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m Abstract Pharmacokinetic (PK)and pharmacodynamic (PD) studies have proven
to be powerful and instructive tools, particularly in elucidating important aspects of hu-
man pharmacology. Nevertheless, they remain imperfect tools in that they only allow
researchers to indirectly extrapolate, through computational modeling, the dynamic
processes of drug action. Furthermore, neither tool alone provides a complete nor nec-
essarily relevant picture of drug action. This review explores the utility and applications
of PK and PD in the study of drugs, provides examples of lessons learned from their
application to studies of human pharmacology, points out some of their limitations,
and advances the thesis that these tools ideally should be employed together in an inte-
grated approach. As we continue to apply these tools across the continuum of age and
disease, they provide a powerful means to enhance our understanding of drug action,
drug interactions, and intrinsic host factors that influence pharmacologic response.

INTRODUCTION

Central to the field of pharmacology is an understanding of the link between the
interaction of a drug with its molecular target and the cumulative effects of this in-
teraction on the cell, the organ system, or the intact organism. Several fundamental
determinants guide pharmacologic resporsgerl fie physiochemical properties of

the drug and biological properties of the tissues at the site of drug administration
dictate the rate and extent to which the drug can enter the bdogdihé biochemi-

cal properties and metabolic capacity of the local environments through which the
drug must traverse determine the rate and degree to which the drug can reach the
site of action. ¢) The genetic constitution of the host at the level of the receptor
may influence the dynamics of the interaction between the drug and its target.
(d) Finally, the pathophysiologic nature of the host may modulate postreceptor
events initiated by the drug-receptor interaction, thereby influencing the quality,
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time course, and intensity of the pharmacologic effect. Clearly, profiling the ag-
gregate of these determinants presents a daunting task when one attempts to define
dynamic drug-target interactions in complex intact organisms, such as humans.
Rarely, if ever, can the independent processes involved in drug translocation, ac-
cumulation, subcellular localization, and receptor signaling be directly observed
or quantitated. This has lead to the development, over the past 40-50 years, of
computational approaches that allow description and prediction of drug exposure
in the intact organism [e.g., pharmacokinetics (PK)] and relation of exposure to
the onset, intensity, and duration of drug action [e.g., pharmacodynamics (PD)].

PK and PD have proven to be powerful and instructive tools, particularly in
elucidating important aspects of human pharmacology. Nevertheless, they remain
imperfecttools in that they only allow researchers to indirectly extrapolate, through
computational modeling, the dynamic processes of drug action. Furthermore, nei-
ther PK nor PD alone provides a complete or necessarily relevant picture of drug
action. That is, PK assessment of a drug is relevant only to the extent that drug
concentration or exposure can be related to the drug actions of interest. Likewise,
PD analysis of a drug has limited utility unless it can be related to the concentra-
tion over time and total exposure profile of the drug in the recipient. This review
explores the utility and applications of PK and PD as important tools in the study
of drugs, provides examples of lessons learned from their application to studies
of human pharmacology, and points out some of their limitations. Our intent is to
highlight the independent and combined roles of both tools in the clinical applica-
tion of pharmacology and the generation of knowledge, which ultimately enhances
the practice of medicine. It is not the purpose of this review to serve as a technical
overview of PK/PD computational or modeling approaches, which have been well
reviewed elsewhere (1, 2).

For the clinician, the requisite knowledge of pharmacology must be framed in
the context of the dose-response relationship so that he/she may rationally apply
optimal pharmacotherapeutics for the prevention and treatment of disease. The
concept that there exists a proportional relationship between dose and effect pre-
dates the complex understanding that we now ascribe to the multifaceted dynamic
interaction between drug and host. Daries, in the late eighteenth century, was the
firstto advance the notion that PD response (i.e., the duration of mydriasis observed
following belladonna administration) varied in direct proportion to the size of the
dose (3). Subsequent pharmacologic investigations over the past century, which
continue to the present day, have confirmed the presence of such a relationship for
the majority of drugs. However, it is recognized that drug response is susceptible
to discernible biological variability. Individuals receiving the same dose of a phar-
macologic agent may demonstrate responses that vary widely in onset, magnitude,
and duration. It is this interindividual variability that presents the clinician with
the greatest challenge when using a potent drug in the general population.

With the development of analytical techniques, which allow for the quantita-
tion of active drug components in body fluids, and powerful computing tools to
analyze the dynamics of drug concentration and effect, pharmacologists have the
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tools to gain a better understanding of the variability in concentration-response
by dissecting the relationship into its component dose-concentration (PK) and
concentration-response (PD) elements. The following sections examine the appli-
cation of PK and PD individually and together.

PHARMACOKINETIC APPLICATIONS

When considering the dose-response relationship in the organism, PK offers, in the
place of dose, a concentration profile, which provides a more accurate estimate of
the amount of drug that is available to enter the tissues and, thus, interact with the
host at the level of the receptor. The resultant concentration or exposure profile for
a given drug administered at a given dose provides a more suitable surrogate to ex-
plain interindividual variability in response than does dose alone. Well-conducted
PK investigations afford the ability not only to describe the relationship between
dose and concentration but to define the impact of intrinsic factors (i.e., those in-
herent to the recipient) and extrinsic factors (i.e., those external to the recipient)
on the interindividual variability observed in drug biodisposition.

