of a metabolite affects the apparent organ availability
of the metabolite, when the intrinsic clearance of the enzyme that catalyzes the
metabolism of the metabolite greatly exceeds the hepatic blood flow. If enzyme
1 generates the metabolite and enzyme 3 metabolizes it (model 1), very little of
the metabolite would escape the liver. But if enzyme 3 generates the metabolite
and enzyme 1 metabolizes it (model 2), virtually all of the metabolite would
escape the liver. If the K, value of the enzyme that generates the formation of
the metabolite were always larger than the K, value of the enzyme that
catalyzes the metabolism of the metabolite, then an increase in the rate of
infusion would result in increases in the availability of the metabolite in model
1, but not in model 2. An increase in the rate of infusion would decrease the
hepatic clearance of the metabolite in both models.

It is unlikely that enzymes would be segregated as markedly as has been
assumed in models 1 and 2, and thus, any equation that described these events
would not be universally valid. Nevertheless, the distribution of enzymes within
organs is known to influence the availability of metabolites, although the extent
of the influence is unpredictable (Pang, 1983).

Fraction of the Dose Principle

Although many studies of toxic metabolites focus attention on the enzymes
that catalyze the formation of the toxic metabolites, it is important to realize
that any alteration in the activity of the various enzymes that catalyze the
metabolism of any of the precursors of the toxic metabolite will affect the steady-
state concentration of the toxic metabolite only to the extent that the alterations
cause a change in the fraction of the dose that is converted to the metabolite.
According to this general principle, approaches to the saturation of enzymes
that catalyze the metabolism of a precursor to innocuous metabolites are just as
important as approaches to the saturation of enzymes that catalyze the reactions
that lead to the toxic metabolites. This principle can be illustrated by
simulations of models based on Equations 12 and 13, in which a substance is
constantly infused intravenously into a rat until a steady state is achieved and
the substance is eliminated from the body by a combination of excretion
unchanged into urine and metabolism by two enzymes in the liver (Figures 7
and 8). Enzyme 1 is assumed to form a toxic metabolite, whereas enzyme 2 is
assumed to form a nontoxic metabolite. The renal clearance is assumed to be
independent of the concentration of the parent substance, and the
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Vimax and K, values of enzyme 2 are the same in all simulations; the
intrinsic clearance (V,,,,/K,,) value of enzyme 2 was set at 3.0 ml/min, which is
well below the hepatic blood flow in rats (about 25 ml per 300-g rat). Enzyme 1
is assumed to have any one of three different K, values, but the intrinsic
clearances were set at 0.3 ml/min in the three situations. The total body
clearance of the toxic metabolite is assumed to be the same in all simulations
and independent of the concentration of the metabolite. Thus, in these
simulations low infusion rates would result in the same steady-state
concentrations of the toxic metabolite, regardless of the K, value of enzyme 1.

First Set of Simulations

In this set of simulations, the renal clearance was set at 0.01 ml/min, which
is about the rate of urine formation in rats (Figure 7). Thus, the value is about
the expected renal clearance of a lipid-soluble substance that entered the
glomerular filtrate, but was reabsorbed with water during the concentration of
the filtrate. Because the sum of the intrinsic clearances of enzymes 1 and 2 was
set at 3.3 ml/min, at low infusion rates the substance is eliminated from the
body predominantly by metabolism in the liver.

Enzyme 1 K, Equals Enzyme 2 K,

In simulation B (Figure 7), the K, of enzyme 1 is set at the same K, as
enzyme 2. In this situation the effects of an increase in the infusion rates on the
rates of formation of the metabolites formed by the two enzymes would be
identical. The increase in the steady-state concentration of the metabolite
remains virtually directly proportional to the rate of infusion until the rate of
infusion approaches the sum of the V,,, values of the two enzymes (see
Gillette, 1986; O'Flaherty, 1986). This follows from the definition of a steady
state; i.e., the rate of elimination of the substance must equal the rate of
infusion. Because in this particular model the rate of elimination is
predominantly due to metabolism of the substance up to an infusion rate that
equals the sum of the V., values, the substance simply accumulates in the
animal until it reaches a concentration at which the rate of elimination by the
combination of metabolism and excretion equals the rate of infusion. The
fraction of the dose that is converted to the toxic metabolite over this range of
infusion rates, however, would remain virtually constant; and therefore, the
steady-state concentrations of metabolites 1 and 2 would be directly
proportional to the rate of infusion.

Most of the increase in the steady-state concentration of the precursor
occurs within a relatively small range of infusion rates. The equation V,,,./
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(K +f* S), which defines the effective CL;,;, predicts that as the concentration
of unbound substance increases from very low values up to a value equal to the
K., the value of the effective CL;, decreases by 50%. If the total body
clearance were governed solely by the enzyme, we can calculate that an
infusion rate equal to 50% of the V,,, value of the enzyme would result in a
steady-state concentration of the substance that would be only double that
predicted by the relationship ky/(V./Kn). When the clearances by other routes
of elimination are very small compared with V,,,./K,, values of the enzymes,
however, the steady-state concentration of the substance would approach values
predicted by ky/CL when the infusion rates exceed the V., value of the
enzyme. Thus, only a doubling of the infusion rate would be required to go
from 0.5 V.« to V.. Such large increases in the concentration of the parent
substance probably would result in toxic effects of the parent substance rather
than a delayed toxicity of the metabolite. The narrowness of the dosage range,
however, implies the existence of a virtual dose threshold.

This discussion should not be construed as indicating that the
concentration of a substance administered repetitively may never be severalfold
larger than the K, value of the dominant enzyme during the dosage interval
under steady-state conditions. For example, if a substance were injected into a
one-compartment model repeatedly until a steady state were achieved, the
following equation based on the integrated form of the Michaelis-Menten
equation can be written,

Vigar T Ka
—_— =] + —
(Dm&h)ﬁ ey (15
in which:
Cs: = [I:EU - C:‘."fln {Cﬂ"rc'r]]nl “-53-}

where C, is the concentration of the substance immediately after the
injection of the substance at the beginning of the dosage interval, and C, is the
concentration of the substance at the end of the dosage interval under steady-
state conditions.

Thus, as long as (Dase/T) < V.. 7T, the system theoretically can attain a
steady state regardless of the dosage interval and the volumes of distribution
that relate the amount of the substance in the compartment to the concentrations
of the substance. The equation is not valid for multi-compartment systems, and
thus, iterative approaches would be needed to simulate not only the approach to
steady states but also the concentration changes within a dosage interval.
Nevertheless, Equation 15 may be useful for estimating a range of permissible
dosage schedules in toxicity studies from in vitro estimates of V_,, and K,
values. Caution should be used, however, because the estimates of V,,, and K,
obtained in vitro do not
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always reflect the V., and K, values in vivo and because the in vivo V,,, and
K, values may change during the course of the study. When the
pharmacokinetic study is not an integral part of the toxicity study, even greater
caution should be used in interpreting the results. Differences in the V,,,, values
between the groups of animals in either enzymes 1 or 2 that changed the Sum
Vimax value would affect the dose-response curve whether the toxicity was
caused by the parent substance or a metabolite of enzyme 1, because such
differences could result in a change in the proportion of the dose that was
metabolized by the enzymes and would affect the dose at which the steady-state
concentration of the substance would no longer be linearly related to the dose.
Differences in the V., value in enzyme 2 without proportional increases in
enzyme 2 would also affect the dose-response curve of a toxicity caused by a
metabolite of enzyme 1.

In simulation A (Figure 7) the K, value of enzyme 1 was set at 0.01 mM,
an order of magnitude below that of enzyme 2. Thus, the steady-state rate of
formation would approach V,,,, (enzyme 1) at rather low rates of infusion. With
further increases in the rate of infusion, the fraction of the dose converted to the
toxic metabolite would be decreased, but the value of F¥*M would tend to
decline linearly until V,, (enzyme 2) was reached and then would decline
rapidly with further increases in the infusion rate. In such situations, it would
obviously be better to focus attention on the value of V,,,, (enzyme 1) and to
ignore the variations in the relationships between the rate of synthesis of the
toxic metabolite and the dose.

When the pharmacokinetic studies are an integral part of the toxicity, it
may be possible to distinguish between toxicities caused by the metabolites of
enzyme 1, enzyme 2, and the parent substance. The maximum concentration
and thus, possibly, the maximum intensity of the toxicity caused by a metabolite
of enzyme 1 would occur well below the K, value of enzyme 2. By contrast, the
intensity of a toxicity caused by a metabolite of enzyme 2 may be proportional
to the dose, and the dose-intensity relationship of a toxicity caused by the parent
substance may be very sharp and appear to have a dose threshold. When the
pharmacokinetic studies are not a part of the toxicity studies and the toxic form
is unknown, such issues become clouded and risk estimators would not know
which pharmacokinetic parameters should be used in their calculations.
Moreover, they could be led to the wrong conclusion if the pharmacokinetic
studies were focused only on the parent substance.

In simulation C, the V,,,, of enzyme 1 equals that of enzyme 2, but the K,
of enzyme 1 is an order of magnitude larger than that of enzyme 2. With
increasing rates of infusion, the steady-state concentration of the metabolite of
enzyme 1 would deviate from a linear relationship, but would
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approach an asymptote up to a rate of infusion that equalled the sum of the V.,
values of the two enzymes. By contrast, the steady-state concentration of the
parent substance would approach concentrations governed by ky/CL more
gradually than in simulations A and B. Thus, as the perfusion rate is increased,
the fraction of the dose converted to a metabolite by enzyme 1 increases until
the V,.x of enzyme 1 is reached and then decreases. Thus, attempts to relate the
toxicity to any of the forms of the toxicant would be difficult.

Second Set of Simulations

For the simulations shown in Figure 8, the clearance for the excretion of
unchanged substance into urine (or air) was increased to 10 ml/min. This is
about what would be expected for the clearance of a polar substance that is
excreted by an active transport system in kidneys, but for the purpose of
illustration it has been assumed that an increase in the infusion rate would not
affect the clearance of the unchanged substance. The V,,, and K, values for
enzyme 1 and enzyme 2 were identical to those used in the simulations shown
in Figure 7. In this set of simulations, the maximal fraction of the dose that
undergoes metabolism by the two enzymes at low infusion rates would be about
25% and would decrease as the infusion rates were increased in all three
simulations. As a result the steady-state concentrations of the parent substance
are virtually proportional to the infusion rates regardless of the degree of
saturation of the enzymes. Although an increase in the renal clearance does not
significantly change the shape of curve A, the steady-state rate of infusion
required to achieve the V.. of enzyme 1 is significantly larger in Figure 8.
Moreover, the shapes of curves B and C as well as the rates of infusions
required to achieve V,,, values of enzymes 1 and 2 are changed.

From comparisons of the simulations in Figures 7 and 8, it should be
obvious that studies of the kinetic parameters of all processes of elimination of
the substance and its biologically active metabolites are needed to predict their
steady-state concentrations. Knowledge of the kinetic parameters of enzymes
without knowledge of the clearance by other pathways of elimination of the
parent substance is also necessary. Pharmacokinetic studies that do not provide
such information in a readily understandable form are thus virtually
uninterpretable and largely useless to the risk assessor.

Concentration-Dependent Metabolite Elimination

An increase in the rate of infusion of a substance may also result in dose-
dependent elimination of a metabolite and thereby affect the steady-
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state concentration of the metabolite. For example, if the metabolite were
eliminated from the body predominately by an enzyme with a smaller K, value
than that of the enzyme that catalyzed its formation, the steady-state
concentration of the metabolite would increase. When the metabolite is formed
and eliminated by different enzymes, the maximum extent to which the steady-
state concentration of the metabolite can increase depends on the clearance
values of other pathways of elimination of the metabolite. Indeed, relationships
can be written as:

[M]5e = ViaMITIVEL O IM]5™) + CLG), (16)

which can be solved by a quadratic equation. Without an alternative
pathway of elimination, a steady state would not be achievable when the rate of
formation of the metabolite exceeds Vﬁ:n , and the concentration of the
metabolite would increase to infinity.

If the metabolite were formed and eliminated by the same enzyme,
however, a steady state could be achievable, because the parent substance and
the metabolite would serve as mutual competitive inhibitors as the steady-state
concentration of the substance is increased. If the metabolite were eliminated
solely by the enzyme, the steady-state concentration of the metabolite can be
predicted by the equation:

[(M1if [STs = (Vinar/ Ko )™M (V3 TR )M 0 (17)

Thus, the steady-state concentration of the metabolite would be directly
proportional to the steady-state concentration of the substance regardless of the
infusion rate of the substance. But because the metabolite serves as a
competitive inhibitor of the metabolism of the parent substance, it affects the
relationship between the steady-state concentration of the parent substance and
the rate of infusion.

Dose-Dependent Cofactor Depletion

Although most simulations of dose-dependent kinetics utilize a simplistic
form of the Michaelis-Menten equation, in which both V., and K|, are viewed
as constants, it is important to realize that there are many different enzyme
mechanisms. Equations that relate the rate of metabolism to the substrate
concentration for some of these mechanisms may contain terms in which the
substrate concentration is raised to the second or even greater powers, but
fortunately, these mechanisms are rarely encountered in the metabolism of
foreign substances. It is important, however, to realize that the concentrations of
cofactors within cells may limit the rates of metabolism of foreign compounds.
In such instances, the kinetics of the processes that govern the concentration of
the cofactors within cells can play a dominant role.
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In many enzyme mechanisms, the relationship between the rate of
metabolism of a substrate and the concentration of the cofactor in the immediate
environment of the enzyme can be expressed by the following Michaelis-

Menten equation:
EKk
( K K(C) )[51
Ky + Ks[C] _ ViulS]

K, + Ks[C) K+ (ST
(m ¥ Kﬁ[ﬂ) il

Rate¥™¥ = (18)

where E, is the total amount of enzyme; K, K, K3, K4, and Kj are ratios of
sets of rate constants, the meanings of which vary with the mechanism of the
enzyme; and k is a first-order rate constant.

