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REVIEW

Merrill J. Egorin

Overview of recent topics in clinical pharmacology of anticancer agents

Abstract The rationale for studying the clinical pharma-
cology of antineoplastic agents is that the information
obtained will result in enhanced drug development and
enhanced or improved clinical use. A great deal of effort
has been expended in studying the pharmacokinetics and
pharmacodynamics of investigational and noninvestiga-
tional antineoplastic agents. More recently, a deeper appre-
ciation has developed regarding the importance of the
metabolism of antineoplastic agents and the potential role
of metabolites in their activity or toxicity, as well as the
potential for drugdrug interactions. Investigators studying
the clinical pharmacology of antineoplastic agents face an
increasingly challenging task as new agents continue to be
developed. Some of these challenges arise from the en-
hanced potency of new agents, resulting in increased
difficulty in measuring such agents in biological matrices.
Furthermore, as agents have been developed to affect
specific biological targets, the necessity of assessing phar-
macodynamics at the biochemical or molecular level has
become increasingly important. In addition, development of
agents with cytostatic, as opposed to cytotoxic, properties
poses a further challenge to assessment of pharmacologic
effect. In addressing these challenges, a great deal of effort
has been expended to develop increasingly sensitive analy-
tical chemical techniques, in evaluating alternative biolo-
gical matrices, such as saliva, in which to monitor drug
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concentrations in a less invasive fashion, and in developing
limited sampling strategies to assess both the pharmacoki-
netics and pharmacodynamics of antineoplastic agents.
Similarly, a great deal of effort has been expended in
providing suitable means for assessing the numerous
novel targets for which antineoplastic agents are being
developed. These include the assessment of cell cycle
kinetics and specific oncoproteins, definition of cell dam-
age such as cleavable complexes, and formation of drug-
macromolecular adducts in suitable target cells. Additional
effort is being expended to explore nontraditional means of
drug delivery. In this regard, the increasing importance of
orally administered agents reflects a fundamental change in
the approach to antineoplastic drug delivery. Finally, the
increased computational power made available by faster
personal computers has facilitated a number of innovative
modeling techniques involving population modeling, mod-
eling of combination chemotherapy, and assessment of
drug-drug interactions.
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Introduction

One of the difficulties in producing a review such as this is
that it is impossible to be familiar with all the research that
is being or has been performed and the people doing it.
Thus it is guaranteed that someone’s important work will be
overlooked and that colleagues will be unintentionally
insulted. With these assumptions and consequences in
mind, I would like to set forth a framework that I believe
is relevant to the clinical pharmacology of antineoplastic
agents. I hope that it might provide some guidelines for
future studies in the area and also a framework with which
to view studies on the clinical pharmacology of antineo-
plastic agents.
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Framework for clinical pharmacological studies
of antineoplastic agents

A basic question that should be borne in mind is, “Why do
clinical pharmacological studies of antineoplastic agents?”
Two good reasons are that the information generated will
facilitate development of the drug under study and that it
will allow more intelligent use of the agent, or agents, under
study. It should be understood that in the latter case, the
more intelligent use may be in patients in general, in
individual patients, or in special subpopulations of patients.

A key concept in clinical pharmacological studies of
antineoplastic agents is generation of information. This
requires sampling the system. The question then arises as
to what the system is. As indicated in Fig. 1, the system can
be envisioned as a patient in whom a diagnosis is made, and
the drug, or drugs, selected to treat the problem. Treatment
requires input of drug into the system; this is followed by
absorption, metabolism, distribution, and elimination of the
drug or drugs that are administered, and subsequent target
organ effects, both therapeutic and toxic. The process of
input followed by absorption, distribution, metabolism, and
elimination is referred to as “pharmacokinetics,” a process
that is commonly represented by a mathematical descrip-
tion of the behavior of a drug, and possibly its metabolites,
in the system. Pharmacokinetics is frequently described as
“what the body does to the drug.” Drug effects at the
molecular, biochemical, cellular, or clinical level are re-
ferred to as “pharmacodynamics” and often described as
“what the drug does to the body.” A major goal of clinical
pharmacology is to integrate pharmacokinetics and phar-
macodynamics so that their relationships can be under-
stood, and so that drug treatment can be optimized based
upon such an understanding.