Intrinsic Factors

Many of the intrinsic factors that influence the relationship between dose and expo-
sure are obvious and predictable based on recognized physiology. In these cases,
PK has served to validate the overall contribution of these factors to the expo-
sure profile following drug administration and to point the way to more targeted
mechanistic research. The influence of ontogeny on drug biodisposition serves to
illustrate this point. Major changes in organ size and function occur during normal
growth and development that affect drug disposition. For example, information
on structural renal development (i.e., the distribution of intrarenal blood flow,
the recruitment of functional nephrons, and acquisition of active tubular trans-
port mechanisms) that occurs during the first few months of life contributes to
a well-characterized pattern for the acquisition of functional renal activity (i.e.,
glomerular filtration rate, para-amino-hippurate clearance) during postnatal devel-
opment (4-6). As such, the clearance and, thus, resultant plasma concentrations
relative to dose for compounds whose elimination is dependent on passive and
active renal elimination show a clear relationship with age (7, 8). As a result of
numerous PK evaluations validating the effect of alterations in renal physiology
on drug clearance, the exposure profile of virtually any drug subject to renal elim-
ination can largely be predicted a priori by consideriagthie sum contribution
of active and passive renal processes on renal excretion of the tyube(per-
centage of a given dose excreted unchanged in the urinecpatie(influence of
the intrinsic factor in question (e.g., age, senescence, disease) on renal function
relative to that of a normal healthy adult (9).

Some intrinsic host factors are physiologically well defined, but the impact
on drug disposition is not readily apparent because either relatively few drugs are
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susceptible to the biological process in question or because the intrinsic influence is
only apparent when combined with extrinsic factors, such as unique formulation
characteristics. PK studies can serve to elucidate the influence of such intrinsic
host factors that otherwise would go unappreciated. This can be illustrated by a
recent series of PK studies evaluating a new antipicornaviral agent in which dose
escalation in adults demonstrated a linear relationship between dose and exposure,
whereas a one-step dose escalation in neonates unexpectedly produced neither
an increase in maximum plasma concentration (Cmax) nor area-under-the-curve
(AUC) (10, 112). The relatively lipophilic nature of the molecule combined with

a formulation of medium-chain triglycerides to enhance solubility implied a role
for intestinal lipase activity in regulating the absorption of this agent from its oral
liquid preparation. A reevaluation of the literature on pediatric gastrointestinal
physiology suggested that the extent of fat absorption in newborn infants varies,
in part, owing to physiologically decreased intestinal lipolytic activity, with the
lowest values observed early in the neonatal period (12—14). As such, the capacity-
limited absorption observed in the antiviral PK study and earlier studies showing
lipase-dependent absorption in premature newborns given similarly formulated
antibiotics (15) provided PK support for the assertion that the dose-exposure profile
for selectdrugsin neonates is modulated by normal, developmental gastrointestinal
physiology. In contrast to the influence of renal development on drug exposure, both
intrinsic (i.e., physiology) and extrinsic (i.e., formulation) factors were involved

in determining drug biodisposition for these antiinfective agents such that their
combined impact on the dose-exposure profile was only apparent a posteriori from
carefully constructed and executed PK studies.

During the past decade, PK studies, combined with the development of molecu-
lar tools in the field of pharmacology, have allowed researchers to identify sources
of intrinsic (e.g., genetic) variation in the host that are otherwise imperceptible yet
clearly influence the dose-exposure relationship. Without phenotypic (i.e., PK)
characterization, knowledge of this genetic variability would bear little relevance.
For years, practitioners were aware that a small proportion of individuals demon-
strated a unique susceptibility to the toxicity of many drugs (e.g., thiopurines,
anesthetics, antiarrythmics, antihypertensives, anticoagulants) at doses normally
tolerated by the majority of the population. PK evaluations served to confirm that
drug and metabolite concentrations in the biological fluids of these subjects dif-
fered markedly from their “normal” counterparts and could explain much of the
observed variability in clinical response (16—18). It was recognized that the traits
governing the biodisposition of such agents were inherited (19), and subsequent
advances in the field of molecular pharmacology and pharmacogenetics confirmed
that the differences could be attributed to genetic polymorphisms. As a result of
diligent efforts aimed at linking genetic variations with their pharmacokinetic
phenotypic consequences, it is now possible in some instances to identify, prior
to drug administration, patients in whom dose adjustment is necessary, thus miti-
gating toxic drug concentrations in these high-risk patients. Perhaps the most no-
table example of this approach, which has had the most immediate clinical impact,
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involves thiopurine methyltransferase. By characterizing the phenotypic and geno-
typic expression of this drug-metabolizing enzyme in patients with leukemia, thiop-
urine doses less than 10% of those administered to the majority of the population
are employed for the treatment of individuals who are homozygous for the enzyme
mutation. Clearly, it would be impractical, if not impossible, to adjust the thiop-
urine dose empirically based solely on physiology, pathology, or demography in
attempts to achieve the desired exposure profile. Knowledge of this genetic vari-
ation, combined with an understanding of its PK implications, allows appropriate
dose adjustments to avoid undue toxicity (20, 21). Directed sequencing approaches
remain ongoing in attempts to identify variations in the genes encoding the many
proteins that regulate drug biodisposition. These molecular techniques are now be-
ing introduced into the design of PK trials earlier in the drug-development process
by the pharmaceutical industry (22) with the aim of understanding and defining
the variability nested in the dose-exposure relationship prior to seeking new drug
approval or labeling changes. Such studies portend a future in which dosing of an
increasing number of drugs will be tailored to the genetic characteristics of the
individual patient.