Inspection of Equation 18 reveals that the simple Michaelis-Menten
equation would be valid only when either of two situations occur: (1) The rate
of metabolism of substrate may change [C] but the value of [C]K; is always
much greater than that of K,, and the value of [C]Kj is always much greater
than that of K. In this situation the rate of metabolism would be virtually
independent of [C]. (2) The rate of metabolism of the substrate does not
perceptibly change [C].

It is evident, therefore, that the validity of the simple form of the Michaelis-
Menten equation depends on the kinetics of the mechanisms that govern the
concentration of the cofactor within cells.

In the absence of the foreign substance, the amount of a cofactor is
presumably governed by its rate of synthesis from endogenous precursors
{Pre k"C} the rate at which the cofactor is converted back to its precursors
(V.[C],, k“7#¢) | and the rate at which it is consumed by other endogenous
reactions in the cells (V.[C], k7" . If the amount of the cofactor can be
assumed to remain in a virtual steady state, the equation can be written as:

Pre fpreC

VelClis = oo 5 =0

(19)

where V is the volume of distribution of the cofactor.

Immediately after the injection of the foreign compound, however, the rate
of change in the concentration of the cofactor can be written as:

V. C " .

a Pre krr™C — V[C] (k57 4+ k570 — Rare™M,  (20)

where RgpeH is defined by equation 18.

Integration of Equation 20 can be performed only by an iterative
procedure, but it describes the approach to a virtual steady state, after which
time:
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Pre fpreC
v [C}H' = C—tpre C—0 [T - E?U’d:l
kCTPre 4k + (Rare”"V_[C],)
Inspection of this equation reveals that when
ke 4 k0= Rare™ ™V [Cl,, , simulations based on the simple
Michaelis-Menten equation are valid. But when

kemere 4+ kO0 = Rared MV [C],,, the rate of metabolism is governed by the
rate of synthesis of the precursor.

Studies of acetaminophen metabolism performed in various laboratories
have demonstrated that the rates of formation of all three major metabolites of
the drug may be governed by dose-dependent cofactor depletion. The formation
of acetaminophen sulfate may be limited by the cofactor phospho-adenosyl-
phospho sulfate (PAPS), and ultimately on the total body pool of sulfate
(Galinsky and Levy, 1981; Hjelle et al., 1985; Levy et al., 1982). The formation
of acetaminophen glucuronide may be limited by uridine diphosphate
glucuronate (UDPGA) (Hjelle et al., 1985; Jollow et al., 1982; Price and Jollow,
1982, 1984), and ultimately on the processes that govern intracellular uridine
triphosphate (UTP) and glucose concentrations. Acetaminophen is also
converted to N-acetyl imidoquinone, which reacts both enzymatically and
nonenzymatically with glutathione (Mitchell et al., 1973). The rate of formation
of the glutathione conjugate thus may be limited by glutathione. Since the
hepatotoxicity caused by acetaminophen is thought to be mediated by N-acetyl
imidoquinone (Mitchell et al., 1973), it is noteworthy that dose-dependent
depletion of cofactors for all three reactions would tend to increase the virtual
steady-state concentration of the toxic form of the drug.

Suicide Inhibitors

Occasionally a substance is converted to a metabolite that never leaves the
enzyme that catalyzes its formation and thereby causes virtual irreversible
inhibition of the enzyme. Among the substrates that inactivate enzyme by this
mechanism are many cholinesterase and monoamine oxidase inhibitors. A
general equation that describes this kind of inhibitor is:

dE _ . kFfS]
o k& E(kE + ra -I—f“[S])’ (20

where ki is the steady-state rate of synthesis of the enzyme, E is amount of
active enzyme at any given time, kg is the first-order rate constant that governs
the normal catabolism of the enzyme, k. is the catalytic constant of the enzyme,
and F is the fraction of the metabolite that results in the inactivation of the
enzyme. The kinetics of inactivation depend on the processes that govern the
concentration of the precursor substance. Thus,
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the factors that govern the amount of active enzyme at any given time
frequently are complex and are best estimated by iterative procedures rather
than integral calculus. In certain situations, however, solutions may be obtained
by integral calculus. For example, if f'[S] were held constant, the following
equation can be written:

E, = [k§ik] + [Ep — (kfik)] e, (21a)
where E| is the initial amount of active enzyme, and
k Ffus],
ko= ky + o m (21b)
£ K+ fUS),

Inspection of Equation 21 a reveals that the approach to the new steady
state should be first order and that at the new steady state the amount of active
enzyme should equal kf/k. Moreover, provided that the rate of synthesis of the
enzyme does not change, the effectiveness of the suicide inhibitor can be
estimated from the relationship E /Eq = kg/k.

In cell-free systems, there presumably would be neither synthesis nor
catabolism of the enzymes. Moreover, the value of [S] can be held constant.
Thus, under these conditions Equation 21 can be modified to:

dE _ EKFIS],,

= , 21
@i~ Kn+ 5], (1)
which may be integrated to:
E = Eye —thw..-nr1
where,
kSIS
Kinaer = 5 S, G

Thus, the amount of active enzyme decreases exponentially, but the rate
constant depends on [S],. Plots of 1/k(;,..) versus 1/[S]s, however, provide
estimates of the relationships between k., F, and K, i.e.:

1 K.,
l'lrk[r'.ﬂafﬂl = EF (I + [S_]s:) (21e)

Under another set of conditions in which (1) most of the precursor of the
suicide inhibitor is eliminated from the body predominantly by a mechanism
other than metabolism by the inhibitable enzyme, (2) the elimination of the
precursor can be described by a linear one-compartment system, (3) both kf and
kg are negligible during the elimination of the precursor from the body, the
approximate amount of active enzyme may be estimated by:
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k. F fe[Slge b + K,
In (E/Eq) = ( ) Jn( , (21f)
ko fU18ly + Ky

where kg is the first-order elimination constant and [Sp] is the initial
concentration of the precursor.

If the value of Sy < K, however, the approximate amount of active
enzyme may be estimated by:

k. F
In (Ey/E) = % | AUC,, [y @ig)
LU}

In Equation 21g, the precursor need not be restricted to a single
compartment.

Equation 21g permits direct comparisons between in vivo and in vitro
values, because k.F/K,, can be estimated in vitro from Equation 21e.

SPECIES-TO-SPECIES EXTRAPOLATIONS

It may be useful to describe categories of the various factors that govern
the pharmacokinetics of substances and their biologically active metabolites
according to the extent to which we believe they would contribute to differences
between individuals in the human population and to differences between
experimental animals and subpopulations of human beings.

Extrapolations in the Absorption of Substances

Some of the factors that govern the pharmacokinetics of a substance and its
metabolites are dependent predominantly on the physical chemical
characteristics of the substances and the physiological characteristics of
animals. For example, the rates of absorption of a substance may be dependent
on its solubility, the rates of dissolution of the dosage form of the substance,
and the lipid/aqueous buffer partition ratio. In the gastrointestinal tract, the
extent of absorption may be limited by the residence time of the substance in
the tract. Although the residence time may be affected by species differences in
the length of the intestines, it is frequently governed to a greater extent by either
diarrhea or constipation and to differences in binding to constituents in food and
the gastrointestinal motility. Indeed, the extent of absorption of a substance in a
given individual may vary markedly from day to day, depending on the times at
which the substance is swallowed and the meal is eaten, as well as on the
composition of the meal.

Some substances are unstable under the acidic conditions that exist in the
stomach or, as in the case of nitrite, react with other substances to
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form precursors of mutagens. Other substances are metabolized by bacterial
flora that either inactivate the parent substance or convert the substance to
biologically active metabolites. Daily changes in the relative residence times of
such substances in the stomach, the small intestine, and the large intestine can
result in marked daily differences in the extent to which these reactions can
occur in an individual. Moreover, there are species and perhaps individual
differences in the intestinal flora (Drasar et al., 1970). The extent to which
various reactions occur within the intestines thus can vary with the species. But
the extent to which metabolism by intestinal flora would contribute to
differences in formation of toxic metabolites also depends on the consumption
of antibiotics.

Extrapolations of Interorgan Distribution of Substances

As pointed out above, most pharmacokineticists who use physiologically
based pharmacokinetic models assume that a substance entering an organ is
distributed virtually instantaneously and that equilibration of the substance
between that in blood and that within nonelimination organs is governed solely
by the blood flow rate and the partition ratio between the total concentration of
the substance and the total concentration in blood, i.e., R. Although models in
which this assumption has been used have been surprisingly successful in
predicting the time course of substances in various organs, various tests of the
assumption suggest that the proportionality with blood flow rates through
slowly equilibrating organs is really an indirect measure of other phenomena
that govern the distribution of the substance. Indeed, if the assumption were
entirely valid, then venous blood taken from the arms of human subjects should
reflect the concentration of the substance in the muscles of the arms and hands
rather than the concentration in arterial blood, assuming, of course, that the
arteriovenous shunts in muscles are virtually nonfunctional. The findings that
the concentrations of substances in venous blood are reasonably good
estimators of the concentrations of substances in central compartments thus
raise doubts concerning the validity of the assumption. Moreover, the
assumption predicts that vigorous exercise, which results not only in an increase
in cardiac output but also in a shift in the relative rates of blood flow to muscles
and vital organs, should markedly hasten the entrance of substances into
muscles. But whether exercise does change the pharmacokinetics of drugs to the
extent that would be expected is questionable. By contrast, it has been
suggested that changes in the hepatic blood flow caused by drugs or meals can
affect the bioavailability of highly extracted drugs. Regardless of what governs
the distribution of substances into slowly equilibrating nonelimination organs,
the fact that the kinetics appear to be related to baseline blood flow rates
through such
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organs suggests that some allometric extrapolations between animal species
may be valid.

Valid and Invalid Extrapolations of Allometric Methods

In most instances, there are little interspecies differences in the gross
composition of individual organs. Therefore, as long as the tissue to blood
partition ratios in any given organ depend predominantly on the partition of
substances between cell water and neutral fat in adipocytes and on reversible
binding to various components in an organ and blood, it seems likely that little
difference in the partition ratios of different organs will be found between
different animal species. When the partition ratio is markedly affected by the
presence of active transport systems and/or the presence of metabolic enzymes,
however, the validity of the assumption that allometric methods provide
accurate extrapolations is less certain. In most instances, the organs in which
such active transport systems and metabolic enzymes exist are usually small
and therefore usually make only minor contributions to the total body volume of
distribution of the substance. But clearly, the presence of active transport
systems in certain cells within an organ can govern which cells are at risk.
Indeed, much of the tissue specificity in the toxicity of paraquat is thought to be
due in part to the transport systems in certain lung cells (Rose et al., 1976).

Relevance and Irrelevance of Distributional Rate Constants

Because tissue to blood partition ratios are components of the rate
constants that describe the entrance and exit of substances in nonelimination
organs, they can have a profound influence on the time course of the substance
in different organs after a single administration of the substance. Indeed, some
substances may have remarkably long half-lives in the body, even when the
hepatic clearance approaches hepatic blood flow, because the partition ratios in
many of the organs are very high. Moreover, the combination of blood flow and
partition ratios can have a profound influence on the approach to steady state
during repeated administration of the substance. After a steady state is achieved
and the substance is withdrawn, the time required for the substance to be
virtually eliminated from the body also depends on the half-life of the terminal
phase of elimination. When the investigator is primarily concerned with these
phases of the time course of the concentration of a substance and its
metabolites, then knowledge of the values of the organ to blood partition ratios
are important. In these instances it is important to establish the validity of
allometric approaches of extrapolating the value of the blood flow rates and the
values of Rorgansblood Fatios from species to species.
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When investigators are primarily concerned with studies in which the
substance and its biologically active metabolites are in steady states during most
of the time of the study, however, knowledge of the blood flow rates and the
Rorganblood Values may diminish in importance. Under steady-state conditions,
species differences in the Rorganmpiood ratios govern the magnitude of the
oscillations between the maximum and minimum concentration of unbound
substance in organs; the larger the values of Rigunpiood the smaller the
magnitude of the oscillation. Moreover, species differences in the VR gunmiood
ratios, particularly in rapidly equilibrating organs, affect the magnitude of the
oscillations in the maximum and minimum concentrations of unbound
substance in blood. But the magnitude of the oscillations affects the average
concentration of unbound substance in nonelimination organs only to the extent
that they affect the clearance (CL) and the availability values of the organs of
elimination.

SPECIES DIFFERENCES IN THE ELIMINATION OF
FOREIGN COMPOUNDS

To the extent that species differences in the magnitude of toxicities are due
to pharmacokinetic factors, it is likely that most differences are due to factors
that govern the total body clearances of substances and the formation and
elimination of biologically active metabolites.

Elimination by Excretion into Urine, Air, and Bile

To the extent that substances are excreted unchanged from the body by
processes that depend predominantly on physiological processes of animals and
the physical chemical characteristics of the substance, it seems likely that
allometric methods for extrapolating from one species to another provide
reasonably valid results. For example, substances eliminated into exhaled air are
governed predominantly by the air/water partition ratio of the substance, the
total volume of distribution, the rate of respiration, and the cardiac output
(McDougal et al., 1986). Excretion of unbound substances into urine is
frequently governed predominantly by the glomerular filtration rate and the
lipid solubility of the substance.

Substances that are actively transported into bile (Smith, 1973) and urine,
however, are subject to marked species differences; but the rates of excretion of
many of these substances may be limited by the renal and hepatic blood flow
rates. When this occurs species differences may appear to be related when
allometric methods are used to estimate blood flow rates. When the rate of
elimination of substances by the liver is limited by the blood flow rate,
however, care should be used in the interpretation of extrapolations based on
allometric methods. In such situations, the
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terminal half-life of the substance may appear to be predicted by the allometric
methods, but there still may be marked species differences in the bioavailability
of substances administered orally that may not be predicted by the allometric
methods.