The pharmacokinetics of antineoplastic agents are fre-
quently represented as concentration X time profiles, the
definition of which may require frequent sampling of the
system and measurement of drug concentrations at those
times sampled. A less frequently articulated, although
implicitly understood, phenomenon is that there is also a
time course of drug effect, which can be described by
parameters such as peak effect, time to peak effect, and
duration of drug effect. The relationship between relevant
pharmacokinetic parameters such as plasma concentration
or area under the concentration X time curve and drug
effect is often modeled using a Sigmoid Emax model, as
described by the Hill equation [67, 69]. The flexibility of
this model is such that it can fit the wide variety of

theoretical relationships that exist between pharmacoki-
netics and pharmacodynamics.

In performing pharmacokinetic and pharmacodynamic
studies, it must be understood that two basic relationships
need to be defined. The first of these is the relationship
between a pharmacokinetic parameter and the likelihood of
achieving a therapeutic response. The second is the rela-
tionship between a pharmacokinetic parameter and the
likelihood of producing a toxic response. Furthermore, it
must be understood that these relationships deal with
probabilities rather than absolutes: there is no guarantee
that the achievement of a specific pharmacokinetic value
will produce the desired therapeutic effect or avoid an
undesired, toxic consequence. With the understanding that
achieving any given value of a relevant pharmacokinetic
parameter can be associated with the presence or absence of
positive and negative pharmacodynamic consequences, it is
obvious that there are only four potential outcomes of drug
therapy: 1) efficacy without toxicity; 2) efficacy with
toxicity; 3) toxicity without efficacy; and 4) neither efficacy
nor toxicity. With antineoplastic chemotherapy, as with any
drug treatment, the goals of therapy are to maximize the
likelihood of a favorable response while simultaneously
minimizing the likelihood of unacceptable toxicity. It is
well understood in medical oncology that some toxicity
may be obligatory, and that avoidance of toxicity may do
patients a disservice by reducing their likelihood of achiev-
ing a favorable therapeutic response.

New considerations regarding input into the system

A number of new factors regarding input into the system
need to be considered. These include issues of whether dose
should be normalized on a mg/m? basis, as is commonly
done in current medical oncology practice [30], and the
realization that prolonged infusions of antineoplastic agents
can produce very low drug concentrations, which may be
below the limit of quantitation using available technology.
This latter concern has obvious implications for defining
pharmacokinetic/pharmacodynamic relationships because it
may mean that concentrations of the agent under study
cannot be measured in the required biological matrix.
Furthermore, the development of newer, but insoluble
agents and classes of drug continues to raise formulation
issues, and the increasing interest in orally administered
agents carries with it a number of real problems. We
continue to be challenged by how to address pharmacolo-
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gical studies of combinations of agents, and finally the
increasing interest in high-dose chemotherapy presents
unique challenges for clinical pharmacological studies.

As a consequence of the method of antineoplastic drug
development, in which preclinical in vivo studies form the
basis for subsequent clinical studies, the strategy of normal-
izing dose for body surface area has become an accepted
practice. Recently, this concept has undergone closer in-
spection and its scientific rationale has been questioned
[30]. In current practice, the recognition that carboplatin
clearance is related to renal function [19, 31] rather than
body surface area has resulted in a change in standard
practice such that carboplatin is rarely administered on a
mg/m? basis, but is dose adjusted based on renal function
[9, 10, 18].

The concept of fixed rather than body surface area-
normalized dosing should be an area for fruitful clinical
pharmacological studies of antineoplastic agents. One such
study is CALGB 9763 (A prospective evaluation of body
surface area as a determinant of paclitaxel pharmacoki-
netics/pharmacodynamics in women with solid tumors).
This study is prospectively evaluating the feasibility of
delivering a fixed total dose of 360 mg of paclitaxel as a
3-h infusion every 3 weeks, rather than following the
standard practice of administering the drug on a mg/m2
basis. The study, which includes an obligatory pharmaco-
kinetic component, has significant economic implications.
The ability to manufacture a unit dose of an agent has
obvious benefits for the pharmaceutical company involved.
Similarly, reconstituting a fixed dose without subsequent
individualization for different patients is more efficient and
cost-effective than preparing individualized doses. It would
not be surprising to see additional studies of this type as
new antineoplastic agents become available, and to see
similar studies performed to evaluate objectively the stan-
dard practice of mg/m?2 dosing used for established and
noninvestigational agents currently in clinical use.