As illustrated above, the clinician is better equipped to use a drug optimally
when covariates that influence drug biodisposition pathways are recognized and
when that knowledge is incorporated into the dosing guidelines for the drug. How-
ever, in many instances, the impact of select intrinsic factors on the dose-exposure
relationship remains uncharacterized. PK evaluations reveal new aspects of human
biology not previously described, and this leads to targeted mechanistic investi-
gations. Knowledge elicited from PK trials originally designed to guide optimal
dosing in a given patient population how serves as the driving force behind ex-
plorations aimed at further elucidation of the factors that regulate drug biotrans-
formation. This is exemplified by the explosion of research in the area of drug
metabolism. Most drugs are substrates for one or more of a host of cytochromes
P450 and transferase enzymes that are responsible for catalyzing drug biotrans-
formation, a critical determinant of systemic drug exposure. Again, studies on the
ontogeny of drug metabolism serve as useful examples. During the past decade,
much has been learned about the impact of normal growth and development on
the acquisition of drug-metabolizing enzyme activity (23, 24). This follows many
years during which PK studies suggested age-dependent maturation of drug elimi-
nation pathways. Indeed, PK studies continue to point the way to more basic studies
of drug metabolism during maturation. A recent PK evaluation on the first agent
in a new class of oxazolidinone antibiotics revealed that plasma clearance (65%
of which was nonrenal, i.e., metabolic) increased rapidly after birth and exceeded
adult values by nearly threefold after the first week of life (25). The implica-
tion of this finding on dose selection for an antibiotic agent where the exposure-
effect relationship is clearly defined is obvious (26). Subsequent in vitro metabolic
screens indicated that the drug was not a substrate for any of the major human
cytochromes P450, and to date, the relevant biotransformation pathway remains
incompletely characterized (27, 28). Beyond defining dose recommendations,
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PK studies such as these play a critical role in identifying new areas of inves-
tigation in drug metabolism that otherwise might not be pursued.

Extrinsic Factors

PK studies also allow researchers to evaluate the influence of extrinsic factors,
alone and in combination, on the dose-concentration relationship, independent of
the patient. Pharmaceutical formulation is one critical extrinsic factor where prod-
uct variability can markedly impact the dose-exposure relationship. This may be
illustrated by the PK profile of a neuraminidase inhibitor delivered to influenza-
challenged/infected patients, which revealed that an oral inhalation formulation
provided exposure levels for the antiviral that were 160% greater than if delivered
by intranasal spray and 230% greater than if delivered by intranasal drops. No
covariates other than formulation contributed to the marked differences in relative
bioavailability (29). In another example, modification of a parenteral anthracy-
cline antineoplastic by encapsulating the drug within polyethylene glycol-coated
liposomes strikingly altered the pharmacokinetic profile such that clearance was
severely decreased and estimates of exposure increased by several orders of magni-
tude (30). The change in formulation directly influenced the drug’s toxicity profile,
which was reflected by a shift from leukopenia as the predominant adverse side
effect to stomatitis and desquamating dermatitis (31). In contrast, a crossover PK
study comparing an antipyretic formulated as both a suspension and effervescent
granules revealed marked differences in the rate of absorption but no difference in
the rate of onset and the extent of antipyretic effect (32).

In addition to formulation effects, PK investigations can help to identify and
characterize clinically important drug-environment interactions. Interaction of
therapeutic drugs with “alternative,” “natural,” or herbal preparations is currently
attracting considerable attention. A number of examples are available that illus-
trate the importance of PK studies in understanding these interactions. The fu-
ranocoumarins, present in grapefruit juice, inhibit one of the most quantitatively
important cytochromes P450 (CYP3A), primarily in the gut, and can increase the
resultant systemic exposure profile for concurrently administered substrates of this
enzyme with significant clinical implications (33-35). Hyperforin, an active com-
ponent of the popular antidepressant herbal remedy St. John’s wort, is capable of
inducing both CYP3A and the transmembrane transport protein, P-glycoprotein,
by activation of the nuclear receptor PXR (36). The effectis anincrease in clearance
and a decrease in systemic exposure of coadministered drugs that are substrates
for these proteins. The magnitude of change expected in the dose-exposure profile
for select medications varies depending on the relative contribution of CYP3A
and P-glycoprotein to the overall biotransformation of the drug (37, 38). Simi-
larly, the bioflavanoids present in apple juice have been shown to markedly reduce
systemic exposure to agents from a number of drug classes, including;the H
and H-receptor antagonists, immunosupressants, and mineral supplements (39—
42). Although evidence exists for the inhibition of intestinal active drug transport
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proteins (42), the mechanism of this interaction has not been fully elucidated.
Without well-conducted PK studies, one could not predict with certainty for which
substrates these interactions would be of clinical consequence.

In addition to nutritional factors and alternative therapies, PK investigations
frequently are useful in evaluating the impact of environmental toxicants to which
a host is exposed (or elects to consume) on the dose-exposure relationship of ther-
apeutic agents. The polycyclic aromatic hydrocarbons present in tobacco smoke
serve to illustrate this principle, having been well characterized as responsible
for the induction of a number of drug-metabolizing enzymes (cytochromes P450
1A1, 1A2, and 2E1). An alteration in the PK profile, specifically an increase in
drug clearance and resultant reduction in drug exposure, has been demonstrated in
smokers for a number of pharmacologic agents, including bronchodilators, antide-
pressants, antihypertensives, muscle relaxants, antiarrythmics, antipsychotics, and
hormone replacement agents (43). Interestingly, PK studies have shown that clear-
ance rates in individuals exposed passively to cigarette smoke are also enhanced
compared with nonsmokers (44). Cigarette smoking increases the clearance rates
of theophylline by up to 80%, an effect that can persist for weeks to months after
smoking cessation (45). For a drug with a relatively narrow therapeutic index, the
impact of enhanced clearance and lower exposure profiles in smokers translates
not only into an easily appreciated diminution in effect but also a similar reduc-
tion in toxicity. In fact, the incidence of theophylline toxicity is reduced by one
half, from 13% to 7%, between nonsmokers and heavy-smokers (46). Although
P450 induction is the most notable mechanism by which cigarette smoking can
alter the dose-exposure profile of susceptible drugs, it is not the only mechanism.
Cigarette smoking elicits numerous physiologic effects that can alter drug biodis-
position, including cutaneous vasoconstriction with subsequent implications on
the absorption of pharmacologic agents administered to the skin, as was observed
forinsulin (47, 48). However, recent data suggest that cigarette smoking may serve
as a good example of where distinctions between the influence of extrinsic and
intrinsic factors begin to blur. Epidemiologic data indicate that genetic variation
may, in fact, determine cigarette consumption and vide inferre the degree to which
an individual may clinically alter his/her dose-exposure profile for concurrently
administered medications (49, 50).

