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Benefits of Pharmacological Knowledge in the Design
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Prescribing chemotherapy is a difficult task,
because of drug resistance, which prevents all
tumors to respond to a given protocol and because
of drug toxicity, which is generally unavoidable but
which must be limited to acceptable levels. The
therapeutic window of anticancer drugs is very nar-
row and clinicians have to try to optimize the indi-
vidual doses and schedules of the drugs to be
administered. They can rely upon simple anthropo-
metric features, such as body weight or surface area;
they can also take into account the physiological sta-
tus of the patient: age, liver and kidney function,
genetic characteristics of drug metabolism, etc. The
best way for dose adaptation lies in the establish-
ment of pharmacokinetic/pharmacodynamic rela-
tionships, i.e., between the behavior of a drug in the
body and its efficacy and toxicity. When it is estab-

lished that the optimal effect of a drug is related to
a given parameter, such as the area under the curve
plotting plasma concentration vs. time (AUCQ), it
becomes possible to administer the drug with the
dose allowing to obtain the target parameter value.
Individual dose adaptation can be achieved thanks
to the study of the pharmacokinetics of a test dose
preceding that of the therapeutic dose, or by the
measure of drug plasma levels, either at steady state
during a protracted infusion, or from cycle to cycle
during repetitive protocols. Population analysis
now allows the adaptation of anticancer drug dos-
ing from a minimum knowledge of individual
pharmacokinetic features, together with other char-
acteristics of the patients such as age, gender or
physiological functions. (Pathology Oncology Rese-
arch Vol 4, No 3, 171-178 1998)
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Introduction

The first anticancer drugs were introduced to clinics
50 years ago for the treatment of leukemias. Chemothe-
rapy was originally restricted to some rare indications,
but is now a major therapecutic weapon against cancer,
generally used in combined strategies with surgery and
radiotherapy. It can be also used alone, sometimes when
the tumor can be cured by chemotherapy. and morc often
when the cancer is disseminated and not accessible to
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local treatments. Strong efforts have been made in dis-
covery and development of new anticancer drugs with
the hope of obtaining drugs able to cure most solid
fumors.

About 50 anticancer drugs are now available to the
clintcians. However, prescribing chemotherapy remains a
difficult task, because two severe limitations hinder the
use of these drugs: 1) drug resistance, which prevents all
tumors from responding to a given treatment; a response
rate of 30% is considered as satisfactory in colon cancer,
but would be regarded as insufficient in breast cancer; 2)
drug toxicity, which is generally unavoidable but which
must be limited to acceptable levels. The window bet-
ween drug activity and toxicity is very narrow and the
clinicians must find the optimal individual dose and
schedule to be administered.
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Whereas the radiation oncologists can measure with
precision what they are doing, thanks to dosimetry, the
medical oncologists have no such instruments to evaluate
the dose of drug actually delivered to the tumor. This is
why pharmacologists have developed several tools to
improve knowledge of drug/host relationships. Pharma-
cokinetics describes what happens to a drug in the body,
while pharmacodynamics studies what does a drug to the
organism, including the tumor. Research of relationships
between pharmacokinetics and pharmacodynamics in
oncology should result in optimal use of anticancer drugs.
We describe in this review the principles of such studies
and give some examples of their development.

1. Pharmacokinetic and pharmacodynamic terminology
1.1. Pharmacokinetics

This consists of a mathematical description of the in
vivo fate of a drug.' It concerns the processes of absorp-
tion, distribution, metabolism and elimination of the drug.
Central to this description is the curve representing drug
plasma concentration versus time, from which numerous
pharmacokinetic parameters are derived, such as:

e The peak plasma concentration, C,,,, which repre-
sents the highest drug concentration reached in plas-
ma after a bolus administration,

¢ The plasma concentration at steady-state, C,,, when the
drug is administered via a constant rate IV infusion,

e The area under the plasma concentration versus time
curve, AUC, which represents the total exposure of
the patient to the drug, ‘

e The half-life, T,,, which represent the time required
for a two-fold decrease of drug plasma concentration.
For most drugs, several successive half-lives are obta-
ined, from some minutes to several hours or even days.

¢ The total plasma clearance, which is related to the
AUC through the simple formula :

Dose = AUC x Clearance

For drugs given via a constant rate I'V infusion, the
relationship between clearance, plasma concentration
and dose rate is as follows, once C, has been
achieved:

Plasma C,, = Dose rate | Clearance.

When one knows the plasma clearance of a drug, the
dose required for a given AUC or C, may be readily
calculated.

e The total volume of distribution at steady state, Vd,,
which represents the volume of a vessel containing all
the drug present in the body at the concentration it has
in plasma; it evaluates in fact the degree of tissue
binding of the drug.