Hydrophobic compounds are frequently administered to
patients in vehicles containing potentially bioactive,
although not necessarily cytotoxic, excipients. The use of
diluent 12, a 1:1 mixture of cremophor and ethanol, is
associated with well-documented, as well as other under-
appreciated, pharmacodynamic consequences. Specifically,
the allergic phenomena associated with administration of
cremophor, which is polyethoxylated castor oil, is not only
well recognized, but in the case of paclitaxel has resulted in
a standard practice in which concomitant medication, con-
sisting of steroids and histamine type 1 and type 2 antago-
nists, is obligatorily delivered along with paclitaxel [57,
73]. More recently, the concentrations of cremophor pro-
duced in plasma by shorter infusions of therapeutic doses of
paclitaxel have been shown to be sufficient to modulate
P-glycoprotein and are likely to have measurable conse-
quences for the pharmacokinetics of paclitaxel [56] and
possibly other agents. Less well appreciated is the fact that
delivery of 200-225 mg/m2 of paclitaxel over 3 h also
results in delivery of 30—35 ml of intravenous ethanol [72].

As with diluent 12, the reliance on other nonaqueous
formulation vehicles must be considered when hydrophobic

antineoplastic agents such as 9-aminocamptothecin [46] are
administered to patients. One other example in this area
involves the potential use of dimethylsulfoxide (DMSO) as
a vehicle for solubilizing certain agents. Although not
specifically a chemotherapeutic agent, peripheral blood
stem cells are routinely cryopreserved in 10% DMSO.
Recent studies from our laboratory have documented pro-
duction of DMSO concentrations in the range of 30 mM
when peripheral blood stem cell preparations are reinfused
into patients following high-dose chemotherapy [17].
That such a procedure is not associated with obvious
DMSO-related toxicity raises the question of whether this
agent will see increased use in drug formulation studies. If
this is the case, the potential pharmacodynamic conse-
quences of DMSO in patients will require further elabora-
tion. Similar comments could be made regarding a number
of polar-planar or lipophilic compounds such as dimethy-
lacetamide, polyethylene glycol, and Tween 80 that are
used in pharmaceutical formulations.

In addition to the above formulation issues, the entire
field of liposomal encapsulation of antineoplastic agents
remains an area of active investigation [38, 40]. At least one
agent formulated in this fashion has been approved for
noninvestigational use [32], and many trials are evaluating
the potential utility of others. Integrating the pharmacody-
namics of these agents with their pharmacokinetics, which
are often strikingly different from those of the agents in
nonliposomal form, remains an interesting and important
challenge.

The use of oral administration for input into the system
is not a new concept. Oral delivery of agents such as
hydroxyurea, etoposide, busulfan, and cyclophosphamide
is a well-established clinical practice. However, increasing
use of oral agents requires that certain implicit assumptions
be addressed. These include less precise dosing because
tablets come in a limited number of sizes and increased
variability in the amount delivered to the system as a result
of the variability in absorption and first-pass metabolism in
the gastrointestinal tract and liver. In contrast, oral admin-
istration of an agent facilitates the prolonged exposure, or
administration, that may be required for some newer classes
of drug. One overriding consideration associated with the
increased facility of drug delivery, but reduced precision of
dosing, associated with oral agents is whether the goal of
therapy is palliation or cure. If it is understood that cure is
not a realistic expectation, the advantages of oral delivery
may well override the concern for less precision in dosing,
which might be a major concern in the treatment of diseases
such as testicular cancer.