Clinical Relevance

In addition to their research value, PK studies also have importance for the clinical
practitioner. Data generated by PK studies arm the practitioners with a mechanism
by which to refine their therapeutic decisions. Knowledge of the PK characteris-
tics of a drug and the factors that contribute to variation in the drug’s PK behavior
affords the ability to control for the combination of intrinsic and extrinsic factors
that can be expected to influence the dose-exposure profile for any given patient
(as described above). PK data offer a means for comparison among agents within
a class as it relates to rate and extent of exposure and thus onset, magnitude, and
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duration of effect (51). Similarly, it allows the prescriber to evaluate if there is
greater or lesser risk from nonadherence to dose instructions for agents within
the same therapeutic class (52, 53). It affords the comparison of drug-interaction
potential between agents within a class whether the knowledge is critical to avoid
unintended consequences (e.g., prolonged QT interval with antihistamine/CYP3A-
inhibitor combinations) or desirable to provide a health and/or economic benefit to
the patient (e.g., antiretroviral combination interactions exploited to increase ex-
posure and enhance efficacy) (54). Moreover, the confirmation of dose-exposure
relationships by well-conducted PK investigations serves to validate the appli-
cation of therapeutic drug monitoring and Bayesian forecasting in the clinical
setting such that limited sampling schemes or single-point determinants of ex-
posure can reliably verify the appropriateness of the dose selected (e.g., once
daily aminoglycoside dosing nomograms), confirm that desired exposure targets
are obtained (e.g., therapeutic concentrations of anticonvulsants, antipsychotics,
antiarrhythmics, immunosupressants), and influence the decision to treat in the
face of toxicity (e.g., Rumack-Matthew nomogram in acetaminophen overdose)
(55-58). By defining the factors that contribute to interindividual variation in the
dose-exposure relationship, the knowledge generated by PK investigations pro-
vides an alternative to traditional empiric dose adjustment and offers a means to
more closely approach an optimal dosing regimen a priori for an individual or
population.

PHARMACOKINETIC LIMITATIONS

Despite the broad utility of PK, a number of limitations must be acknowledged.
Ideally, one would like to know the time course of drug concentration at the site

of action. However, the majority of PK models are based on total drug concentra-
tion measured in plasma, not because plasma is the site of action, but primarily
because it is the “tissue” most readily accessible for repeated sampling. An in-
herent assumption with models based on plasma or whole-blood concentrations
is that, at steady state, there is a pseudoequilibrium between total drug and free
drug concentration in plasma and between free drug concentrations in plasma and
tissue. Consequently, it is necessary to attempt to extrapolate drug concentration
in plasma to concentration at the site of action. There are, however, a number of
circumstances where plasma drug concentrations may not reflect those present in
the tissue of interest (59). Factors such as disease (e.g., trauma, malignancy, end-
organ failure), concurrent medication use, pregnancy, and age can influence the
affinity and capacity for drug binding to plasma and tissue proteins in a dynamic
fashion (60—62). The properties of the capillary bed feeding the tissue, such as
capillary density, tight junctions, and fenestrations, can be influenced by factors
such as age and disease (e.g., atherosclerosis, diabetes). These properties regulate
the extent of drug penetration and the rate at which a specific tissue reaches equi-
librium with the plasma. For tissues where drug entry is restricted to transcellular
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transport across the lipid bilayer, drug penetration and retention are governed by
the lipid-water partition coefficient, the ionization rate constant of the drug, ex-
tracellular and intracellular pH, and the presence of active cellular transporters
at the interface between plasma and tissue (63, 64). Finally, the physicochemical
distribution of an intact drug within a particular physiologic fluid or compartment
can serve to localize the drug to a specific tissue (65, 66). To the extent that the
implicit assumptions do not hold, the mathematical models designed to extrapolate
drug concentration in plasma to that at the site of action fail.

Another important consideration is that the total drug concentration measured
in the biological fluid may not reflect the concentration of the active moiety. A
notable example is seen with drugs that are given as a chiral mixture, where stereo-
selective biodisposition may occur such that the relative abundance of the respec-
tive enantiomers at any given time is changing but the change is not reflected
by total drug concentration. For example, disopyramide demonstrates stereose-
lective, concentration-dependent binding within the therapeutic range with the
free fraction of (R)-¢)-disopyramide nearly twofold greater than its stereoiso-
mer. Moreover, renal and nonrenal clearance for (9kxdisopyramide appears
to be greater despite a similar affinity and capacity for both enantiomers with
their shared metabolic pathway (CYP3A4). Not surprisingly, each enantiomer
demonstrates unique electrophysiologic effects (67—70), which results in a dy-
namic profile of biological activity at the level of the receptor. The genotypic and
phenotypic constitution of the host may further confound stereoselective biodispo-
sition because genetically determined or pharmacologically mediated alterations
in drug-metabolizing enzyme activity can selectively influence the disposition of a
single enantiomer (71, 72). Similarly, age and gender have been shown to influence
stereoselective biotransformation (73, 74).