Elimination by Metabolism

It is doubtful that allometric methods are universally valid for predicting
species differences in the metabolism of foreign compounds, because there can
be marked differences in the metabolism of foreign compounds even between
individuals and strains of the same species. Before discussing species
differences in metabolism, it is useful to discuss factors that contribute to these
intraspecies differences. Despite the emphasis that pharmacokineticists place on
flow-limited metabolism, it is important to realize that the metabolism of most
foreign compounds is slow compared with the blood flow rates. Thus, Rygan
blood, I in blood, or blood flow rates may be largely irrelevant to discussions of
the species differences in pharmacokinetic factors that contribute to species
differences in the toxicities of substances that are administered repetitively to
test animals during toxicity studies lasting several weeks or months.

Individuals and Strain Differences in Metabolism of Foreign Compounds

During the past three decades, it has become obvious that foreign
compounds are seldom metabolized in the body by a single enzyme. Many
compounds are metabolized by combinations of reactions, such as oxidation,
dehydrogenation, hydrolysis, sulfation, glucuronidation, and glutathionyl
conjugation reactions. Each of these general reactions can be catalyzed by
several different enzymes. Indeed, several isozymes catalyze the transfer of
sulfate from PAPS to phenols and alcohols (Jakoby et al., 1980); several
catalyze the transfer of glucuronic acid from UDPGA to phenols and alcohols
(Burchell et al., 1985); several catalyze the transfer of glutathione to various
kinds of foreign compounds (Jakoby et al., 1980); and several catalyze the
hydrolysis of esters and amides (Heymann, 1980). Even the term cytochrome
P-450 is now known to represent at least nine different isozymes in rat liver
(Levin et al., 1985). Each of the isozymes of the different categories of enzymes
has its own substrate specificity. Some of the isozymes are highly specific and
catalyze the metabolism of only a few substances, but others catalyze the
metabolism of many different substrates. For each substrate, each isozyme has
its own set of rate constants that govern the apparent V. and K, values. A
substrate can be metabolized by several different enzymes and isozymes that
may or

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/1015.html

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

Pharmacokinetics in Risk Assessment

DOSE, SPECIES, AND ROUTE EXTRAPOLATION: GENERAL ASPECTS 144

may not have similar apparent K, values. Each isozyme can form several
metabolites from a given substrate, but the relative rates of formation of the
metabolites may differ with the isozyme. In some instances, the pattern of
metabolites formed by different isozymes is virtually identical; in other
instances, it is markedly different.

Isozymes with Different Km Values

The total rate of metabolism at any given concentration of a substrate
within cells is governed not only by the amounts of the various isozymes that
are able to metabolize the substrate but also by their apparent K, values. For
example, the 7-hydroxylation of 2-acetylaminofluorene in rabbit liver
microsomes is catalyzed by at least two isozymes with K, values of 0.5 and 147
uM (Thorgeirsson, 1985). Thus, the relative contributions of the various
isozymes to the total metabolism of the substrate may vary with the substrate
concentration. At high substrate concentrations, the rate may be governed
predominantly by isozymes with large V., and K, values, whereas at low
substrate concentrations the rate may be governed predominantly by isozymes
with low V. and K, values. The presence of such enzymes is frequently
difficult to detect from in vivo pharmacokinetic studies, especially when the
studies are interrupted before the concentrations of unbound substance have not
declined to levels below the K, values of the high-affinity enzymes.

Sex Differences

The amounts of many of the isozymes in various organs are under
hormonal control. For example, the amounts of some isozymes of cytochrome
P-450 may be altered by the administration of growth hormone (Gustafsson et
al., 1985), testosterone, or estradiol. Thus, the relative distribution of the
cytochrome P-450 isozymes (at least in rat liver) changes as the animals mature
and results in marked sex differences in the metabolism of some compounds but
not in others.

Inducers

The amounts of some isozymes may also be changed by foreign
compounds entering the body from the environment. Many foreign compounds
increase the amounts of some isozymes (Conney, 1982) but decrease the
amounts of others, presumably by interacting either directly or indirectly with
regulatory genes. Different inducers affect different regulatory genes and thus
may cause increases and decreases in several isozymes, but the changes in the
amounts of different isozymes vary with the inducer (Thomas
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et al., 1986). There are strain differences not only in structural genes that govern
the amino acid sequence of the various isozymes but also in regulatory genes.
Thus, at a given dose, an inducer may cause marked alterations in the pattern of
isozymes in one strain of animals but not in another.

Interorgan Differences in Metabolism

Although liver is rightly considered the major organ involved in the
metabolism of most foreign compounds, drug-metabolizing enzymes, including
isozymes of cytochrome P-450, are also present in other organs. However, the
relative distribution of the isozymes varies with the organ. For example, 4-
ipomeanol, a substance produced in moldy sweet potatoes that causes lethal
pulmonary injury in cattle, rats, mice, and hamsters, is converted to a toxic
metabolite in the Clara cells in rat lungs (Boyd, 1980) by an isozyme(s) that has
a K, value about one-tenth that of the predominant isozyme(s) in rat liver that
catalyzes the formation of the metabolite in rat liver (Boyd et al., 1978).
Moreover, inducers generally alter the isozymes in different organs to different
extents. For example, pretreatment of rats with 3-methylcholanthrene increases
the rate of formation of the toxic metabolite of ipomeanol in liver microsomes,
but not that in lung microsomes. As a result, liver becomes a target organ, but
the toxicity in lung is diminished (Boyd, 1980). Nevertheless, 3-
methylcholanthrene does increase the amount of some of the isozymes in
extrahepatic organs. For example, pretreatment of rats with 3-
methylcholanthrene increases the rate of metabolism of 3,4-benzo(a)pyrene by
microsomes of many organs, including intestinal mucosa and lung. By contrast,
pretreatment of rats with phenobarbital also increases the activity of the
isozymes that catalyze the formation of the toxic metabolite of ipomeanol in
liver microsomes, but not the isozymes that catalyze its formation in lung. But,
because pretreatment with phenobarbital causes an even greater increase in the
glucuronidation of ipomeanol in vivo, it decreases the amount of metabolite
formed in both liver and lung and thus decreases the toxicity in lung, while the
liver remains unaffected.

Interstrain Differences

Interstrain differences in the relative amounts of various isozymes may
result in either small or large differences in rates of metabolism, depending on
the substrate and the animal species. In rats and mice interstrain differences in
the metabolism of several substrates, such as hexobarbital, aminopyrine, and
acetanilide, by liver microsomes appear to be between two-and threefold (Testa
and Jenner, 1976). Whether this would be true
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for all substrates, however, is open to debate. Within a group of eight strains of
rabbits, the metabolism of hexobarbital, aminopyrine, and aniline by liver
microsomes also varied between two-and threefold, but there was a 20-fold
interstrain difference in the metabolism of amphetamine.

Polymorphisms in Animals

A given kind of metabolite of some substances may be formed
predominantly by a single enzyme in the body. When this occurs a change in a
structural gene would cause the synthesis of a different allozyme that may or
may not have marked differences in the metabolism of the substrate. On one
hand, purification of certain allozymes of cytochrome P-450 have virtually
identical kinetic characteristics. But on the other hand, allozymes of N-
acetyltransferase, which catalyzes the acetylation of many drugs and other
foreign compounds, have been isolated from phenotypically different rabbits
and have been found to have markedly different kinetic characteristics (Andres
and Weber, 1986). The V., values of the allozyme isolated from slow
acetylators (rr) for both p-aminobenzoic acid and procainamide were an order
of magnitude below the V. values of the allozyme isolated from fast
acetylators (RR). But the K, value of the rr allozyme for p-aminobenzoic acid
was also about an order of magnitude smaller than that of the RR allozyme,
whereas the K, value of the rr allozyme for procaine amide was double that of
the RR allozyme. Thus, the intrinsic clearances (V,,,/K,,) of the two allozymes
were only slightly different for p-aminobenzoic acid but markedly different for
procainamide. There is therefore little difference between the phenotypes in the
acetylation of p-aminobenzoic acid in vivo, but more than an order of
magnitude difference in the acetylation of procainamide.

Polymorphisms and Environmental Differences in Humans

A combination of environmental and genetic polymorphisms are known to
contribute to the individual variability in the metabolism of foreign compounds
in humans. For example, smoking and consumption of certain vegetables and
open-fire-broiled meat are known to alter the metabolism of many foreign
compounds (Conney et al., 1980; Kappas et al., 1977). Moreover,
polymorphisms are also known to exist (Kalow, 1962); those associated with
the acetylation of arylamines, the hydrolysis of succinyl choline and paroxon,
and the hydroxylation of debrisoquine (Smith, 1985) have been the most
extensively studied. There is also suggestive evidence of other polymorphisms
in the human population in the metabolism of
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foreign compounds, but these have been less well documented. The
combination of both environmental and genetic differences undoubtedly
accounts for the observation by clinicians that individual differences in drug
metabolism can range from 4- to 40-fold, depending on the drug (Sjoqvist et al.,
1976; Vesell and Penno, 1983). In fact, the debrisoquine polymorphism has
been reported to cause as much as a 300-fold difference in the hydroxylation of
debrisoquine and quanoxan between two scientists in the same laboratory (Idle,
1980). The variance in metabolism can be even greater in extrahepatic tissues;
placentas from a group of women, composed of both smokers and nonsmokers,
had as much as a 400-fold difference in the rates of metabolism of benzo( a)
pyrene (Conney, 1982).

Interspecies Differences in the Metabolism of Foreign
Compounds

Over the past several decades there has been a plethora of studies of the
metabolism of foreign compounds in various animal species. But there does not
appear to be any consistent relationship that would justify the assumption that
species differences can always be related by allometric methods. The half-lives
of some drugs are longer in humans than in rats, which would tend to support
the concept that allometric methods might be useful in making such
extrapolations. But the half-lives of other drugs are virtually identical in rats
and humans in other studies, and the half-lives of still other drugs are longer in
rats than in humans (Smith and Caldwell, 1977).

Species differences in the pattern of metabolites excreted into urine are
even more extensive. For example, in a literature survey in which the patterns
of the urinary metabolites of 23 compounds excreted by rats and humans were
compared, only four patterns were considered sufficiently similar to rate a good
correlation, whereas eight patterns were considered completely different (Smith
and Caldwell, 1977).

When the toxicity of a substance is caused by a minor pathway of
metabolism, studies of pharmacokinetic parameters and the pattern of urinary
metabolism may not always provide sufficient information to predict toxicities.
For example, at doses of acetaminophen that cause hepatotoxicity in mice, but
not in Sprague-Dawley rats, there are such small differences in both the half-life
of the drug and the pattern of its urinary metabolites that it would have been
difficult to conclude from those data alone that the species difference in toxicity
was due to differences in the metabolism (Gillette, 1977). Other studies,
including the measurements of declines in glutathione concentrations and
covalent binding to hepatic proteins, were needed to reveal the relevant species
differences in metabolism that caused the species differences in toxicity
(Mitchell et al., 1973; Potter et al., 1974).
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There also may be species differences in the effects of inducers. For
example, pretreatment of mice with phenobarbital increases the hepatotoxicity
of acetaminophen by causing a preferential increase in the formation of the
chemically reactive metabolite, but pretreatment of hamsters with phenobarbital
decreases the hepatotoxicity of acetaminophen by preferentially accelerating the
glucuronidation of the drug (Gillette, 1977). Thus, it is not always possible to
extrapolate the effects of inducers from one species to another.

Molecular biologists have begun to classify the isozymes of cytochrome
P-450 according to the degree of similarity in their amino acid sequences.
Isozymes having less than 36% homology are considered to represent different
families. According to this classification there are at least eight families of
cytochrome P-450 isozymes in mammals (Nebert et al., in press). Within each
family there may be several subfamilies. Whether a given inducer increases the
synthesis of the same family of isozymes, or whether it even increases all of the
members of the same family, has not yet been established. But it is clear that
allozymes in different animal species and the isozymes induced in the different
species do not necessarily have the same substrate specificity. Moreover, when
the isozymes do metabolize the same substrate, they do not always form the
same relative amounts of metabolites or possess the same V,,,, and K, values.
For example, isozymes analogous to cytochrome P-450c and cytochrome
P-450d induced by 3-methylcholanthrene in rats convert propranolol almost
exclusively to desisopropyl propranolol in rabbit liver microsomes, almost
exclusively to 4-hydroxypropranolol and 5-hydroxylpropranolol in guinea pig
microsomes, and to all three metabolites in liver microsomes of rats and mice
(H. A. Sasame, unpublished results).

GENERAL COMMENTS

The utopian objective of a quantitative risk assessment is to be able to
predict the incidence rates of toxicities in a human population that is exposed to
low doses of toxicants solely from the results of a single toxicity study in a
single strain of test animal subjected to relatively large doses of toxicants.
Various mathematical models have been developed by statisticians as aids in
making extrapolations from high doses to low doses and from populations of
small laboratory animals to human populations. That there are uncertainties in
the validity of the values obtained with such mathematical models is recognized
by nearly everyone. But there is considerable disagreement among scientists
concerning the magnitude of the uncertainty. At one extreme, some scientists
apparently believe that the values should be accurate within a very narrow range
(say, about twofold), and thus focus attention on factors that would affect the cal
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culated value very little. At the other extreme, some scientists apparently
believe that the uncertainties are so great that any estimate obtained with the
mathematical models is virtually useless.

To many scientists, it seems evident that the degree of inaccuracy of the
values calculated by quantitative risk assessment methods differs with the
toxicant, the mechanism of the toxicity evoked by the toxicant, and the
situation. It therefore is important to delineate those kinds of toxicants and
mechanisms of toxicity in which we can be reasonably confident that the degree
of inaccuracy is small from those in which the degree of uncertainty is likely to
be large. To this end, however, it is necessary to understand precisely what the
problems are and whether the various mathematical models adequately address
the problems.

One of the problems is that the shape of a dose-response curve may be a
composite of at least three different kinds of dose-response relationships.
Indeed, the meaning of a dose-response curve is largely dependent on how the
response is recorded. The meaning of each type can be illustrated by an
idealized experiment in which a drug acts by binding reversibly to a set of
receptor sites in a group of identical animals.