There is currently great interest in understanding the
clinical pharmacology of antineoplastic agents when given
in combination with other drugs. Some of these combina-
tions are intentional, as with traditional combination chemo-
therapy involving =2 cytotoxic agents. However, several
newer types of combinations have also attracted attention.
There is great activity in the area of combining cytotoxic
agents with modulators of drug resistance. Representative
of this type of work is that involving SDZ PSC833 [22, 63],
cylcosporine A [6, 77], and dexverapamil [47, 75].



In addition to these agents, which are designed to
enhance the activity of cytotoxic agents, there are at least
three currently available compounds that are administered
with antineoplastic agents due to their ability to mitigate
specific antineoplastic drug-related toxicities. Although
mesna [70] has been shown not to alter the plasma phar-
macokinetics and antitumor activity of oxazophosphorines,
the potential drug-drug interactions associated with the use
of amifostine [8] and dexrazoxane [35] continue to be
explored. Furthermore, there is increasing realization of
the potential for drug-drug interactions, on either a phar-
macokinetic or pharmacodynamic basis, when agents such
as antiemetics, steroids, and histamine blockers are admin-
istered prophylactically to prevent chemotherapy-asso-
ciated toxicities. Just as these intentional combinations of
agents are being recognized as highly relevant areas for
study, the realization has developed that unintentional
combinations of antineoplastic agents with a variety of
other classes of drug are relatively common occurrences
in oncologic practice. The potential drug-drug interactions
resulting from coadministration of chemotherapeutic agents
with analgesics, antimicrobials, and total parental nutrition
are a relatively unexplored area of the clinical pharmacol-
ogy of antineoplastic agents. Furthermore, the increasing
recognition that cancer is a disease of the elderly [23] and
that such patients are frequently taking concomitant therapy
for other diseases such as hypertension, cardiovascular
disease, and pulmonary disease will require that the poten-
tial drug-drug interactions occurring in such patients be
addressed.

Administration of high-dose chemotherapy to patients
requires a somewhat different philosophical approach to
dose-response and pharmacokinetic/pharmacodynamic re-
lationships. Although it is common to think and extrapolate
linearly, biological systems may not be linear and the
clinical pharmacology of high-dose chemotherapy may
involve such nonlinear behavior. Thus although some of
the “new” toxicities associated with high-dose chemother-
apy may simply reflect linear extrapolation of pharmaco-
kinetic/pharmacodynamic relationships of the system such
that toxicities encountered at low frequency at standard
doses of drug become detectable at higher doses, new or
unexpected toxicities encountered with high-dose chemo-
therapy may reflect saturation of a clearance process [11].
In the latter case, an increase in dose results in a greater
than proportional exposure-to-drug period. Alternatively,
high doses of an agent may deplete some critical protective
mechanism so that a new drug effect becomes manifest, eg,
the hepatotoxicity produced by acetaminophen overdoses.

Questions related to sampling the system

Having previously stated that a key concept in clinical
pharmacological studies involves generation of information
and that this requires sampling the system, a number of
relevant questions related to sampling the system remain.
One basic question is what should be measured. Should we
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measure the drug itself or its metabolites? Should we assess
patient physiology, homeostasis, or tumor size? Should we
put greater emphasis on sampling cells as opposed to
biological fluids? Are there specific biochemical markers
of drug action or cell death that are appropriate for assess-
ment, or should we find some practical means of measuring
perturbation of the cell cycle resulting from chemothera-
peutic agent administration?

Although measurement of drug may sound simple, a
number of caveats are associated with it. The quest for
increasingly potent agents has resulted in an increasing
number of drugs that produce very low plasma drug
concentrations. Recent examples of such compounds intro-
duced into clinical practice include dolastatin [53], flavo-
piridol [5], 9-aminocamptothecin [46], and bryostatin [51].
The requirement for expensive and complex analytical
methodologies, such as liquid chromatography/mass spec-
trometry, means that measurement of such compounds is
not feasible at a large number of institutions. Furthermore,
for some important classes of drug, such as camptothecins
[14], that exist in several forms in equilibrium and that can
interconvert depending upon handling, there is still active
debate as to what is the appropriate form of drug to measure
[71]. Specifically, whether it is sufficient to measure total
drug as opposed to measuring lactone and/or ring-opened
forms of the drug has not been resolved. Preventing inter-
conversion of such species can be complicated, impractical,
and expensive.