Finally, PK is subject to the limitations inherent in the application of mathemat-
ical modeling technigues to any complex system. Information on drug movement
in the body is subject to computational logic whereby a complex set of physio-
logic processes is distilled into a set of relatively simple mathematical equations.
From these equations, we interpolate and/or extrapolate to make predictions on the
behavior of the same or similar drugs in a wide range of patients and patient popu-
lations. Yet, we may neglect to appreciate the “regions of validity” beyond which
predictions become imprecise, inaccurate, or frankly misleading. With the ease
afforded by expanded computing capabilities, we may be tempted to apply models
of unnecessary complexity to our dataset and thus define our systems of interest
with models that lack biologic plausibility. Models may be enlisted to describe the
average behavior of a drug in a population, yet the mean model parameters, as a
measure of central tendency, may not be reflective of any single individual that
makes up the model, and it may not accurately reflect the degree of interindividual
variability nested in the parameter estimates. The prudent application of PK data
requires an appreciation that the model is an abstraction of the essential determi-
nants of drug movement, rather than a precise wholly descriptive means to define
drug biodisposition.
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PHARMACODYNAMIC APPLICATIONS

Whereas the underlying premise in PK is that a concentration-response relationship
has been or can be defined, PD extends the analytical description of the dose-
response relationship by attempting to describe the pharmacologic effect relative
to concentration. PD makes the drug concentration profile derived from PK analysis
biologically and pharmacologically relevant by completing the link between dose
and effect. Thus, the research and clinical applications of PD are, for the most part,
analogous to those described for PK.

Intrinsic Factors

The intrinsic factors, such as gender, age, race, and disease, that influence the
dose-exposure relationship can independently influence response, and may, in
fact, account for a greater proportion of the interindividual variability observed
in the dose-response relationship (75). A principal application of PD studies is to
reveal the impact of identifiable demographic, physiologic, and pathologic vari-
ables on the exposure-effect relationship. This is illustrated by several selected
examples. Gender played a significant role in a PD study of a monoamine ox-
idase inhibitor, which revealed that the adverse event rates were more frequent
in females than males, independent of exposure level (76). Age-dependent PD
variation was described in the study of a skeletal muscle relaxant in which lim-
ited differences in the PK parameter estimates could be described, yet a delay in
the onset of effect in elderly subjects compared with young subjects, defined by
a slower rate of drug equilibration (i.e., smallegkinto the biophase, was ob-
served (77). Similarly, a more favorable antipyretic PD profile (e.g., earlier onset,
greater magnitude, and longer duration of effect) was observed for infants com-
pared with older children, despite a nonsteroidal antiinflammatory (NSAID) PK
profile whose parameter estimates were independent of age (78). PD variation also
may exist among different ethnic groups in the absence of pharmacokinetic dif-
ferences. Significantly lower exposure levelgefdrenergic receptor antagonists
were required in Chinese subjects to produce the same magnitude of reduction in
heart rate and blood pressure observed in Caucasian-American subjects despite no
apparent difference ig-receptor density or affinity between the groups (79). In
contrast, African-American subjects were less sensitive to the effects of the same
B-blocker (80). Finally, disease also can influence PD response. PD evaluation of a
thromboxane-receptor antagonist in patients with asthma identified that the slope
of the concentration-effect relationship was heavily influenced by the severity of
the underlying disease (81). The application of these relevant PD data to entire
populations is increasingly more common and can be seen in the thoughtful dis-
cussion of intrinsic factors, such as race, gender, and age, in the publication of
national treatment guidelines (82).

Although the physiological and molecular bases for variability in dose-response
between individuals or populations may not be fully elucidated, many of the
determinants that influence the exposure-response relationship can be attributed
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to the underlying genetic constitution. Genetic polymorphisms have been charac-
terized for genes encoding cytokines, estrogen recepeaislrenergic receptors,
angiotensin-converting enzyme, and G proteins, among others, all of which mod-
ulate response to drug therapy independent of dose and exposure levels (83-86).
Moreover, just as genetic variation in a single drug-metabolizing enzyme may be
responsible for altered biotransformation of a number of substrates, genetic vari-
ability in a single receptor can influence host response to a number of substrates.
Emerging data on sequence variations in the endothelial nitric oxide synthase
(eNOS) gene illustrate this well. eNOS is expressed in the vascular endothelium
and is responsible for synthesizing nitric oxide constitutively and in response to
chemical or mechanical stimulation (87). Nitric oxide stimulates relaxation of the
vascular smooth muscle and plays a role in hemodynamic status. Thus, changes
in gene sequence, which translate into change in functional responsiveness of this
receptor toward a pharmacologic substrate, would be expected to translate into
variable PD response. A nucleotide transversion{d) in exon 7 of eNOS
confers a Glu= Asp amino acid change in the protein. Not only is the mutation
associated with cardiovascular disease (88) but also PD studies confirm that it
is also associated with changes in the exposure-response relationship to several
different classes of drugs. The presence of the mutation increased response to
a-adrenergic stimulation in patients undergoing cardiac surgery, as measured by
an increase in mean arterial pressure. The dose-response curve markedly shifted
to the left in patients who were heterozygous for the mutation and shifted even
further to the left in patients homozygous for the mutation (89). The same mu-
tation significantly increased estradiol-stimulated platelet aggregation compared
with individuals lacking the mutation, which suggests a role in the thrombotic re-
sponse observed with these hormones (90). Further, individuals with the mutation
were more likely to be poorly controlled in response to antihypertensive therapy
(91). Studies that capture data that reflect the degree to which genetic variations
can modulate PD drug response are of increasing interest. As methods by which
a patient can be genotyped become mainstream, these data will be critical for op-
timizing drug therapy where rapid single-point determinants of exposure do not
provide the necessary insight.