1.2. Pharmacodynamics

Pharmacodynamics describes the effects of a drug on
the body, including both activity and toxicity.' The poten-
tial pharmacodynamic consequences of the presence of
drug in the patient can be described by a graph where
intensity of drug effect is plotted against drug dose. For
these drugs that do not produce toxicity at doses close to
those required for efficacy, there is little interest for dose
optimization or individualization. Under these circum-
stances, patients are treated with doses high cnough to
ensure the achievement of therapeutic concentrations
(Figure 1A). In contrast, most drugs used in anticancer
chemotherapy frequently produce toxicity at doses close to
those required for a therapeutic effect (Figure IB). For
these drugs, the therapeutic window between activity and
toxicity is quite narrow.

In addition, large interpatient variability in drug distri-
bution and elimination is frequently obscrved, resulting
from genetic and physiopathologic conditions. Both tox-
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Figure 1. Graphic representation of the pharmacodynamic
effect of a drug. A. The therapeutic effect can be exerted with-
out any significant toxic effect; there is no need for dose adap-
tation. B. The therapeutic cffect cannot be obtained without
toxic events; dose optimization is required.
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Figure 2. Definition of the therapeutic window of an anticancer
drug: For a dose or an AUC A, there is no activity and no tox-
icity; For a dose or an AUC D, the toxicity is unacceptable
while drug activity plateaus at a maximum; The therapeutic
window is between B and C, with acceptable toxicity and drug
response close to its maximum likelihood.

icity and efficacy of a drug are frequently better correlat-
ed with a given pharmacokinetic parameter, such as
AUC, than with the dose administered. As a conse-
quence, there may be wide differences among patients
regarding the dose required to achieve an optimal
response with acceptable toxicity. In these conditions,
there is a need for dose optimization in individual
patients: this requires first the establishment of pharma-
cokinetic-pharmacodynamic relationships.

The theoretical pharmacodynamic response is present-
ed in Figure 2: the slope of the efficacy curve and the
maximum effect are dependent on the sensitivity of the
tumor to the drug. An increase in dose or AUC from A to
B will increase efficacy with a moderate increase in toxic-
ity, while an increase from C to D will give an unaccept-
able toxicity with no increase in probability of response.
Thus, therapeutic drug monitoring consists in trying to
treat all patients between B and C.

On the basis of these criteria, anticancer drugs are clear
candidates for pharmacologically guided dosing, but spe-
cific problems arise. Response to treatment is generally
observed after several courses of treatment. Thus, it may
not be possible to use conventional pharmacodynamic
end-points to determine the optimal dose to be adminis-
tered to an individual patient. Another specific point con-
cerns the benefits of adaptive dosing, which must be
viewed in the context of the use of anticancer drugs.

For palliative treatment, keeping toxicity within
acceptable limits is a primary requirement. Thus, dose
optimization should focus on the management of toxici-
ty. In contrast, for curative therapy, more severe toxic
events may be accepted, provided that the drug can reach
its maximal therapeutic effect: dose optimization should
focus on efficacy endpoints.
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1.3. Establishing pharmacokinetic-pharmacodynamic
relationships

The best pharmacokinetic parameters to be used for the
establishment of pharmacokinetic-pharmacodynamic rela-
tionships are generally AUC or C,. Other parameters are
C...» duration of plasma concentration above a threshold,
or AUC intensity. Pharmacodynamics will be described by
either discontinuous parameters (response, no response) or
continuous parameters such as time to progression or sur-
vival. When considering toxicity, two types of parameters
may also be considered: quantitative parameters such as
leukocyte, granulocyte or platelet counts, or semi-quanti-
tative parameters defined by WHO grading.’

Mathematical functions have been used to describe phar-
macodynamic effects and the most commonly used function
is the modified Hill equation, which describes a sigmoid
cquation. The mathematical relationship is described by
Hill equation where E,,, represents the maximum possible
effect, C represents a pharmacokinetic parameter or the
dose and Cs, represents the concentration, the AUC or the
dose which induces 50% of £E,,,.. H is Hill's coefficient
which defines the degree of sigmoid shape of the curve.

17
E= Emax {HC4[[}
C"'+(Cyp)

However, pharmacokinetic-pharmacodynamiic relation-
ships may also be represented by linear or exponential
models with the following cquation:

% survival fraction = e

in which % survival fraction or SF (which expresses the
ratio between nadir and pretreatment cell counts for exam-
ple) represents the pharmacodynamic parameter which is
proportional to the exponential of the drug concentration C
(or the drug AUC) and of the time . £ is a constant deter-
mining the slope of the dose-response curve. This model is
analog to the one allowing the study of the in vitro cyto-
toxicity of a drug.

2. Individual dose adaptation in clinical oncology

Several criteria for dose adaptation of anticancer drugs
can be used. The most simple only uses the anthropomet-
ric characteristics of the patient: body weight or surface
area; taking into consideration the physiological functions
of xenobiotic elimination will allow some refinements; but
the true dose adaptation should rely on pharmacokinetic
estimates of the drug in the body.