We must continually question whether it makes sense to
measure the parent compound, particularly if that com-
pound is a prodrug, or whether it is essential to measure
active metabolites. As one example, the relevance of
measuring cyclophosphamide or ifosfamide, instead of
their activated hydroxy or mustard forms, can be considered
[13]. Until recently, suitable analytical methodology did not
exist to investigate this question easily. More recently, a gas
chromatography/mass spectrometry method for measuring
active metabolites of these oxazophosphorines has been
published [3] and initial studies investigating this issue
have been undertaken [4]. However, the availability of
reagents for such studies is limited and sample handling
is currently such that widespread application of this poten-
tially important methodology is precluded.

Sharing the logistic difficulties of this method are the
means for measuring activated forms of antimetabolites.
Although measurements of antimetabolites such as gemci-
tabine [2, 28] and cytosine arabinoside [61] are relatively
straightforward, the active forms of these compounds are
nucleocide triphosphates formed intracellularly [24, 27] and
assessment of these pharmacologic entities requires sam-
pling of cells, rather than plasma, and application of more
complicated analytical chemical methodology. As a result,
generation of data in this area has been slow and infrequent.
Furthermore, institutions undertaking studies of such active
metabolites must generate data that will substantiate the
utility of such measurements. Should that be that case, it is
likely that means will be found to facilitate broader appli-
cation and implementation of such measurements.
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Whether measurements of parent compound or metabo-
lites are undertaken, such measurements must involve a
validated method [58]. Method validation includes all of
the procedures required to demonstrate that a particular
method for the quantitative determination of the concentra-
tion of an analyte or series of analytes in a particular
biological matrix is reliable for the intended application.
It is essential to employ well-characterized and fully
validated analytical methods to yield reliable results that
can be satisfactorily interpreted. Specific validation criteria
are needed for methods intended for analysis of each
analyte, ie, drug and/or metabolite. Furthermore, when
sample analysis is conducted at more than one site, it is
necessary to validate the analytical method or methods at
each site and provide appropriate validation information for
different sites to establish interlaboratory reliability. Finally,
unless a method is used regularly, thus generating confi-
dence in its continued validity, it is essential to document
that the method is still valid prior to analysis of samples in a
new study.

Another issue related to measurement of drugs or
metabolites is whether it is sufficient to measure total
drug concentrations or whether the free or nonprotein-
bound fraction is the important pharmacologic parameter
to assess. It is common for the protein binding of an
antineoplastic agent to be characterized in vitro before the
drug is introduced into clinical trials. This is done far less
frequently for drug metabolites than for the parent com-
pound. Furthermore, it is relatively uncommon for free as
opposed to bound drug to be determined in clinical samples.

Certain practical issues must be confronted when the
free fraction of drug is to be determined. A small free
fraction of a low or moderate total plasma concentration of
drug may not be quantifiable using the analytical metho-
dology available. Therefore it may be impossible to mea-
sure the free fraction. Furthermore, the precision of the
analytical methodology available may not be sufficient to
define a relevant difference in free fraction. The difference
between a 1% and 2% free fraction may be quantitatively
small, but represents a 100% difference in free fraction.

The field of drug metabolism has been relatively ne-
glected in antineoplastic pharmacology. There are several
reasons for this. Failure to define all the metabolites of a
drug before it enters clinical trials is one. Furthermore,
preclinical metabolism studies involving mouse or rat
enzyme preparations do not always reflect the metabolic
profile encountered in humans [37, 44]. The recent avail-
ability of human hepatic preparations from sources such as
the Washington Regional Transplant Consortium (Washing-
ton, DC, USA) [37] and of cloned human drug-metaboliz-
ing enzymes from commercial sources such as Gentest
Corp. (Woburn, MA, USA) has been associated with an
increase in attempts at in vitro definition of the human
metabolism of antineoplastic agents during preclinical de-
velopment or early in clinical development.