Extrinsic Factors

As is the case with PK, PD investigations can also be used to understand the
role of extrinsic factors on host response. Establishing bioequivalence between
formulations, routes of administration, and product manufacturers is another area
where PD studies may be important. Although the evaluation of formulation ef-
fects and estimation of bioequivalence is often relegated to PK investigations,
PD evaluations can be effectively used to compare responses between formula-
tions. This is a particularly useful application when systemic drug concentrations
are difficult to measure or are unavailable, as with topically applied drugs. Both
safety (serum electrolytes, glucose, vital signs, and electrocardiogram) and effi-
cacy (impact on FEYin response to methcholine challenge) were evaluated and
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verified to be comparable in a PD study designed to determine the bioequiva-
lence of two inhaled long-acting2-receptor antagonist formulations (92). In the
absence of a commercially available product, where controls on the uniformity
of product potency exist, PD can be used to ensure that extemporaneously com-
pounded formulations demonstrate the same effect as the innovator product. Serial
PD measurements over 12 h confirmed that the change in urine volume and urine
osmolality were equivalent for several extemporaneous oral formulations of a syn-
thetic vasopressin analog available only in tablet form. The authors subjected the
area-under-the-effect-curve (analog of the PK AUC) and Emax (analog of the PK
Cmax) to the FDA criteria for establishing bioequivalence, and in doing so, offered
the practitioner useful data on the flexibility in medication administration for their
patients who are unable to swallow whole tablets (93). PD bioequivalence stud-
ies are also useful to compare formulation effects during drug development when
evaluation of PK bioequivalence in a bridging study is not suitable because the
reference agent does not have an indication for the response of interest. A NSAID
agent lacking an indication for pain because of its protracted absorption profile
and delayed onset to analgesia was compared witkcgclodextrin complexed
formulation. The investigation revealed that the modified formulation resulted in
an earlier onset of pain relief, which coupled with a comparable extended duration
of action owing to the inherent long half-life of the drug, provided a formulation
with the desired PD profile (94). As illustrated, PD investigations afford a suitable
surrogate for the evaluation of extrinsic factors when PK are met with restrictions.

PD studies provide evidence that environmental exposures can influence drug
action in the same manner as they influence drug biodisposition. Among the more
well-known examples in medicine is the interaction between warfarin and vitamin
K. Patients consuming large amounts of vitamin K in their diet present with lower
international normalized ratio (INR) values and require larger maintenance doses
of warfarin to maintain their INR within the target range (95). Exposure to nicotine
can also explain a variable dose-response relationship in the absence of changes in
the dose-exposure-profile. An increase in the level of circulating catecholamines
experienced by cigarette smokers blunts the magnitude of blood pressure and heart
rate reduction in response to treatment witiblockers. The stimulant effects of
nicotine reduce the sedation observed with anxiolytics and the analgesia elicited by
select opiates (96, 97). The absence of exposure to extrinsic factors can similarly
impact PD response. Pharmacologic agents designed to increase bone mass may be
less effective with inadequate intake of calcium, phosphorus, and vitamin D (98).
As a result of PD investigations targeted at characterizing the impact of extrinsic
factors on drug response, the rational modification of drug therapies or dosing
regimens can be accomplished a priori in a number of circumstances.

Clinical Relevance

Clinically, PD investigations support the rational application for decisions related
tothe selection of dose and dosage regimen. A dose escalation study of a leutenizing
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hormone-releasing hormone (LHRH) antagonist used to control ovulation pro-
vided a PD model that could be used to determine the dosing level necessary to
produce the desired degree of LH suppression and identify the number of days
required for the subsequent shift in the LH surge; a valuable economic benefit,
given the cost associated with in vitro fertilization and the consequences associ-
ated with the retrieval of immature follicles with premature ovulation (99). Other
studies have evaluated the systemic exposure profile of nicotine in association with
cravings and determined which method(s) of nicotine replacement are likely to be
the most effective in abolishing cravings (100). Such studies can be helpful in dif-
ferentiating between drugs within a class (101); evaluating the nature, magnitude,
and clinical significance of drug-drug interactions (102, 103); and validating the
use of single point estimates of exposure to discriminate the likelihood of develop-
ing toxicity following an acute drug overdose, as with the acetaminophen toxicity
nomogram (57, 104).

PHARMACODYNAMIC LIMITATIONS

As with PK approaches, PD methods also are subject to a number of limitations.
PD characterization of a drug can be complicated by a number of factors, including
lack of an obvious exposure-effect relationship, changes in PD behavior of the drug
over time or in the presence of a progressive disease, and difficulty with accuracy
or specificity in endpoint measurements.

In the vast majority of cases, it is not possible to evaluate concentrations at the
level of the receptor, and the surrogate concentrations measured in readily accessi-
ble fluids may not accurately reflect the availability of active drug at the biophase.
The amount of drug available to interact with the receptor may be restricted by
local metabolism and transport at the tissue level (105, 106). The combination of
parent and metabolite(s) may contribute to PD response (107). Further, the active
metabolite may have a different time course and magnitude of effect than does
the parent drug (108). Stereoselective interactions with the receptor may not be
fully appreciated by evaluating the exposure-effect relationship, and response of-
ten does not reflect the aggregate activity of the individual enantiomers (109-111).
Further, enantiomers may undergo chiral inversion in vivo (112). PD relationships
described after single- or multiple-dose administration may not reflect the con-
centration of the drug available to interact with the receptor at steady state (113).
Finally, factors such as concurrent medication use, comorbid conditions, and ag-
ing can displace a drug from its receptor site, not only moving the patient along
the exposure-response curve but, at times, shifting the entire exposure-response
relationship to the left or right (114, 115).