1. In this idealized situation, the magnitude of the response is presumably
directly proportional to the number of receptor sites occupied by the drug. Thus,
if the action sites act independently of one another, the fraction of the total
number of receptor sites that are occupied by the substance at any given
concentration of unbound substance will usually follow the Law of Mass
Action, i.e.:

(EffectMaximum Effect) = [DINK; + [D]), i22)

where [D] is the concentration of the unbound drug, and K, is the
dissociation constant of the drug-receptor site complex. Notice that at low
concentrations of the drug the magnitude of the effect should be directly
proportional to the concentration of the unbound drug. Thus, the claim that
there is an inherent dose threshold for the action of a reversibly acting drug is
fallacious. What is meant by a no-observed-effect level (NOEL) is either that
the magnitude of the effect at very low concentrations can become so small that
it cannot be detectable or that the response is not always directly proportional to
the number of receptor sites occupied. Consider, however, that in a group of
completely identical animals, the magnitude of the response should be the same
in all animals.

2. A dose-duration of response curve depends on the rates at which the
drug enters the blood and rises to its maximum concentration in the immediate
environment of the action sites and then declines to a concentration that exerts a
magnitude of response below which the effect is no longer detectable. Consider,
however, that a given dose administered identically
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to a group of identical animals should result in identical durations of response in
all of the animals in the group.

3. In a dose-incidence of response curve, the proportion of the group of
animals receiving a given dose of the drug is evaluated. Inherent in this type of
dose-response curve is the assumption that there is some dose that results in a
magnitude of response below which the response either is not detectable or is
not biologically significant. In the idealized experiment, however, there would
be no observable effect in any of the animals until a certain critical dose is
administered, but at slightly larger doses the response would be observable in
all of the animals. Hence the slope of the dose-incidence of response curve in
the idealized experiment would be infinite. In the real world, the slope of the
dose-incidence of response curve thus is a measure of the precision with which
the substance is administered and the response recorded, and the homogeneity
of the population of animals in response to the substance.

Although the mathematics required to describe other mechanisms of
response would be different, the basic meanings of the dose-magnitude of
response and the dose-incidence of response curves are applicable to all
mechanisms of response.

Many risk assessments for carcinogens are based on the multistage model,
which is described by the equation:

P = I- - E_x! [23]
where

X=qr_'|+l?|ﬂr+|:F2ﬂl1-... {233}

In Equation 23 P is defined as the probability of occurrence of a tumor in
an individual animal exposed to a daily dose (d) of a chemical for a lifetime,
and the g values are parameters estimated from the experiment. At first glance
Equation 23 may appear to be reasonable, but in light of the above discussion,
Equation 23 is based on inconsistent logic, because a dose-incidence of
response curve implies the existence of a NOEL below which tumors would be
undetectable. Indeed, it seems more logical to treat data obtained in a study of
carcinogenesis as a dose-magnitude of response curve in which the number of
tumors observed during the course of the study is related to the numbers of cells
at risk (cells). Accordingly, we could write an equation:

Tumors/Cells = X = gy + qud + god® + .. .. (24)

According to this view, however, the development of tumors would be
considered a rare event, and thus a group of 100 virtually identical animals
receiving the same dose in a bioassay for carcinogenesis would be visu
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alized as a single animal, which is 100 times as large and the number of animals
actually employed.

The two approaches thus are conceptually very different and lead to
different interpretations of the slope of a dose-response curve; in the dose-
incidence of response curve, the slope is a measure of the homogeneity of the
animals used in the bioassay, whereas in the dose-magnitude of response curve
the slope assumes no heterogeneity within the population. Nevertheless, the two
approaches can be interrelated by normalizing the number of cells to the
number of cells at risk per animal, that is:

(Tumors/Cells)(Cells/Animal) = (Tumors/Animal) = X. (25)

Whereas, at low values of X:
P=1il —e =X (26)

Thus, in practice the two concepts usually provide virtually the same
estimate. But the practice of counting an animal with multiple tumors only once
in a bioassay, though defensible as a practical matter, is not defensible from a
theoretical point of view.

Another problem that must be considered is that Equations 23a and 24
probably are not completely valid in describing all of the possible ways in
which the value of X is curvilinear with increasing doses. An increase in dose
can alter not only pharmacokinetic parameters but also pharmacodynamic
factors. For example, perhaps high doses of a substance may cause so much
damage to DNA that the rates of repair approach maximal values. Some
promoters can act by releasing growth factors, but the rate or extent of release
of these factors may not be directly proportional to the dose.

On the other hand, the bioassay coupled with pharmacokinetic studies may
not always reveal the presence of high-affinity, low-capacity enzymes that can
be of predominant importance at low doses but only of trivial significance at
high doses. Nor will the effects of dose-dependent pharmacokinetic parameters
be accurately predicted by a function of X represented by a polynomial.

In calculating the P (probability) values, statisticians do incorporate
interanimal variability within error functions. Moreover, they can differentiate
between models through the use of maximum likelihood methods, but marked
interanimal variability decreases their ability to distinguish between plausible
models in the bioassay. Whatever the problems that occur in the interpretation
of experiments may be, however, it is important to remember that the calculated
values for P represent the values for the animals used in the bioassay under the
conditions of the experiment.

In bioassays lasting several days, weeks, months, or years, either the
processes that govern the pharmacodynamic factors or the processes that

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/1015.html

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

Pharmacokinetics in Risk Assessment

DOSE, SPECIES, AND ROUTE EXTRAPOLATION: GENERAL ASPECTS 152

govern the pharmacokinetic factors may be altered during repeated
administration of high doses of the substance under investigation. Indeed,
studies of alterations in the concentrations of several hormones that are thought
to influence the manifestation of tumors are sometimes incorporated into the
protocol of the bioassay. But it is also true that repeated administration of
substances can alter processes that govern relevant pharmacokinetic parameters,
such as kidney and pulmonary function or the activity of enzymes that govern
the total body clearances of a parent compound and its biologically active
metabolites and the pattern of metabolism of various tissues. Moreover, if short-
lived metabolites are thought to cause the toxicity, it may be necessary to assess
the activity of enzymes that catalyze the formation of the metabolite,
inactivation of the enzymes in potential target cells and organs, as well as the
activity of enzymes that account for most of the total body clearances of the
precursors of the ultimate carcinogen. Thus, pharmacokinetic studies performed
solely, with untreated animals may be largely irrelevant to the quantitative risk
assessment process. Instead, the pharmacokinetic studies should be repeated at
intervals throughout the course of the bioassay. If the pharmacokinetic factors
do change during repeated administration, then the investigator is faced with the
problem of deciding whether the changes would markedly influence the
magnitude of toxic response, and if they do how they would affect the shape of
the dose-magnitude of response curve.

In the extrapolation of the calculated values of tumors/cells in Equation 24
from high doses in animals to low doses in humans, it is important to remember
that the sequence is an extrapolation from high doses to low doses for the
animals in the bioassay and then an extrapolation from low doses in the
experimental animals to low doses in the human population. Thus, to the extent
that pharmacokinetic parameters contribute to inter-species differences in the
magnitude of the response, the differences usually can be expressed by
differences in the parameters of linear models. Hence, most of the complexities
in pharmacokinetics due to dose-dependent nonlinearities that are important in
understanding the shape of the dose-magnitude of response curve in the animal
assay are usually not relevant in extrapolating from low doses in animals to low
doses in the human population.

Nevertheless, in making an extrapolation from the animals used in the
bioassay to the human population, investigators are faced with two problems:
(1) Are the pharmacodynamic and pharmacokinetic factors that govern the
magnitude of response at low doses of the toxicant in the test animals markedly
different from those in the mean of the human population? (2) What is the range
of the differences in these factors in the human population relative to the range
of the differences in the animal population used in the bioassay?
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Within this context, it is important to stress that any given pharmacokinetic
and toxicity study in research animals is performed in animals that are
phenotypically virtually identical and maintained under environmental
conditions that are kept as homogeneous as possible. By contrast, the human
population is composed of individuals that are genetically heterogeneous, are of
different ages and sizes, are either female or male, may suffer from various
diseases, have different personal habits including smoking or exercise, eat
different diets, and live in different environments that are heterogeneously
distributed throughout the world. All of these factors have been shown or
suspected to contribute to differences in the pharmacodynamics or the
pharmacokinetics of foreign compounds. It is also important to realize that the
way that pharmacokinetic data are reported in the literature stresses the mean
value within given populations. Outliers are usually ignored, on the assumption
that they result from analytical or sampling errors. The possibility that they
represent polymorphisms in either the pharmacodynamic or pharmacokinetic
factors of toxicants is frequently ignored, even though such subpopulations may
include virtually all of the individuals suffering from the toxicity of a substance
in the human population. Elucidation of such polymorphisms, however, can
only occur by studying the human population.

Unfortunately, science has not yet been able to develop a universally valid
approach for predicting the range of variability within the human population in
the disposition of all foreign compounds. Indeed, the range of variability within
the human population is known to vary with the foreign compound.

In attempting to extrapolate estimates from animals to the mean of the
human population, various investigators have pointed out that interspecies
differences in many physiological processes, including cardiac output, organ
sizes, blood flow rates, and basal metabolism rates, may be related to the
surface area of the animals and physiological time. In recent years, a few
pharmacokinetic studies have provided data that would tend to support the idea
that such extrapolations may be valid for those compounds. But the finding that
interspecies differences in the pharmacokinetics of some compounds can be
related by allometric methods should not be construed as meaning that
allometric methods are valid for predicting interspecies differences in the
pharmacokinetics of all foreign compounds. Indeed, the predominance of
evidence in the field of drug metabolism that has accumulated in the past
indicates that allometric methods would be virtually useless for the prediction
of metabolism of many substances as a mean of the human population, much
less the range of values within the human population. It therefore seems
important to delineate situations in which allometric methods are likely to
provide reasonably valid extrapolated values from those in which the validity of
extrapolations obtained by such methods would be highly questionable.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/1015.html

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the
original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

Pharmacokinetics in Risk Assessment

DOSE, SPECIES, AND ROUTE EXTRAPOLATION: GENERAL ASPECTS 154

It seems likely that interspecies differences in those processes that depend
predominantly on the physical chemical properties (such as solubility in water
and lipid/aqueous partition ratios) and basic physiological processes (such as
rates of respiration, blood flow rates through various organs, and renal
clearances, particularly those dependent predominantly on glomerular filtration
rates) may be predictable by allometric methods with a reasonable degree of
precision (e.g., within a fivefold range of confidence). Thus, allometric methods
should provide reasonably valid predictions when interspecies differences in the
toxicity are predominantly due to pharmacokinetic factors (as opposed to
pharmacodynamic factors) and are caused solely by a parent compound that is
eliminated predominantly unchanged into exhaled air, urine, or possibly, feces.
Moreover, allometric methods can also provide reasonably valid predictions
when the toxicity is caused solely by a parent compound that is eliminated by
flow-limited metabolism in non-first-pass organs; under these conditions
marked interspecies differences in the intrinsic clearances of the enzymes that
metabolize the compound can occur without having marked interspecies
differences in the total body clearance or the biological half-life of the
compound.

I am less hopeful that allometric methods will always provide valid
interspecies extrapolations when toxic parent substances are eliminated from
the body predominantly by enzymes having intrinsic clearances much less than
the blood flow rates through the organs of elimination or when the toxicity is
caused by metabolites of the toxicant. In such cases allometric methods may
provide reasonably valid interspecies extrapolations for some toxicants, but not
for others.

To differentiate between these broad categories, however, it would be
necessary. to perform well-integrated pharmacokinetic and toxicity studies that
would elucidate whether the toxicity is caused by the parent substance, one or
more of its metabolites, or a combination of the parent substance and its
metabolite.

When the mechanism of toxicity is not known and the sources of
interspecies and intraspecies differences in the response to the toxicant are not
clearly understood, extrapolations based on allometric methods represent only
first guesses of the incidence rates of the toxicity in the human population that
we hope will be reasonably valid for most compounds. Perhaps some of the
extrapolations may be validated by studies of the toxicants in humans that are
accidentally exposed. In such cases Bayesian approaches to evaluate the mean
values and ranges of pharmacodynamic and pharmacokinetic parameters in
humans may be useful.

At the present time, however, the hope of the risk assessor is not whether
the extrapolated incidence rate is completely accurate. Instead, the hope is that
the assessment is not so far wrong that the incidence rate exceeds

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/1015.html

not from the

original typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be

retained, and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book

Pharmacokinetics in Risk Assessment

DOSE, SPECIES, AND ROUTE EXTRAPOLATION: GENERAL ASPECTS 155

a de minimus value. Although it would be nice to think that the de minimus
value could be set at an arbitrary level (such as 1:1,000,000), as a practical
matter it is really limited to the ability of epidemiological methods to detect
toxicities over background values. Even though allometric methods will not
always provide accurate assessments, there does not appear to be any
reasonable alternative to using them. Thus, in the absence of complete
information concerning the mechanisms of toxicity and the pharmacokinetic
and pharmacodynamic factors that govern the manifestations of the toxicities, it
is perhaps advisable to try to establish a consensus among scientists of arbitrary
broad ranges of uncertainty, even though such ranges cannot be rigorously
defended by science. When the mechanism of toxicity becomes known and if it
can be established that intraspecies and inter-species differences in the
pharmacodynamic and pharmacokinetic factors can be predictable within
narrower ranges of uncertainty for given toxicities caused by given toxicants,
the arbitrary range of uncertainty can be narrowed for that toxicity and toxicant.
Unless such a system is established, I believe that the field of quantitative risk
assessment will remain highly controversial. Whatever system is ultimately
established, I believe it inevitable that some mistakes will be made and
therefore that quantitative risk assessments will never replace the need for
epidemiological studies or toxicity reporting systems.
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Dose, Species, and Route Extrapolation
Using Physiologically Based
Pharmacokinetic Models

Harvey J. Clewell III and Melvin E. Andersen

INTRODUCTION

We can distinguish four types of extrapolations involved in assessing the
expected human risk associated with exposure to environmental chemicals.
They consist of (1) predicting the low-dose response in experimental animals
based on observed responses at very much higher doses, (2) predicting the
response in the human population based on the results in the test species, (3)
predicting the risks associated with the anticipated human exposure route based
on toxicity observed when a different route of exposure is used in the animal
toxicity studies, and (4) predicting human response at realistic, discontinuous
environmental exposures based on animal results in well-controlled, much more
easily characterized exposures. In this paper, these are called, respectively, the
dose, species, route, and exposure scenario extrapolations. Each of these
extrapolative steps is important and must be conducted on the basis of the best
available, scientifically justifiable procedures if the final exposure limits are to
have validity and enjoy consensus support from government, industry, and the
concerned public. Before considering the application of physiologically based
pharmacokinetic modeling for performing these extrapolations, we will briefly
review current practices in each of the four areas.