It is useful to consider examples of each of these issues
regarding metabolism. The difference between rat and
human metabolic profiles of an antineoplastic agent is
well illustrated by paclitaxel [37, 44]: the two major

metabolites produced by rat liver preparations are not
only different to the major human metabolite but are only
minor human metabolites. The utility of measuring the
appropriate metabolites of an antineoplastic compound
may be well illustrated by studies with irinotecan, for
which definition of plasma concentrations of not one but
two metabolites may be relevant to explaining the drug’s
dose-limiting diarrhea [29].

In contrast, gemcitabine may be an example of a case in
which relevant metabolites are measured but the data are
inappropriately ignored in clinical practice. It is well
established that cellular accumulation and phosphorylation
of gemcitabine is a saturable process [27]. Irrespective of
these data, standard practice for gemcitabine use involves
administration by 30-min infusions, which produce plasma
gemcitabine concentrations in excess of those required to
saturate production of its active metabolite [27]. As a
consequence, the vast majority of drug administered is
inactivated by cytidine deaminase without producing a
pharmacodynamic effect. Whether a change in administra-
tion schedule would increase the activity or therapeutic
index of gemcitabine is a pharmacologically rational ques-
tion to raise, and one that requires examination.

Development of many new classes of antineoplastic
agent will require us to be smarter when sampling the
system. Examples of such drugs include antiangiogenesis
agents [25], telomerase-targeting drugs [59], antisense oli-
gonucleotides [66], matrix metalloproteinase inhibitors
[76], farnesyl transferase inhibitors [49], differentiating
agents [55], and potentially antineoplastic viruses [34].
Each of these classes of drug has a proposed target that
could be monitored if the correct samples can be obtained.
Correct sampling involves determination not only of the
appropriate matrix, but also the correct times at which to
sample the system. Again, this may sound easier than it will
be to do. Many of these new classes of compounds
represent challenges with respect to measurement of their
amounts or concentrations in biological systems or ma-
trices. Furthermore, not all of them kill cells and some may
need to be present continuously. In this regard, it may be
relevant to refer to lessons learned and practices commonly
employed in areas of clinical pharmacology other than
cancer chemotherapy.

What to sample

A basic question involved in sampling the system is “What
should be sampled?” Is sampling plasma sufficient? The
rationale for measuring drug concentrations in plasma is
that: 1) it is the means by which we usually introduce drugs
into the system; 2) it is presumably what carries the drug to
its site of action; and 3) it is relatively accessible. Despite
this, sampling plasma involves a certain degree of patient
inconvenience and risk. The potential for sampling alter-
native fluids, such as saliva [62, 65] or urine, warrants
consideration. Similarly, noninvasive means of assessing
drug are an active area of ongoing research [74]. In



contrast, there is an equally great interest in sampling
interstitial fluid from the index tissue in which pharmaco-
dynamic effect is monitored. The basis for the use of
microdialysis in this regard is that transfer of drug from a
blood capillary to either a normal or tumor cell involves
transfer across extracellular fluid. Such studies been per-
formed in mice [78] and rats [21], and instrumentation is
also available for clinical application [20, 48].

In addition to the question of what to sample to measure
drugs or metabolites, the question of what to sample to
monitor pharmacodynamic effect can be raised. Normal
tissue may be useful for sampling to monitor toxicity in an
index tissue or, potentially, as a surrogate for antitumor
response. It may also serve as a means of assessing
perturbation in cell function related to the perceived
means of action of the drug under study or as a means to
assess timing for optimum application of a drug or combi-
nation of drugs. Although sampling of the tumor itself may
seem the easiest way because it is, after all, the target of
therapy, the realities of obtaining tumor specimens cur-
rently preclude this from becoming common practice.
Furthermore, even for tumors such as melanoma, wherein
location might allow sampling, tumor heterogeneity among
metastases and the contribution of normal tissue within a
tumor biopsy must be recognized as potential complicating
factors if such sampling strategies are proposed or under-
taken.