Change in receptor number, affinity, or transduction occurs with continued
dosing of some drugs, leading to tolerance, thereby altering the measured response
over time in the face of fixed exposure levels. The development of tolerance can
have a dramatic effect on the exposure-response relationship and, if not recognized,
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can complicate or confuse PD assessment of a drug. For example sghad BB
H,-receptor antagonist doubled after prolonged exposure to the drug despite a
relatively constant PK profile. This helped explain therapeutic unresponsiveness
to the drug in the presence of constant fixed doses (116, 117). Further, the rate
at which tolerance developed to the-Bhtagonist appeared to be a function of
the method of drug administration and the severity of hyperacidity in the subject
(116, 118). For some drugs, the rate at which tolerance develops can also vary as a
function of the agent selected, even within a class of agents with similar chemical
structure and mechanism of action. This may be related, in part, to differences in
receptor affinity, occupancy, and duration of action of the drug. Such differences are
illustrated by disparity in development of tolerance among.hreceptor opiates

and loop diuretics (119-121). These physiologic phenomena must be carefully
considered when evaluating PD data generated under fixed conditions.

Plasma concentrations may be on the extremes of the sigmoidal exposure-
response relationship, such that a relationship cannot be fully appreciated or the
exposure-response may not adequately be defined by the standard (e.qg., linear,
log linear, sigmoidal) curve fit. Antimicrobials provide a good example of drugs
where increasing concentration does not guarantee an increase in activity to some
maximal effect where activity reaches a plateau. A number of antibiotics demon-
strate a paradoxical reduction in antimicrobial activity with an increase in drug
concentrations above those eliciting maximal effects (122, 123). Several mecha-
nisms have been proposed to explain these observations, including induction of
drug-degrading enzymes, dysregulation of the bacterial autolytic system, and sec-
ondary alterations in cellular functions that are requisite for antimicrobial activity
with antibiotics that demonstrate polyfunctional activity (124—126). Similarly, ex-
posure to subtherapeutic antimicrobial concentrations (as a result of underdosing,
poor compliance, or a PK profile of the agent in question not affording adequate
penetration to the site of infection) can manifest with variable effects depending
on the organism and agent involved. Further, the effects are not simply a milder
extension of those observed at inhibitory concentrations (i.e., movement along a
single exposure-response curve) but, rather, represent effects that are qualitatively
different from those observed when concentrations equal or exceed the minimum
inhibitory concentration for the drug (127, 128).

Finally, it is difficult to develop outcome measures for some therapeutic areas
that are sufficiently specific, accurate, and sensitive to conduct rigorous PD studies.
Forexample, outcome variables, such as pain to assess analgesics and psychometric
measures to assess antidepressants and antipsychotics, are highly subjective, mak-
ing precise pharmacodynamic assessment challenging at best. Even well-accepted
outcome measures do not always demonstrate 100% specificity. Select examples
include the increase in cardiovascular risk observed with select short-acting dihy-
dropyridine calcium-channel antagonists, despite the reduction in blood pressure
(129), and the higher rate of death from arrhythmia in patients with symptomatic
ventricular arrhythmia, despite the ability of select antiarrythmic agents to suppress
premature ventricular contractions (130).
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In some instances, the methods by which response variables are collected,
or the variables themselves, may inaccurately or incompletely describe the PD
relationship. For example, a study designed to establish the magnitude of in-
terindividual variability in PD parameter estimates during antihypertensive therapy
determined that manual blood pressure measurements, as opposed to ambulatory
pressure monitoring, did not provide a sufficient density of data to address the
guestion, largely because the practical constraints involved with manual monitor-
ing did not allow the authors to account for circadian rhythms in blood pressure
(131).

For some drugs, such as hypolipidemic agents, the outcome of interest, e.g.,
death due to atherosclerotic heart disease, is so far temporally removed that it is
an impractical PD measure. In such cases, surrogate outcome measures, in this
example reduction in serum lipids, must be employed. In lieu of measuring the
definitive clinical response to therapy, surrogate biomarkers, such as erythrocyte-
sedimentation rate in chronic infections or prostate-specific antigen in the manage-
ment of prostate disease, are often employed; physiologic response variables, such
as pupillary responsiveness with opiate administration, are measured; or physi-
comechanical measures, such as FEM exercise tolerance in asthma and stable
angina, are used. A potential weakness of all surrogate endpoints is the implicit
assumption that there is a predictive link between the surrogate and the defini-
tive outcome. Unless this assumption is validated with acceptable confidence, the
surrogate measure may not provide a true representation of PD response (132).

THE INTEGRATION OF PHARMACOKINETICS/
PHARMACODYNAMICS

PK and PD methods are powerful tools to describe and understand drug action
in the intact organism. These tools are especially useful in human pharmacology,
where studies of drug biodisposition and action must be relatively noninvasive and
acceptably safe. Each provides a unique window on the pharmacologic behavior
of the drug in the recipient. However, when applied in isolation, they provide an
incomplete picture that limits their research-related and clinical relevance. The
integrated application of PK and PD markedly enhances the power and utility of
these tools by bridging the independent sets of information and negating the need
to assume a relationship between dose and concentration or concentration and
effect, as is inherent in the application of each tool alone.

Integration of the methods can be used to verify that plasma PK are a suitable
surrogate for tissue PD in early drug development (133). In combination with
diagnostic imaging techniques and radio-labeled drug, PK/PD investigations can
validate the direct relationship between calculated PK parameter estimates and lo-
caltissue delivery of drug (134). The integrated approach can be used to distinguish
the impact of placebo on overall response and, in some cases, confirm a physi-
ologic mechanism for the placebo response; for example, release of endogenous
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neurotransmitter (135). Integrated PK/PD studies can be used to determine the
influence of disease on the combined disposition and response profile, evaluating
the duration and magnitude of both exposure and effect relative to disease severity
(136). Such studies can also provide insight into human physiology. This is illus-
trated by PK/PD studies of a humanized clotting factor, which provided a fuller
understanding of the relationship between exogenously administered and endoge-
nously synthesized proteins, thereby providing a model by which to understand
the rates of formation and circulation of host proteins (137).