Much of the introductory material for this paper is from H. J. Clewell and M. E.
Andersen. 1985. Risk assessment extrapolations and physiological modeling Toxicol.
Ind. Health. 1:111-131.
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Dose

Many risk assessments are based on the results of animal experimentation
conducted at very high daily doses compared with those likely to be
encountered in human exposures. Typically, extrapolations are based on
administered dose, and a linear extrapolation through zero is utilized to predict
the incidence of a particular effect in the low-dose region. A variety of
statistical models is used for this extrapolation, and the estimated risk can differ
by several orders of magnitude, depending on the model. Often the response
data are extrapolated by using a parametric fit (e.g., the multistage model), and
the linear, nonthreshold model is assumed to apply in the low-dose region. It is
hoped that if nonlinearities exist, the linear model will tend to err
conservatively. The potential problems are twofold. On the one hand, saturation
of metabolism could lead to situations in which a linear extrapolation was not
conservative, particularly if a reactive metabolic intermediate was the active
moiety (Ramsey and Reitz, 1981). On the other hand, in cases in which an
effective threshold for toxicity appears to exist, the use of an overly
conservative estimate could result in an unnecessarily restrictive regulatory
decision.

Species

Lack of controlled human exposure data on most toxic chemicals makes it
necessary to infer human susceptibility from animal results. The dose
administered to the test species is generally converted to an equivalent human
dose on the basis of either body weight (in milligrams per kilogram) or surface
area, where surface area is taken to be proportional to body weight raised to the
2/3 power. The latter scaling factor is generally justified on the basis of the
studies by Freireich et al. (1966), who examined the interspecies differences in
toxicity of a variety of antineoplastic drugs. This "surface area adjustment"” is
often appropriate for a toxic chemical detoxified by metabolism. It has come to
be applied routinely, however, even in the case of chemicals with toxic
metabolites for which such a surface area dependence would not be expected
(M. E. Andersen, this volume). For a chemical that demonstrates significant
interspecies variation in toxicity in animal experiments, the most susceptible
species is generally used as the reference for this extrapolation. Because of the
recognized uncertainty involved, a safety factor of 10 to 1,000 or more may
often be applied.

Route

In some cases, there are no animal data corresponding to the expected
human exposure route. For example, in developing a surface water stan
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dard for a compound that has only been studied via inhalation, the relationship
between the inhalation and oral routes of administration must be estimated. The
surface water concentration is then calculated from the acceptable oral dose by
using some assumed level of human consumption. Methods for relating
inhalation and oral doses for systemic toxicants usually assume some sort of
direct correspondence based on total administered dose, calculated uptake, or
achieved blood levels (EPA, 1984). Again, a safety factor is often applied,
reflecting the increased uncertainty.

Exposure Scenario

There are many other ways in which animal studies may differ from
expected human exposure scenarios, chiefly relating to the frequency and
duration of exposure. Examples include estimating lifetime carcinogenic risk
from studies of less than lifetime duration, correlating 50% letal doses (LDs,S)
for acute toxicity to no-observed-adverse-effect levels for chronic exposure, and
adjusting workplace exposure limits to reflect changes in work shifts. The
chosen relationships may be statistical, semiempirical, or just plain intuitive.

Pharmacokinetically Based Extrapolations

In contrast to these rule-of-thumb approaches, the fundamental assumption
in conducting pharmacokinetic extrapolations is that a particular effective tissue
dose in one species or by one route of administration is equally effective in
another species or if obtained by a different route of administration. For all of
these questions of how to extrapolate from animal experiments to estimate
human risk, we must know how to calculate the effective dose of a chemical
reaching appropriate target tissues under any exposure condition. The basic
issue, then, is the relationship between the administered dose and some
delivered or effective dose. In the past it has been tacitly assumed that the
effective dose was the same as the administered dose. It is now clear that the
relationship between these two expressions of dose is complex (Andersen,
1981). There are many factors involved in determining this relationship, and
they are functions of both the chemical and the organism, leading to a
complexity which defies any general description. For example, saturation of
metabolism can lead to apparently nonlinear dose-response behavior. For some
chemicals, this relationship can be further complicated by induction or
inhibition of the relevant enzyme systems as well as by depletion of necessary
cofactors. Metabolic first-pass effects can lead to variations in bioavailability
both within and between routes. The direction of the effect of these factors can
be to either increase or decrease relative toxicity, depending on whether the
toxicity results from the parent chemical, a stable metabolite, or a transient in
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termediate. What is needed is a framework with which to describe the actions of
all these important factors in a quantitative fashion. The development of such a
framework is one of the purposes of physiologically based pharmacokinetic
modeling.

PHYSIOLOGICALLY BASED PHARMA COKINETIC
MODELING

Pharmacokinetics is the study of the time course for the absorption,
distribution, metabolism, and elimination of a chemical substance in a
biological system. Implicit in any pharmacokinetic description is the
assumption that the response of some target tissue can be related to the
concentration profile of the active form of the substance in that tissue.
Pharmacokinetic models generally are divided into two categories:
compartmental and physiological. A typical compartmental model attempts to
relate the blood or tissue concentration profile of the parent or the metabolite to
the administered dose of the parent chemical by using a set of mathematical
equations. The parameters for these equations are determined from experiments
following the time course of the chemical in body fluids and occasionally in
specific tissues. A simple model might consist of just two compartments: a
central compartment in equilibrium with the blood, and a peripheral
compartment whose concentration can be related to the central compartment by
rate constants in each direction. The volumes of the compartments and the
values of the rate constants are adjusted to fit the experimental data, after which
the model can be used for interpolation and limited extrapolation.

Physiologically based pharmacokinetic models differ from the
conventional compartmental models in that they are based to a large extent on
the actual physiology of the organism (Figure 1). Instead of compartments
defined by the experimental data itself, actual organ and tissue groups are used
with weights and blood flows from the literature (Bischoff and Brown, 1966;
Himmelstein and Lutz, 1979). Instead of composite rate constants determined
by fitting the data, actual physical-chemical and biochemical constants of the
compound are used. The result is a model that predicts the qualitative behavior
of the experimental time course without being based on it. Refinement of the
model to incorporate additional insights gained from comparison with
experimental data yields a model that can be used for quantitative extrapolation
well beyond the range of experimental conditions.

The chief advantage of a physiologically based model is its greater
predictive power. Because fundamental metabolic parameters are used, dose
extrapolation over ranges in which saturation of metabolism occurs is possible.
Because known physiological parameters are used, a different species can be
modeled by simply replacing the appropriate constants
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Figure 1

Diagram of a generic physiologically based pharmacokinetic model for volatile
organic chemicals. All of the models described in this paper are adaptations of
this simple model, which was used by Ramsey and Andersen (1984) to
investigate the pharmacokinetics of styrene. In this description, groups of
tissues are defined with respect to their volumes, blood flows (Q>), and
partition coefficients for the chemical. The uptake of vapor is determined by
the alveolar ventilation (Q,,), cardiac output (Q,), blood: air partition
coefficient, and the concentration gradient between arterial and venous
pulmonary blood (C,, and C,.,). Metabolism is described in the liver, with a
saturable pathway defined by a maximum velocity (V. and affinity (K)
and, when necessary, with a first-order pathway (data not shown). The
mathematical description assumes equilibration between arterial blood and
alveolar air, as well as between each of the tissues and the venous blood
exiting from that tissue. Reproduced with permission from Ramsey and
Andersen (1984).
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(Dedrick, 1973). Similarly, the behavior for a different route of
administration can be determined by adding equations which describe the nature
of the new input function. The extrapolation from one exposure scenario (say, a
single 6-h exposure) to another (e.g., a repetitive 6-h exposure, 5 days a week
for the life of the animal) is relatively easy and only requires a little ingenuity in
writing the equations for the dosing regimen in the kinetic model (D. J.
Paustenbach, H. J. Clewell, M. L. Gargas, and M. E. Andersen, this volume).

Because measured physical-chemical and biochemical parameters are
used, the behavior for a different chemical can quickly be estimated by
determining the appropriate constants. An important result is the ability to
reduce the need for extensive range-finding experiments with new chemicals.
The process of selecting the most informative experimental design is also
facilitated by the availability of a predictive pharmacokinetic model. Perhaps
the most desirable feature of a physiologically based model is that it provides a
conceptual framework for employing the scientific method in which hypotheses
can be described in terms of biological processes, predictions can be made on
the basis of the description, and the hypotheses can be revised on the basis of
comparison with experimental data.

The trade-off against the greater predictive capability of physiologically
based models is an increased number of parameters and equations. Values for
many of the parameters, however, particularly the physiological ones, are
already available in the literature; and several techniques have been developed
for rapidly determining the compound-specific parameters. There is even a
prospect that predictive models can be developed based entirely on data
obtained from in vitro studies. For volatile liquids, the type of chemicals with
which we are most familiar, tissue partition coefficients can be determined by a
simple in vitro technique called vial equilibration (Sato and Nakajima, 1979b),
and tissue metabolic constants can be determined by a modification of the same
technique (Sato and Nakajima, 1979a). Alternatively, other rapid in vivo
approaches for determining metabolic constants can be used either based on
steady-state (Andersen et al., 1984b) or gas uptake (Andersen et al., 1980; Filser
and Bolt, 1979; Gargas et al., 1986a, b) experiments. The resulting set of
constants together with the general physiological parameters provide a model of
parent chemical behavior and rate of metabolism which can be predictive of
kinetic behavior at various concentrations, for various dose routes, in a variety
of species, with any number of exposure scenarios. In essence, the same
approach can be used with nonvolatile xenobiotics; but at present experiments
to determine solubility, tissue binding, and metabolic constants are not as easily
conducted with these chemicals as they are with the gases and volatile liquids.
Nonetheless, there are now several very good ex
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amples of physiologically based models which describe the kinetics of
important nonvolatile environmental contaminants, including kepone,
polybrominated biphenyls, and polychlorinated dibenzofurans (Bungay et al.,
1981; King et al., 1983; Tuey and Matthews, 1980).

DOSE-ROUTE EXTRAPOLATION

We have described a generic physiologically based pharmacokinetic model
for volatile organic chemicals (Clewell and Andersen, 1986). This generic
model predicts blood and tissue concentrations of parent chemical and the rate
of metabolism in the liver. Nonlinear kinetic behavior, the high-dose to low-
dose extrapolation problem, is accounted for by including terms for two
metabolic pathways in the liver tissue, one of which is saturable and the other of
which is strictly first order.

Dose-route extrapolations can be conducted by using the inhalation
description and adding appropriate equations representative of other routes of
administration. Intravenous (i. v.) injection is easily described by a constant rate
of infusion into mixed venous blood. Oral administration in a water vehicle can
be modeled by first-order uptake from a bolus gastrointestinal dose, with the
incoming chemical presumed to appear in the liver. This is done because portal
blood flow goes to the liver before it is recirculated in the systemic circulation.
Predictions of the inhalation, i. v., and oral kinetics of dibromomethane
(Figure 2) from the model agree very well with data collected in our laboratory
(Clewell and Andersen, 1986). In this case, oral kinetics were not independently
predicted. The inhalation model with first-order input from the gut was
manipulated by adjusting the uptake rate constant until the best description of
the oral uptake data was obtained. It is worth noting that the similar data for oral
administration in an oil vehicle could not be successfully simulated by
assuming either first-order or zero-order input (see also Ramsey and Andersen,
1984). Additional work is needed to understand the effect of administering a
chemical dissolved in oil on its uptake kinetics.

This simple, generic description provides a prototypical predictive model
for a wide variety of very important gases and vapors—materials such as
trichloroethylene, perchloroethylene, benzene, chloroform, methylene chloride
—all of which have been identified as water-borne environmental contaminants
in various groundwater samples. We have now collected the partition
coefficients and metabolic constants for all these chemicals and used these
constants to construct simple, four-compartment, physiologically based models.
In our laboratory, it now takes about 2 weeks to develop the metabolic and
solubility constants needed to develop a physiological model for these volatile
chemicals. Of course, for some chemicals metabolism may not be adequately
represented by the two pathways de
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scribed above. In this case additional experiments must be performed to
characterize the metabolic conversion of the particular chemical under study.

A plaLoweTHAME wODEL

0.00 4
000 200 4.00 800 B.O00

Figure 2

Dose-route extrapolation. (A) For the dihalomethanes, metabolism proceeds by
two pathways. A saturable oxidative pathway yields carbon monoxide (CO)
and halide ion (bromide in the case of dibromomethane) and a first-order
glutathione (GSH) conjugation pathway produces halide but not CO. By
varying the input function in a physiologically based pharmacokinetic model
that includes both of these metabolic pathways, the time course of
dibromomethane can be predicted for a variety of exposure routes. (B)
Dibromomethane concentration (in milligrams per liter) in mixed venous blood
of Fischer 344 rats given intravenous injections of 65.5 and 13.1 mg/kg. Solid
lines are the predictions of the model, and points represent the average of two
(top curve) or three (bottom curve) animals. (C) Dibromomethane
concentration (in milligrams per liter) in mixed venous blood of Fischer 344
rats given oral doses of 50 and 10 mg/ kg administered as a saline solution.
Solid lines are the predictions of the model assuming a first-order uptake from
the stomach (10/h), and points represent the average of four (top curve) or two
(bottom curve) animals. (D) Dibromomethane concentration (in milligrams per
liter) in mixed venous blood of Fischer 344 rats during and after 4-h inhalation
exposures at 200 ppm and 100 ppm. Solid lines are the predictions of the
model, and points represent the average of three animals. Reproduced with
permission from Clewell and Andersen (1986).