When considering sampling the system, the question of
when to sample is as important as what to sample

The obvious candidates for when to sample a system are
before treatment, during treatment, or after treatment. The
frequency or intensity of sampling the system is another
variable to consider. Practical constraints on frequent and
intensive sampling include patient discomfort and risk,
patient inconvenience, and the expense involved. Each of
these issues has fostered interest in developing limited
sampling strategies for assessing the system. To date, two
strategies have been commonly employed [15, 52], each of
which has relative advantages and disadvantages. The
stepwise regression approach to limited-sampling strategy
development [52] has the advantages of being easy to
develop and involving user-friendly software. However, it
also has the disadvantage of being inflexible. Samples must
be drawn at precise times, and the methodology defines
only one pharmacokinetic or pharmacodynamic parameter.

Alternatively, limited-sampling strategies based on
optimal-sampling theory [15] have the advantage of being
extremely flexible. They can use samples drawn at less-
than-optimal times and have the potential to define multiple
pharmacokinetic parameters. However, optimal-sampling
theory-based limited-sampling strategies have the disad-
vantages of involving complex theory, requiring a popula-
tion pharmacokinetic model, and involving software that is
less than user-friendly.

The rationale behind developing limited-sampling stra-
tegies is to allow easy investigation in an individual patient
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or to facilitate collection of data in a sufficient number of
patients to allow pharmacokinetic/pharmacodynamic rela-
tionships to be determined, for which large populations are
necessary. One particularly innovative approach that has
recently been published is that using measurement of total
plasma platinum at 24 h after treatment to assess the AUC
of carboplatin produced in patients treated with that drug
[26]. As stated earlier in this paper, common practice is to
administer a desired AUC of carboplatin, rather than a
mg/m2 dose. Even with this potential refinement in dosing
strategy, it is helpful to have a means to assess whether the
AUC intended for delivery was delivered. Moreover, the
ability to obtain measurements on a stable, easily handled
drug sample at a single time point in a large number of
patients should allow exploration of relationships between
drug exposure and therapeutic intent in a variety of tumor
types. These data would augment our understanding of the
known relationships between drug exposure and toxicity
[39, 54].

Modeling the system

Although appropriate sampling and measurement of the
system are critical to successful clinical pharmacological
studies of antineoplastic agents, they are not sufficient by
themselves. The information and data generated must be
integrated. This is most commonly done through modeling
the system. A wide variety of tools is available for phar-
macokinetic and pharmacodynamic modeling. In applying
these tools, it is helpful to remember that the tool selected
should fit the need. Use of an inappropriately simple
modeling approach may generate information; however,
such information may not be applicable for the needs of
the study. Conversely, attempts to apply overly complex
modeling methodology may frustrate or inhibit generation
of information that could be useful for the purposes
intended.

One common theme in pharmacokinetic/pharmacody-
namic modeling is the benefit resulting from the continued
development of faster and cheaper computers. To some
extent, the increased interest in clinical pharmacology of
antineoplastic chemotherapeutic agents reflects the fact that
faster and cheaper computers have brought the ability to
perform such studies within the means of most investiga-
tors.

When modeling the pharmacokinetic information
sampled from the system, there is no one universal phar-
macokinetic parameter that must be employed. Potential
candidates for use as pharmacokinetic parameters include
the area under the concentration X time curve, peak plasma
drug concentration, duration that plasma drug concentration
remains above a given threshold concentration, free or total
drug concentration, the cumulative dose or cumulative
AUC delivered, and possibly dose or AUC intensity. This
list of potential candidates is not all-inclusive, and part of
the challenge and pleasure to be derived from such model-
ing exercises involves exploration and definition of appro-
priate pharmacokinetic parameters for use.
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Similarly, there is not a universal pharmacodynamic
parameter for use in pharmacokinetic/pharmacodynamic
modeling. Two approaches have been commonly employed
[45]. The first of these assesses the change from baseline in
some variable within an individual patient. Examples in-
clude percentage reduction in white blood cell or platelet
counts. Alternatively, when large numbers of patients are
available and the pharmacodynamic consequence to be
assessed is not precisely quantifiable, the definition of the
probability of a toxic consequence occurring within a
cohort of patients sharing a restricted or defined pharma-
cokinetic parameter has been used.