Concurrent evaluation of the dose-exposure and exposure-response relation-
ships for outcomes of interest is highly useful in the development of a new drug.
These relationships can be modeled early in new drug development and applied
prospectively to enhance safety and efficiency of late-phase clinical studies. For
example, in a combined PK/PD study of an investigational S-adenosylmethionine
decarboxylase inhibitor, data pooled from three studies with multiple dosing reg-
imens allowed the investigators to identify the single PK parameter that served as
the most sensitive predictor of neutrophil count nadir and percent reduction in neu-
trophil count in response to treatment (138). These data were subsequently used
to select the dosing regimen with the least likelihood of toxicity for subsequent
clinical trials. With enough data to establish such a correlation, the same approach
can also be used prospectively to predict response in a clinical setting with limited
sampling schemes. In a similar investigation, a model was developed and vali-
dated to predict the total body exposure of an anthracycline antineoplastic drug
from a single-point concentration measurement. The calculated exposure estimate
was then used to predict leukocyte nadir after administration of the drug (139).
In both studies, the correlation between predicted parameters and the outcome of
interest (in these cases toxicity) ranged from 0.6—0.7. Although this indicates that
a modest proportion of the variability in the dose-response relationship remains
unaccounted for, the PK/PD models afford the investigator and clinician an option
by which to minimize the risk of exposure-associated adverse events by a more
palatable means than empiric dose adjustment.

For drugs whose application results in multiple pharmacologic/physiologic ef-
fects, the integration of PK and PD can distinguish the independent exposure-
response relationships for the effects of interest. For example, by comparing sev-
eral PK/PD parameter estimates, it was possible to discriminate the time course
and magnitude of exposure required to produce the psychomotor and amnesic ef-
fects of benzodiazepines (140). PK/PD studies may be used to identify the dose
and route of administration required for the same agent to elicit different exposure
and subsequently different response profiles. This approach was used to study the
different magnitudes and durations of suppression for two different endogenous
hormones (e.g., LH and testosterone) in response to administration of the same
synthetic antagonist (141). PK/PD studies also may be used to delineate the influ-
ence of food effects on the exposure profile of a drug. In this study, the food-drug
interaction of a unique formulation of a dihydropyridine calcium channel blocker
was characterized and subsequently used to predict the magnitude of change not
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only in therapeutic outcome variables (e.g., blood pressure, heart rate) but also
nondesirable outcomes (e.g., orthostasis, HA, flushing) (142).

Once established, the PK/PD relationships can offer insight into multifaceted
drug-drug interactions. The management of human immunodeficiency virus infec-
tions relies heavily on PK/PD data to exploit drug-drug interactions for the benefit
of the patient by engaging in or avoiding combinations of agents that can influence
both exposure and virologic response rates (143—-145). Further, they afford the
clinician the ability to evaluate and anticipate the impact of drug-drug interactions
on drug disposition and action when coadministration cannot be avoided, as in the
case of refractory seizure disorders (146).

As was discussed in the sections on Limitations above, static determinations
of PK/PD relationships cannot be expected to provide all of the insight that the
clinician eventually needs in relation to optimizing drug therapy. The challenge
of the patient where disease and disposition are dynamic remains a real concern.
This is perhaps best illustrated by the number of PK/PD studies of levodopa in
the treatment of Parkinson’s disease, which provide an eye-opening example as to
how both processes change along a continuum as the patients and/or their disease
develops. As Parkinson'’s disease progresses and patients continue to age; the rate
of drug transfer into and out of the effect site decreases, the duration of response to
therapy is shorter, the magnitude of effect is smaller, the concentrations required to
achieve 50% of maximal activity increases, the slope of the PK/PD curve becomes
steeper, and the entire curve shifts to the right (147). Obviously, extrapolation of
the combined PK/PD data derived from a set of patients at one stage in their disease
will afford erroneous conclusions when applied to a set of patients in another stage.

CONCLUSIONS

PK and PD studies are powerful tools, when used correctly, to elucidate important
aspects of human pharmacology. They serve to identify and understand sources
of variability in dose-response, thereby minimizing uncertainty in prescribing de-
cisions. These studies have broad research and clinical applications and have as-
sumed increasing importance in academic research, for regulatory agencies, and
in new drug development by the pharmaceutical industry. Although very useful,
PK and PD studies, alone and in combination, are limited in that they provide an
approximation of drug biodisposition and action based on mathematical modeling,
which is only as good as the assumptions inherent in the model. Rational extrap-
olation from PK/PD data requires a comprehensive understanding of the system
being modeled.

PK and PD are not mutually exclusive disciplines. Neither alone provides a
complete characterization of the interaction between drug and recipient. Rather,
they are complementary, each contributing a piece of the dose-response picture.
Clearly, the greatest information regarding the pharmacology of a drug in the
intact individual is gained by integrating applicable PK and PD approaches when
possible. As we continue to learn how to apply these tools across the continuum
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of age and disease, they provide a powerful means to enhance our understanding
of drug effects, interactions between drugs, drug-environment interactions, and
intrinsic host factors that influence response to drugs. This understanding can serve
to identify focused areas of mechanistic research and as a “road map” to help the
clinician address individual variation within the population, thereby ultimately

enhancing care of the patient.

The Annual Review of Pharmacology and Toxicolody online at
http://pharmtox.annualreviews.org
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