This basic model has several tissue groups which are lumped together
according to their perfusion and solubility characteristics. Each of these
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several compartments is described by a single mass-balance differential
equation. It would be possible to describe individual tissues in each of the
lumped compartments. For instance, fat could be broken down to perirenal,
epidydimal, brown fat, etc. This detail is usually unnecessary unless some
particular tissue in a lumped compartment is the target tissue. One might want
to separate brain from other well-perfused tissues if the model were for a
chemical that had a toxic effect on the central nervous system. More
biochemical and physiological detail could then be incorporated for the target
tissue. With brain there might be reason to explicitly define a blood:brain
barrier or to include terms which describe saturable binding of the chemical to
specific receptors in the tissue. Increasing the number of subcompartments does
increase the number of differential equations required to define the model.
However, within reason, the number of equations does not pose any problem. It
is relatively straightforward to solve the small groups of equations that describe
most physiological models of xenobiotic disposition, requiring only a personal
microcomputer and readily accessible software.

By adding another compartment, the basic inhalation model can easily be
extended to predict the kinetics for uptake of the chemical through the skin. In
this case a diffusion-limited compartment is used to represent the skin as a
portal of entry. With this minimal change the model has been used to describe
the absorption of chemical vapors through the skin of rats fitted with masks to
prevent inhalation exposure (McDougal et al., 1986). The dermal absorption of
dibromomethane vapors (Figure 3) was very accurately predicted by this model
with a skin permeation coefficient of 1.32 cm/h.

EXPOSURE SCENARIO EXTRAPOLATION

The basic inhalation model can also be enlarged to focus on kinetics of
metabolites or on the amount of chemical metabolized in a given exposure
scenario. For example, our more complete model of the brominated
dihalomethanes (Andersen et al., 1984a; Gargas et al., 1986b) not only tracks
the parent chemical (e.g., dibromomethane or bromochloromethane) but also
two metabolites: carbon monoxide (CO) and bromide ion (Br). Two metabolic
pathways are still described: a saturable oxidative pathway that produces carbon
dioxide (CO,), CO, and Br and a first-order conjugative pathway which
produces only CO, and Br (Figure 2). The metabolite model includes a fairly
complete description of the fate of the CO produced and is able to predict the
fraction of hemoglobin tied up as carboxyhemoglobin at any time, as
determined by the current rate of CO production (and inhalation of CO, if
appropriate), the competition of oxygen and CO for hemoglobin, and the rate of
exhalation of unbound
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CO. This model has also been successfully applied to a variety of exposure
routes: inhalation, intravenous, oral, and dermal. As a challenge of the ability of
this model to accurately predict kinetics for very different exposure scenarios,
we performed short-duration, high-concentration exposures of rats to methylene
chloride and bromochloromethane (Andersen et al., 1984a). The model
correctly predicted the appearance of an increased fraction of
carboxyhemoglobin in the blood which was maintained for several hours after
the exposure was terminated (Figure 4).

10,000 ppm

E .
5 % 5,000 ppm
2
U
3
Q
§ § 1,000 ppm
3 } 500 ppm

1“’ T T — T _

0.0 1.0 2.0 3.0 4.0
TIME (HOURS)
Figure 3

Dose-route extrapolation (continued). Dibromomethane concentration (in
milligrams per liter) in mixed venous blood of Fischer 344 rats whose skin
only was exposed to dibromomethane vapor at 10,000, 5,000, 1,000, and 500
ppm. Rats were protected against inhalation of the vapors by masks. Solid lines
show the predictions of the model using a skin permeation coefficient of 1.32
cm/h, and symbols represent the mean and standard deviation for five or six
animals. To describe uptake of vapors through the skin, a diffusion-limited
skin compartment was added to the basic dihalomethane model. Reproduced
with permission from McDougal et al. (1986).

SPECIES EXTRAPOLATION

To demonstrate interspecies extrapolation with the dihalomethane model,
predictions of the model were compared with data available from studies
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in which human volunteers were exposed to methylene chloride (Andersen et
al., 1986b). For the purpose of this extrapolation, tissue solubilities in humans
were made the same as in the rat, tissue volumes were considered proportional
to body weight, and flows were considered proportional to body weight raised
to the 0.7 power (see Adolph, 1949). The human blood:air partition coefficient
of 9.7 was determined in our laboratory (Andersen et al., 1986b). Metabolism of
methylene chloride to carbon monoxide was scaled by assuming that affinity
(K., did not change from species to species, while V,,,, in humans could be
estimated from human exposure data and was found to be about 119 mg/h
(Andersen et al., 1986b). Usually, it is more difficult to determine how to scale
Vmax and K, because there is less reason to believe that biochemical constants
for xenobiotic metabolism vary coherently from species to species (Dedrick and
Bischoff, 1980). This is especially true for molecules with structures

20
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Figure 4

Exposure scenario extrapolation. Percent carboxyhemoglobin in the blood of
Fischer 344 rats following a very short (0.5 h), high-concentration (5,000 ppm)
exposure to bromochloromethane (CH,BrCl) or methylene chloride (CH,Cl,).
The shaded area indicates the exposure period, lines are the predictions of the
model, and points represent the average of two (CH,BrCl) or three (CHCl,)
animals. To predict the time course of blood carboxyhemoglobin, the basic
dihalomethane model was expanded to include a description of the fate of the
CO produced by the oxidative pathway, including competition with oxygen for
binding to hemoglobin and exhalation of unbound CO. The longer
postexposure metabolism of bromochloromethane as compared with
methylene chloride reflects its greater tissue solubility. Adapted from
Andersen et al. (1984a).
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that are much more complex than that of methylene chloride. It may be possible
to estimate metabolic parameters on small biopsied human tissue samples or to
evaluate them in many different mammalian species to determine if there is
extensive interspecies variation. The approach utilized with methylene chloride
provided a very good prediction of human pharmacokinetics (Figure 5), both for
the parent chemical and for exhaled carbon monoxide.

DOSE EXTRAPOLATION

The versatility of the physiological approach for examining the kinetics of
volatile compounds can also be appreciated by considering another
experimental design for conducting an inhalation exposure. In the usual
exposure design, animals are exposed to a constant concentration of chemical
for a specified period of time. A less frequently used exposure design is to
expose animals in a small chamber into which is injected a known amount of
test chemical. The chamber concentration in this experiment declines from the
initial value as the chemical is absorbed into the tissues of the animals, and
there is further loss from the chamber if the chemical is metabolized. These
types of experiments are concerned with the uptake of chemical into the rats
from the chamber atmosphere. In view of this, the technique has been referred
to as gas uptake. From a mathematical point of view, this differs from the
constant concentration exposure model by the addition of one more mass-
balance equation describing the chamber atmosphere itself. While this exercise
looks like a form of dose-route extrapolation in which the input function is
slightly altered, this exposure system actually provides a very convenient
method to estimate the kinetic constants for metabolism of a variety of volatile
organic chemicals (Gargas et al., 1986a). In addition, because metabolism of
many of these chemicals is readily saturated, this procedure also enables us to
illustrate the extrapolation from high-concentration behavior in which
metabolism is saturated to lower concentrations and in which metabolism is
first order with respect to the chemical substrate.

Gargas et al. (1986b) described the closed-chamber kinetics of methylene
chloride (Figure 6). There is a marked concentration dependence on the
observed rate of loss of this chemical from the chamber. At high concentrations,
oxidative metabolism is saturated, and uptake is primarily determined by the
solubilities of the test chemical in the blood and tissues of the rats and by the
rate of the first-order metabolic pathway. At the intermediate concentrations, at
which there is extensive curvature, we observe the transition of the oxidative
pathway from saturation to first-order behavior; and the shape of the curve is
critically dependent on the capacity of the oxidative pathway. Finally, at the
lowest initial chamber
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Figure 5

Species extrapolation. Methylene chloride concentration (in milligrams per
liter) in mixed venous blood (A) and carbon monoxide concentration (in parts
per million) in exhaled air (B) from human volunteers during and after a 6-h
inhalation exposure to 350 ppm methylene chloride. Solid lines are the
predictions of the dihalomethane model, and points represent the average of
four individuals (Andersen et al., 1986b). The model was scaled to humans on
the basis of both direct human data and established allometric relationships, as
described in the text.
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concentration, the entire system is linear and the uptake curves are
predominantly determined by the animal's ventilation rate and the binding
affinity of the metabolizing enzyme for the substrate. These curves can be
quantitatively analyzed with a physiological model to estimate the values of the
kinetic constants for metabolism. The tissue partition coefficients are
determined experimentally, and physiological parameters are estimated based
on a combination of literature values and laboratory experience derived from
the modeling process. The physiological model is then exercised for various
values of the kinetic constants until a single choice of constants provides good
agreement with the entire set of uptake data. With methylene chloride the
uptake curves were best described by contributions from both a saturable and a
strictly first-order component
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Figure 6

Dose extrapolation. Concentration (in parts per million) of methylene chloride
in a closed, recirculated chamber containing three Fischer 344 rats. Initial
chamber concentrations were (from top to bottom) 3,000, 1,000, 500, and 100
ppm. Solid lines show the predictions of the model for a V. of 4.0 mg/kg/h, a
K, of 0.3 mg/liter, and a first-order rate constant of 2.0/kg/h. while symbols
represent the measured chamber atmosphere concentrations. The closed-
chamber experiment was described mathematically by adding a compartment
to the basic model that followed the chamber atmosphere. The initial decrease
in chamber concentration results from the uptake of chemical into the animal
tissues. Subsequent uptake is a function of the metabolic clearance in the
animals, and the complex behavior reflects the transition from partially
saturated metabolism at higher concentrations to linearity in the low-
concentration regime. Reproduced with permission from Gargas et al. (1986b).
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for metabolism. The kinetic constants for the capacity-limited oxidative
pathway were 4.0 mg/kg/h and 0.3 mg/liter for V., and K, respectively. The
first-order constant had a value of 2/kg/h (Gargas et al., 1986b). In our
laboratory in Dayton, Ohio, we have now estimated kinetic constants for about
30 chemicals by means of these gas-uptake techniques (Gargas et al., 1986a).
The technique is very rapid and straightforward for chemicals with appropriate
tissue partition coefficients and vapor pressure characteristics.

SUICIDE ENZYME INHIBITION

Saturable metabolism is by no means the only mechanism by which
nonlinearities arise in the kinetics of disposition of various volatile chemicals.
In fact, we have studied two other capacity-limited metabolic systems with
these same gas-uptake methods. The first is suicide enzyme inhibition caused
by metabolism of cis- and trans-1, 2-dichloroethylene. Both of these materials
are initially metabolized by microsomal oxidation, but reactive metabolites
produced during their metabolism react with and destroy the active site of the
metabolizing enzyme (Andersen et al., 1986c). This behavior was only
uncovered because the uptake curves were analyzed with a physiological
pharmacokinetic model instead of a compartmental model. These
chloroethylenes are metabolized by a single, high-affinity, saturable pathway.
With the appropriate values of tissue partition coefficients and physiological
parameters and assuming a single saturable pathway, it was impossible to
generate a good fit to the experimental data. When an attempt was made to fit
the high-concentration data preferentially (Figure 7), the actual data points fell
off more rapidly at the beginning of the experiment, and then the decline of
chemical in the chamber slowed down more than could be accounted for by the
standard physiological model. This indicated that the rate constant of
metabolism was decreasing with time. At the same time, the model's consistent
underprediction of metabolic clearance for the two lower concentration
experiments indicated that this time-dependent decrease was less severe for
lower concentrations of chemical. Together these observations suggested that
enzyme destruction was occurring. Other experiments with mixed atmospheres
in the chamber confirmed the loss of chloroethylene-metabolizing capacity
(Andersen et al., 1986c¢).

The use of the physiological model allowed us to investigate the nature of
the inhibition and the relative rates at which enzyme inactivation proceeded. We
tested four possible mechanisms for the suicide inactivation, and only one was
able to reproduce the time course behavior observed by gas-uptake analysis.
The successful description assumed that reactive me
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tabolites produced by 1,2-dichloroethylene metabolism reacted with the enzyme-
substrate complex to inactivate metabolizing enzyme. In addition, it was also
necessary to include enzyme resynthesis in the model to obtain an accurate
representation of the experimental data (Figure 8). These interactions were
included simply by enlarging the mass-balance equation for the liver to include
the biochemical events involved with enzyme inactivation. For these chemicals
that are very efficient suicide inhibitors, one of the important kinetic constants
for risk assessment is the resynthesis rate for new enzyme since resynthesis
becomes the limiting step for metabolism at high concentrations of inhibitor. In
the case of these studies with trans -1,2-dichloroethylene, the estimated zero-
order resynthesis rate in male Fischer 344 rats was 2.5% of the steady-state
activity per hour. These experiments also showed the trans isomer to be a much
more active suicide inhibitor than the cis isomer of dichloroethylene.

1 U‘uz
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Figure 7

Enzyme inhibition. Concentration (in parts per million) of trans-1, 2-
dichloroethylene (trans-DCE) in a closed, recirculated chamber containing
three Fischer 344 rats (Andersen et al., 1986¢). Initial chamber concentrations
were (top to bottom) 12, 8, and 5 ppm. Symbols represent the measured
chamber atmosphere concentrations, and the solid lines are the best result that
could be obtained from an attempt to fit all of the data with a single set of
metabolic constants by using the closed-chamber model described in the
legend to Figure 6. As described in the text, the systematic discrepancy
between the model and the data provided an indication that the simple
description of metabolism in the model was inadequate for this chemical.
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Figure 8

Enzyme inhibition (continued). Symbols represent the same experimental data
as described in the legend to Figure 7. In this case, however, the lines show the
predictions of a closed-chamber model in which the mathematical description
included inactivation of the metabolizing enzyme by reactive metabolites
assumed to be produced during the metabolism of trans-DCE. Four alternative
mechanisms for the suicide inactivation were actually tested, and only one was
able to coherently describe the entire data set. In the successful description, the
rate of enzyme inactivation was proportional to a second-order rate constant
(ky) times the square of the instantaneous rate of metabolism, representing the
reaction of free metabolite with the enzyme-substrate complex. The model also
included a zero-order rate of enzyme resynthesis (k) during the exposure. The
curves shown were obtained with a V,, of 3.0 mg/kg/h, a K, of 0.1 mg/liter, a
kq of 400, and a k, of 0.025/h. The suggestion of enzyme inactivation was also
demonstrated experimentally by the inhibition of trichloroethylene metabolism
after preexposure to 10-20 ppm frans-DCE (Andersen et al., 1986c¢).