With increased interest in high-dose chemotherapy,
patients can be expected to have a 100% change in myeloid
elements or a 100% likelihood of experiencing significant
toxicity. Therefore the two previously described approaches
do not provide useful measurements and newer approaches,
such as consideration of duration of drug effect, are likely
to be required in defining meaningful relationships between
pharmacokinetics and pharmacodynamics in high-dose che-
motherapy studies. Furthermore, the myeloid elements that
recover in patients undergoing autologous or allogeneic
blood stem cell transplants are not derived from cells that
have been exposed to drug introduced into the system.
Rather, they have been stored outside the system during the
time that drug was in the system.

Finally, the challenge of relating pharmacokinetic mea-
surements to therapeutic drug outcome remains an area for
active study. Whether traditional criteria of response, either
partial or complete, are relevant remains to be seen.
Furthermore, whether a clinical response is as relevant a
parameter as a pathologically documented response may be
a question to consider. It remains to be seen whether the
pharmacodynamic parameters of time to progression or
overall patient survival are more meaningful for use in
clinical pharmacological studies than are the more com-
monly employed criteria for response. Additionally, the
ability to use surrogate markers, such as carcinoembryonic
antigen, CA125, and prostate serum antigen, as criteria for
response remains an area of active and potentially fruitful
research.

Even when appropriate pharmacokinetic and pharmaco-
dynamic parameters are known, the development of inno-
vative approaches to model such data continues. Applica-
tion of population modeling concepts to clinical pharma-
cological studies of antineoplastic agents continues to grow.
Such population studies have most commonly employed
one of two approaches [60, 64]. The first of these is
nonlinear mixed-effects modeling [65], most commonly
implemented using the program NONMEM [7]. Alterna-
tively, the iterative, two-stage approach [64] has also gained
acceptance and has been implemented using proprietary
software and the program ADAPT II, among others [16, 33].

Increased emphasis has also been placed on developing
integrated  pharmacokinetic/pharmacodynamic  models.
Some of these linked models are available as standard in
certain software packages [16]. More innovative ap-
proaches to this concept are represented by the recent

publication of a population model for the leukopenic effect
of etoposide [41].

Even with the emphasis on and activity applied to
modeling the pharmacokinetic and pharmacodynamic rela-
tionships of antineoplastic agents, in reality such agents are
rarely used individually. As a result, the significant chal-
lenge of developing appropriate models to describe the
behavior of combinations of agents remains. Despite the
publication of mathematical models for describing agents
that have either 1) a common receptor and common
mechanism, 2) separate receptors but a common mecha-
nism, or 3) separate receptors and separate mechanisms
[36], practical constraints in antineoplastic pharmacology
remain. These constraints are that: 1) the Hill equations
describing the pharmacokinetic/pharmacodynamic relation-
ships for the individual agents in a combination are rarely
available; and 2) the precise receptors and/or mechanisms
of action of the individual agents have not been well
defined. As a result, application of the published models
has proven difficult.

Special systems

One final consideration regarding the systems studied in the
clinical pharmacology of antineoplastic agents is that not all
systems are the same. An area of great current activity is
studies of special systems. These include: 1) the elderly
[43], and gender- [42, 43] and ethnicity-related differences
in pharmacology [1]; and 2) definition of the pharmacology
of antineoplastic agents in patients with impaired hepatic
[68] or renal function [50]. Although the general principles
of sampling and modeling the system may be applicable to
these systems, the parameters defining pharmacokinetics
and pharmacodynamics in the general population may be
different in these special systems. In addition, there is also
interest in systems with special input. Specifically, the
subset of antineoplastic chemotherapy involving regional
delivery [12], such as intraperitoneal, intraarterial, intrathe-
cal, and intravesical chemotherapy, carries with it special
mathematical and practical considerations.

Conclusions

This paper began with an admission of ignorance and the
recognition that it is impossible within a constrained space
to provide an encyclopedic overview of the current state of
the clinical pharmacology of antineoplastic chemotherapy.
What I have attempted to do is provide an overview and
framework for pursuing such studies in the laboratory or
following them in the literature. This approach reflects my
personal bias, research interests, and weaknesses. I hope
that it has fulfilled my intended function and that failure to
cite or recognize the work of any individual scientist or
group is understood to be unintentional.
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