GLUTATHIONE DEPLETION

Another example of capacity-limited metabolism was observed during
studies of the gas-uptake behavior of several chemicals that are known to
produce depletion of hepatic glutathione. The conjugation pathway for the
reaction of methylene chloride and glutathione regenerates glutathione, but with
other volatile chemicals, such as 1,2-dichloroethane and allyl chloride, the
conjugation reaction consumes glutathione. In gas-uptake
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experiments with allyl chloride, both the oxidative and the conjugative
(glutathione) pathways appear to be dose dependent (Figure 9). The data points
were obtained in the uptake studies, and the smooth curves in Figure 9 are the
best-fit curves, assuming a saturable pathway and a first-order pathway with a
rate constant that is independent of concentration. With this model there were
systematic errors about the predicted curves. The prediction at high
concentrations was lower than the data points, and at intermediate
concentrations the prediction was uniformly higher than the
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Figure 9

Cofactor depletion. Concentration (in parts per million) of allyl chloride in a
closed, recirculated chamber containing three Fischer 344 rats (Andersen et al.,
1986a). Initial chamber concentrations were (top to bottom) 5,000, 2,000,
1,000, and 500 ppm. Symbols represent the measured chamber atmosphere
concentrations. The curves represent the best result that could be obtained from
an attempt to fit all of the data with the same set of metabolic constants by
using the closed-chamber model described in the legend to Figure 6. In this
case, the apparent dose-dependent nature of the discrepancy between the
model and data suggested the presence of a second capacity limitation on
metabolism not included in the original description. Because this indication
was consistent with other experimental evidence that the metabolism of allyl
chloride consumes glutathione, the mathematical model of the closed-chamber
experiment was expanded to include a more complete description of the
glutathione-dependent pathway.
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data. A much better fit could be obtained by setting the first-order rate constant
to a lower value at the higher concentration. This approach provided a better
correspondence between data and the smooth curves from the model, but did
not provide biological information about the mechanism(s) by which the rate of
this second pathway diminishes with concentration.

To generate a model for examining the biological basis of the kinetic
behavior, it was necessary to model the time dependence of hepatic glutathione.
The basic model used for this description (Andersen et al., 1986a) had a zero-
order production of glutathione and a first-order consumption rate that was
increased by reaction of the glutathione with allyl chloride. In the final model,
glutathione resynthesis was regulated by controlling the concentration of the
rate-limiting enzyme for glutathione biosynthesis. The production of this
enzyme was inversely related to the instantaneous glutathione concentration.
This description, coupling the loss of allyl chloride from the chamber and
depletion of the glutathione concentration in the liver, provided a much
improved correspondence between the data and the predicted behavior
(Figure 10). Of course, the improvement in fit was obtained at the expense of
adding several new glutathione-related constants. While this does add more
freedom to the model for fitting the uptake data, it also suggests that we can
generalize the behavior and predict both allyl chloride and hepatic glutathione
concentrations during constant concentration inhalation exposures. Model
output for expected end-exposure hepatic glutathione concentrations compared
very favorably with actual data that was obtained by J. Waechter at Dow
Chemical Co., Midland, Mich. (Table 1). Once again, the experiments with allyl
chloride can be considered as they relate to estimations of risk. At high
concentrations, the ability of a tissue to produce the glutathione conjugate
becomes a function of the maximum resynthesis rate of the glutathione cofactor
in that particular tissue. If the glutathione conjugate is the toxic moiety, tissue
toxicity may well be dependent on the tissue capacity for glutathione
resynthesis at high substrate concentrations.

CONCLUSION

The mathematical structure of physiological pharmacokinetic models is
somewhat more complex than that of simpler one-, two-, or three-compartment
models that have closed-form solutions. The solution of these physiological
models requires numerical integration of a series of nonlinear, simultaneous
differential equations. One advantage of these more computationally demanding
models is that they can be explicitly designed to allow for the processes of
extrapolation that are so necessary for rational risk assessments. These
extrapolations are high dose to low dose, dose
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route, interspecies, and dose rate. A second advantage is that these models can
easily be expanded to include more detailed information on the chemistry and
biochemistry of the test chemical and the test animal. This progressive
expansion of a simple model to include more detail was seen with both the
suicide inhibitors and glutathione depletion. In both cases, the crucial role of the
model in the conduct of the scientific method was apparent. The mathematical
model gives quantitative form to the investigator's conception of the biological
system, allowing him or her to develop testable, quantitative hypotheses, to
design informative experiments, and to recognize inconsistencies between
theory (model) and data. As the models become more complex, they necessarily
contain larger
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Figure 10

Cofactor depletion (continued). Symbols represent the same experimental data
as described in the legend to Figure 9 The curves show the predictions of the
expanded model (Andersen et al., 1986a). which not only included depletion of
glutathione by reaction with allyl chloride but also provided for the regulation
of glutathione biosynthesis on the basis of the instantaneous glutathione
concentration, as described in the text.
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numbers of physiological, biochemical, and biological constants. The task with
model development is to keep the description as simple as possible and to keep
an eye out to ensure identifiability of new parameters that are added to the
models. Every attempt should be made to obtain or verify model constants from
experimental studies separate from the modeling exercises themselves. In the
final analysis, complex models may be the price we have to bear for living in a
complex world. This complexity can be handled by good experimental design;
competent, critical accumulation of necessary model input; and honest attempts
to develop generalizable descriptions that support extrapolation to exposure
conditions relevant to exposed human populations.

TABLE 1 Predicted Glutathione Depletion Caused by Inhalation Exposures to Allyl
Chloride

Depletion (uM)
Concentration (ppm) Observed Predicted
0 7,080 £ 120 7,0882
10 7,290 £ 130 6,988
0 7,230 = 80 7,238%
100 5,660 90 5,939
0 7,340 £ 180 7,3412
1,000 970 = 10 839
0 6,890 £ 170 6,890*
2,000 464 + 60 399

Note: Glutathione depletion data were graciously supplied by John Waechter, Dow Chemical
Co., Midland, Mich.

2 For the purpose of this comparison, the basal glutathione consumption rate in the model was
adjusted to obtain rough agreement with the controls in each experiment. This basal
consumption rate was then used to simulate the associated exposure.

Toxicological studies are the cornerstone of any risk analysis and provide
dose-response curves on which risk analyses must be based. In contrast,
pharmacokinetic models are interpretive tools to be used in conjunction with
toxicity and mechanistic studies. The use of predictive physiological kinetic
models in risk assessment is predicated on a very simple premise: An effective
dose in one species or under a particular condition is expected to be equally
effective in another species or under some altered exposure condition. While
this is obviously not true for some chemicals, like dioxin with its great species
specificity (Kociba and Schwetz, 1982), the premise does appear valid for many
chemicals and especially for those solvent chemicals whose toxicity is due to
formation of reactive metabolites. Physiological models can be used to redefine
the dose-effect relationship
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based on effective dose. It is important to remember that kinetic studies alone
cannot determine which parameter(s) one should regard as the appropriate
measure of effective dose. Mechanistic studies and biological plausibility are
required to develop the argument that one measure of dose is more correlated
with toxicity than another. The kinetic analysis can then be used to clarify the
relationship between effect and the more meaningful measure of effective dose.

Clearly, physiologically based pharmacokinetic models will not remove all
of the uncertainty from the risk assessment process. In fact, in a way they
introduce new uncertainties: the adequacy of the model, the accuracy of the
parameters in the model, and the appropriateness of the chosen measure of
effective dose. The rationale for using physiologically based pharmacokinetic
models in risk assessment is that they provide a documentable, scientifically
defensible means of bridging part of the gap between animal bioassays and
human risk estimates. In particular, they move the risk assessment from the
administered dose to a dose more closely associated with the toxic effect by
explicitly describing their relationships as a function of dose, species, route, and
exposure scenario. The next step, from the dose at the target tissue to the actual
toxic event, is the subject of pharmacodynamic modeling; and the nature of this
relationship is an area of considerable uncertainty. Nevertheless, risk estimates
must continue to be made as the need arises, on the basis of what is known at
that time, and in the most scientifically defensible manner available. Every
effort must be made to apply scientific principles throughout the risk
assessment process; to document the assumptions, the decisions, and the
uncertainties at each step; and to provide this information to the risk manager in
a form which allows him or her to weigh the predicted risks along with the
uncertainties in the assessment to arrive at a final decision concerning
acceptable exposure levels. Substituting conservatism for science throughout
the risk assessment process severely restricts the utility of the results. Many
important risk management decisions—such as prioritizing hazardous waste
sites or deciding which solvent to use for an industrial process—require
accurate comparative risk estimates of the relevant chemicals, not just
individually conservative estimates.
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Dealing with Uncertainty in
Pharmacokinetic Models Using SIMUSOLY

Gary E. Blau and W. Brock Neely

INTRODUCTION

In the course of investigating the behavior of a chemical, the toxicologist
normally doses a mammalian species and follows the movement and
distribution of the chemical over a period of time. Having obtained this type of
information, it is desirable to have a physiological explanation of the observed
results. The usual method of arriving at such an explanation lies in
characterizing the concentration-time data by the terms of a mathematical
model. If the model is based on known mechanisms, it is possible to predict the
behavior of the chemical in other species. The ultimate purpose of these types
of studies is to use the results to assess the impact on other species, including
man, to help quantify various risk assessment scenarios.

The building of such models is an iterative process requiring a
sophisticated mathematical analysis. This paper will discuss the art of model
building and demonstrate how the recently developed software package
SIMUSOLV (trademark of the Dow Chemical Company) can help the
toxicologist analyze pharmacokinetic data in a relatively easy fashion.

MODEL BUILDING

The first step in the building process is to define the problem to be solved.
This can range from simply estimating the bioavailability of a
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chemical for a specific species to the elucidation of the fate and distribution in a
variety of mammals, including man. Once the problem has been stated, the next
step is to postulate several physiologically meaningful mechanisms to describe
the set of data that has been collected. The third step is to use the data to
discriminate between candidate models. To help make this choice the maximum
likelihood principle will be introduced. Bayesian methods can also be used
(Reilly and Blau, 1974). The utility of this later approach, however, can best be
demonstrated for parameter estimation rather than model discrimination. Once
the best model has been identified, classical statistical procedures can be used to
measure the adequacy and to help select additional models.

Quite frequently the existing data set does not contain sufficient
information to discriminate rival models. In this case additional experiments
must be designed and carried out. The type of new information required is
determined by using the models to predict the behavior of the system under a
variety of different conditions and to find that point where the predicted
behavior is the most different. For example, suppose the problem is to
determine whether a chemical follows a monophasic or a biphasic clearance.
The key data points to discriminate these models would be at the latest time
points that are still detectable by the analytical method being used. In this case
the answer of where to look for additional information is obvious, but normally,
this is not true. It is a big mistake to try and build models after the data have
been collected. Model postulation and analysis should be part of the
experimental process. SIMUSOLV has been developed to bring this
sophisticated approach to the laboratory so that the experimentalist can quickly
examine the data as soon as they are collected. Such instant feedback provides a
greater breadth of knowledge with which to plan future experiments.

After the best model has been identified and validated by a residual
analysis and/or goodness of fit test, the next step is to determine the uncertainty
in the parameter estimates. SIMUSOLV produces linear and nonlinear
confidence regions for the parameters. In a similar fashion to the model
discrimination discussed above, there may be insufficient data to produce
acceptable confidence regions. If this happens, additional experiments must be
designed to minimize the region of uncertainty of the parameters (Reilly and
Blau, 1974). This entire description of the model-building scenario is
summarized in Figure 1.

Having gone through this extensive model-building process, the final task
is the obvious one of using the model to solve the problem under consideration.
Since model building is based on data, a word of caution is necessary. Data
have errors associated with them. This uncertainty is an inherent part of both the
model selected and the parameters estimated. Any use of the model must reflect
this uncertainty in terms of confidence
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Figure 1
Sequential model-building procedure.
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limits in the values predicted by the model, as well as confidence regions
around the estimated parameters.

Finally, a model is developed to answer a specific question. There is
always a great tendency to use the model for something other than its intended
purpose. This is fraught with many dangers and should be avoided if at all
possible. In the remainder of this paper reduction to practice of these
philosophical concepts will be accomplished with SIMUSOLV.

UNCERTAINTIES AND ERROR ANALYSIS IN MODEL
BUILDING

To illustrate the concept of model building consider the case of two models
(M and M,) characterized by the following equations:

FOT M]' ¥ = fi{klrklvxa} + €
For M2: vy, = falk,.ka ks x) + € (1)

Each model is a function of two or more parameters, i.e., rate constants for
clearance, metabolism, absorption, etc., and a single independent variable (x,),
usually time. In both cases y; is the dependent variable, such as concentration in
the blood, and &; is the experimental error in the ith measurement.

The first problem in uncertainty is to examine the two models and apply a
set of criteria (to be discussed below) to make a decision as to which one is
best. In other words, find the most suitable of the models described in Equation
1 which best describes the data. This is done by comparing how well the models
fit the data. The comparison is done when the models are examined at their
individual best. The actual procedure is accomplished by measuring the
probability of generating the observed concentration-time data by each model
for a given set of parameters. The method of maximum likelihood accepts it as
obvious that the values of the parameters k;,k, for M, and k;,k,,k5 for M, which
maximize this probability are the best. These parameters are called maximum
likelihood estimators denoted k;",k, * for M, and k,",k," k;" for M,. The function
which calculates the probabilities for any set of parameters is called the
likelihood function, denoted as L,(k;,k,) for M, and L,(k;k,,k3) for M,. To
distinguish one model from another, the ratio of likelihood functions is
evaluated by using the maximum likelihood estimators. A ratio of 10 is
ordinarily taken as showing a difference in plausibility, whereas 100 denotes a
strong preference for one model over the other (Reilly and Blau, 1974). For
example, if L; (k;" k") Ly(k," k" k 3°) for Models 1 and 2 were 100, there
would be a strong preference for M; being better at explaining the data than M,.
The above heuristics assume that the number of parameters in each model
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is the same. If the number is different, then the likelihood ratios must be
somewhat higher than 100 to discriminate between them.

The above illustration can be generalized to M models as follows. For M
candidate models of the form:

¥ :..if;ll:'k.'u'r!'.} T g [H‘ = 1,2.. ] -JH.L [-2.?

where k becomes a dimensional vector of parameters for the nth model
selected. For each of the M models, SIMUSOLYV can be used to calculate the
maximum likelihood estimates k,”. From these estimates likelihood ratios can
be determined for all pairs of models. The heuristics can be applied as described
above in the two-by-two comparison test, and the most suitable model can be
selected. An example of this technique is described in the section "Applications."

The second problem in uncertainty is obtaining the best estimate of the
parameters for the model selected. When the method of maximum likelihood is
used, this task is embedded within the discrimination problem as described
above. In other words, by comparing the models at their optimum the best set of
values is automatically generated. The determination of these maximum
likelihood estimates is a nontrivial task, except for the special case in which the
models in Equation 1 are linear. Unfortunately, this situation does not occur
with phenomenologically based models; consequently, it is necessary to apply
estimation procedures (Bard, 1974). SIMUSOLV uses both direct and indirect
algorithms for parameter estimation.

In the direct method different values of the parameters are selected, and the
likelihood function is estimated for each. The set which gives the lowest value
of the likelihood function is deleted, and a new point is selected according to a
procedure called the flexible polygon method (Bard, 1974). This process of
adding and deleting points is continued until the maximum value of the
likelihood function is obtained.

Indirect methods not only use values of the likelihood function but also its
curvature to direct the search for the maximum value. In SIMUSOLYV, the
generalized reduced gradient method is used (Lasdon et al., 1978). From an
initial guess of the maximum, succeeding estimates are selected along a
direction of improved function values. Determination of this direction comes
from a knowledge of the gradient, which can be determined numerically or
analytically. The former is usually preferred because the user does not need to
supply any information. Numerical approximations to the gradient, however,
frequently lead to less than adequate directions. This problem has been
overcome in SIMUSOLV by solving both the sensitivity and the model
equations to yield the gradients directly. This method, called the direct
decoupled method, has reduced the computational time over the conventional
reduced gradient method by an order of
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magnitude (Dunker, 1984). In addition, the state-of-the-art numerical
integration techniques Lawrence Solver for Ordinary Differential Equations
(LSODE) are being used to solve all the differential equations associated with
the model (Hindmarsh, 1982). Despite the sophistications of the techniques
included in SIMUSOLYV, every effort has been made to make these capabilities
invisible to the user. However, the user must be aware that the true maximum
likelihood estimates require this level of technology to ensure efficient use of
the computer resources and achievement of the proper solution.

Once point estimates are obtained by maximizing the likelihood function,
their uncertainty must be quantified. SIMUSOLV uses several methods to
handle this quantification.

The first method, called linearization, represents the region of uncertainty
as an ellipse in parameter space (e.g., two-dimensional contour plots for the two
parameters k; and k, in Model 1). Here, the likelihood function is linearized by
a Taylor's series expansion about the maximum likelihood estimates. These
confidence regions are drawn based on a statistical F distribution (Draper and
Smith, 1981). A 95% confidence region means that if the experiment was
repeated 100 times, 95 times the maximum likelihood estimates would fall
within this region. The linearization method is attractive in that the confidence
regions are easily generated by the computer (Reilly, 1976). Unfortunately,
linearizing the function distorts the shape of the confidence regions. Rather than
ellipses, confidence regions may take on different shapes dependent on the
information content of the experimental data.

The second method available in SIMUSOLV to determine these
confidence regions, called the nonlinear method, does not linearize the
likelihood functions but uses the familiar F statistic to determine the region. In
Problem 2 in the section "Applications," it will be shown just how significant
these departures from linearity can be in the shape of the regions. The
determination of the confidence regions requires a large amount of
computational effort because the likelihood function must be evaluated for all
points in parameter space. It is also an approximate method because the F
statistic, which is being used, is valid only for linear models.

The third method in SIMUSOLYV for representing the confidence regions,
called the exact method, requires no assumptions. It is based on a subjective
interpretation of statistics called Bayesian methods (Reilly and Blau, 1974). By
this method the degree of belief in an event is quantified versus the familiar
objective or frequency of occurrence interpretation. The Bayesian approach
applied to the quantification of parameter uncertainty is expressed by the
following theorem: Pr(k/y) = Pr(k-Pr(y/k, where Pr(k/y) is the posterior
probability of the parameter k and is the
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true value given the set of data y, Pr(k) is the prior probability of the parameter
k and is the true value before the data were collected, and Pr (y/k) is the
likelihood of generating the data y for the set of parameters k. Although the
above likelihood is different in interpretation, it gives the same values as the
likelihood function discussed earlier. To apply the method, it is necessary to
multiply the believed value of the parameters before the experiment is
conducted by the value of the likelihood function calculated after the
experiments are performed. These values must be normalized so that the total
values of the posterior probabilities add to 1.0. If no prior information is
available for the parameters before the experiment is conducted, a uniform,
noninformative prior distribution is assumed by SIMUSOLV (Bard, 1974). By
using this posterior probability, SIMUSOLV calculates regions of uncertainty
by using frequency of occurrence arguments independent of any assumptions in
the form of the likelihood function. Once again, an example later in the text will
illustrate the effect of the assumptions inherent in the last two methods.
SIMUSOLYV allows the user to construct confidence regions by either of
these methods. The computational burden associated with the nonlinear and
exact methods is prohibitive for large problems (where the number of
parameters is greater than four). They must be used, however, if there is any
suspicion about the information content of the data. The Bayesian method
should be used exclusively if prior information on the parameters is available.

Experimental Error

Before concluding this section, the effect of experimental error on model
development must be discussed. Because the method of maximum likelihood is
being used, it is necessary to accommodate the structure of the experimental
error in the model-building process. To simplify the analysis, it is frequently
assumed that the errors in different experiments are (1) independent of one
another, (2) uncorrelated, (3) have constant variance, and (4) are normally
distributed. If these assumptions are not reasonably valid it may have serious
effects on the statistical analysis. To illustrate, suppose that blood plasma
concentrations are measured by an analytical procedure in which the error in the
measurement is a constant fraction of the quantity being measured. Let the
model expressing the blood plasma concentrations as a function of rate
parameters be as follows:

C, = flkyha . . 1) + €. (3)

where the k;'s are the individual rate constants, and the error £; is a constant
fraction of the amount being measured. The variance of the error in the
observations will not be constant if the blood level extends over any
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considerable range. On the other hand, if the assumption is made that the
variance of the error is constant, the consequences both for parameter
estimation and model building could be equally serious. For example, during a
long clearance phase from the body, the model will fail to give proper weight to
any tailing in the curve from secondary processes. This will be demonstrated
more clearly in the next section ("Applications") when the data in Problem 1 are
analyzed.

In the past, much effort has been expended in getting models into
convenient form for plotting on ordinary or special graph paper. A biological
example is the use of Lineweaver-Burk plots for determining kinetic constants
in enzyme systems. In most cases this convenience is achieved at the cost of
distorting the error structure. When curves are fitted by eye or by simple linear
least squares, constant variance is almost invariably assumed. For example, one
method of plotting blood clearance data is by using logarithmic graph paper.
This assumes that the elimination from the blood follows a first-order process
and can be expressed as:

dCldt = —kt, 4

where C is the blood concentration, and k is the elimination rate constant,
which on integration yields the following nonlinear equation:

C = Cyexpl —&r) + g, (5)

where g is the error in measurement and is a multiplicative function of the
concentration.

By making the log transform of Equation 4, a linear equation results. In
this case the error becomes an additive function of the log of the concentration,
as shown in Equation 6:

InC = =kt + InCy + Ine. ()]

Plotting the logarithm of the concentration C versus time yields a straight
line. The straight line, however, is achieved by assuming that the scatter in the
data is a constant fraction of the quantity being measured when, in fact, it might
be that the scatter in the data is constant. If it is the latter, then the width of the
error bars as the concentration becomes small will make the interpretation of a
straight line from Equation 5 misleading.

It is generally much better to write the model directly in the form of
Equation 1 and use SIMUSOLYV, which can accommodate the error structure. It
is more the rule than the exception that the error, while unpredictable, depends
to some extent on the magnitude of the quantity being measured. That is, the
absolute value of the error usually tends to be large when larger quantities are
measured. In the SIMUSOLYV program the error is described by the following
model (Reilly et al., 1977):

Variance(y,) = Variance(e;) = w’[flk.x,)]". (7)
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where @ and y are statistical parameters of the error model. The latter is
called the heteroscedasticity parameter. Usually its value will be between 0, in
which case the error variance is a constant, and 2, when the variance is
proportional to the quantity being measured. Equation 7 is used to weight the
measurements to allow for changes in error variance.

Although the maximum likelihood approach is restrictive in requiring
explicit assumptions concerning the form of the experimental error, any
unknown parameters such as w and y appearing in the error model are estimated
along with the pharmacokinetic parameters of the model.

APPLICATIONS

The SIMUSOLV computer program was used to analyze the three
simulated problems presented below. This is a package that has been developed
at the Dow Chemical Co. to aid the nonmathematician in building and solving
models containing systems of algebraic and ordinary differential equations.
After the program is written, SIMUSOLV allows the investigator to match
experimental data with different models. Based on the statistical discussion in
the previous section, guidance is provided in deciding which model is "best." If
the information content of the experimental data is inadequate to make such
decisions, SIMUSOLV will help the user design additional experiments to
make the final model selection. Finally, SIMUSOLV contains graphical
routines to display simulated results.

Problem 1

Assume that an animal has been given a C!#-labeled chemical by means of
a single oral dose. At periodic time intervals blood samples are collected and
analyzed for total radioactivity. The data in Table 1 are the result of such a
hypothetical experiment.

TABLE 1 Simulated Sequential Blood Concentration-Time Data Following an Oral
Dose of 45 mg

Time (h) Blood (mg/liter)
0.5 0.10

1.0 0.11

1.5 0.082

2.0 0.057

3.0 0.035

4.0 0.024

6.0 0.0091

8.0 0.0050

10.0 0.0036
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Two possible mechanisms to explain the data in Table 1 are the following:
A. A simple two-compartment model as shown below:

Ii"'I-I k.B‘D
my e Cz —* L
Vi
Model A

where m; is the mass of chemical in the gastrointestinal tract at time ¢, V, is
the volume of distribution for the bloodstream (200 ml), C, is the concentration
of chemical in the bloodstream, and u is the mass of chemical in the urine.

Assuming a first-order absorption of the oral dose from the gastrointestinal
tract into the blood stream followed by a first-order elimination into the urine,
the mass-balance equations describing Model A become:

ﬂrmllfd! = - k]:zm 1
dczl"df — k|2{m1."'l~"3} - kzuc:z
du."d!' kznl‘:g"'rz R {E]

B. A more sophisticated model can be postulated with the scheme shown
below:
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Model B
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TABLE 2 Calculations from a SIMUSOLYV Analysis on the Two Models A and B

Model  Heteroscedasticity Likelihood Function ~ Percent Variance
Parameter Explained

A 0 1.0 x 10'® 97.66

B 0.89 1.4 x 1020 99.56

where mj5 is the mass of chemical in compartment Vj that is not subject to
elimination.

In this case the parent compound is capable of moving into a compartment
that is not subject to elimination, a so-called deep compartment. Such a
movement has the effect of lowering the amount of chemical that can be
analyzed in the blood. The slow rate of release (k3,) back into the blood
generates a long clearance time into the urine pool (k32 2 kag).

The following set of differential equations describes this model:

dm lfdf = _kHM]

dColdt = kyy myVy + kaama/Vs
— knCy — ki€
dmyldt = kyViCy — ksymy
duldr = kayCaVa, (9

where k3, has units of liters per hour and represents the volumetric transfer
rate coefficient for the movement of material from the deep compartment (V3)
back into the plasma (V).

With a little imagination more models could be postulated to explain the
data in Table 1. These two models suffice, however, for our purpose, which is
to address the problems associated with discriminating models. By plotting the
logarithm of the concentration versus time, a straight line can be drawn by eye
through the points, as illustrated in Figure 2.

Without any further consideration, it might be concluded that the simple
elimination as described in Model A would explain the results. By using
likelihood ratios, however, discrimination between the two models is possible.
An example of the complete output from SIMUSOLYV for Model A is included
in Appendix A. The key statistics used for discrimination are shown in Table 2.

The likelihood ratio of 14,000 indicates that there is a strong preference for
Model B over Model A. This conclusion could have been missed if
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reliance on the simple log plot shown in Figure 2 had been made. The actual
comparison of the values predicted by the models using their maximum
likelihood estimates and the data are shown in Figure 3 . Here, it becomes quite
evident that Model A does not describe the blood concentration points at the
later time intervals. Thus, SIMUSOLYV quickly allows the investigator to model
the data; and by examining the key statistics and plots, the investigator can
begin the task of eliminating and targeting in on the mechanisms that need to be
examined in greater detail.
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Figure 2

Log concentrations versus time for the data in Table 1.

Problem 2

Problem 2 demonstrates the ability of SIMUSOLV to examine the
confidence regions around the rate constants. Metzler (1968) presented data for
drug absorption and excretion (Table 3).

The problem was fo