2.1. Dose adaptation to body weight and surface area
This is an empiric method which is the most frequently

used by oncologists. Anticancer drugs are commonly
administered on the basis of the dose recommended after
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phase I trials and calculated in mg/m’ or mg/kg. This rec-
ommendation generally involves no pharmacokinetic con-
sideration at all. Dosc reductions or delays are prescribed in
case of unacceptable toxicity, but doses are not increased in
absence of toxicity. Due to the poor therapeutic index of
anticancer drugs, this means that patients showing no signs
of toxicity may receive suboptimal doses. Reference to
body surface area originates from experimental considera-
tions, especially for comparing animals of different
species.” It does not appear to be appropriate in human
adult therapy. The vaniability of drug plasma levels is unre-
lated to body surface areca. The scattering of individual
pharmacokinetic parameters may be even lower when
expressed as rough levels than related to body surface area.
The clearance of a drug has never been shown to be corre-
lated to body surface area as would be the case if this crite-
rion for dose adaptation was appropriate.’

2.2. Dose adaptation to physiological functions

This kind of adaptation attempts to take into account
the patient characteristics known to affect the pharmacoki-
netics or pharmacodynamics of a drug. There are many
sources of individual variability of pharmacokinetics that
may be involved in dctermining the effects of a given
drug. Anticancer drugs have prefercntial routes of elimi-
nation, and the dysfunction of an elimination pathway
leads to increased drug plasma levels or AUC that can lead
to unexpecled toxicity, This is currently taken into account
by dosage reductions that are prescribed in case of renal or
hepatic disturbances, generally cvaluated by creatininemia
and bilirubinemia, respectively. For instance, the dose of
doxorubicin is generally reduced by 50% when bilirubine-
mia reaches 25 pmol/l and by 100% when it reaches 35
umol/l. However, other parameters might be better indica-
tors of excretion functions than the simple levels of crea-
tinin or bilirubin in plasma. Liver enzymes have been
shown to be fairly well correlated to doxorubicin clear-
ance, and should replace bilirubinemia as a criterion for
dose adaptation.’ The pharmacokinetics of carboplatin are
strictly dependent upon glomerular filtration rate, so that
its AUC is entircly predictable from renal function: it
becomes possible to adapt precisely the dose of carbo-
platin to be administered as a function of a desired AUC in
plasma.’®

Another important tactor modulating drug availability
to its targets is sometimes the level of albumin in plasma
when there is a high degrec of binding of the drug to serum
albumin. This is the case for etoposide: in case of liver
dysfunction lowering albuminemia, unexpected toxicities
of this drug have been encountered.”

Recent developments in the ficld of pharmacogenetics
should also be noted in the context of adaptive dosing.
Several enzymes involved in drug detoxification may be

genetically deficient. This is the case for thiopurine
methyltransferase, which catabolizes mercaptopurine:
constitutionally low levels of enzyme arc associated with
higher toxicity and lower efficacy of the drug.” This may
also be the case for fluorouracil: genetic deficiency in
dihydropyridine dehydrogenase, the enzyme responsible
for its detoxification, determines a lethal toxicity of the
drug.” The metabolism of new drugs. such as irinotecan'’
or amonafide,' also presents a genetic polymorphism
that strongly intervenes in drug disposition. Such obser-
vations may lead to the selection of patients able to
receive a given drug according to their phenotype of drug
metabolism; they may also be used for dose adaptation in
order to compensate for the individual features of drug
metabolism.

Patient’s age is also a physiological variable that can be
taken into consideration for dose adaptation. Some drugs
have a reduced clearance in elderly patients,'* although it is
generally possible to give full drug doses of most unti-
cancer drugs without considering age: aging is not an inde-
pendent feature, but is characterized by the summation of
physiological alterations that may or may not occur togeth-
cr: decrease in albumin plasma levels, decrease in intracel-
lular water mass, in liver volume and blood flow, in
glomerular filtration rate, etc. Therefore, dose adaptation
should preferably rely on physiological alterations rather
than on age per se.

Table 1. Relationship between anticancer drug pharma-
cokinetics and drug activity: some examples from the
literature

D ”g, ) Tumor type PK Refe—
parameter / rence
Aracytine Relapsed
leukemias Blast ara-CTP 13
Methotrexate  ALL C.. 14
Osteosarcoma Crae 15
Fluorouracil Head and neck  AUC 16
Colorectal Plasma
concentration 17
Doxorubicin Breast Coax 18
AML Plasma
concentration 19
Epirubicin Nasopharynx AUC 20
Cisplatin Head and neck  Plasma
concentration 21
Ovary AUC 22
Carboplatin Ovary AUC 23
Etoposide Lung C, 24
Teniposide Pediatric AUC 25
tumors
Cyclophos-
phamide Breast AUC 26
Vinblastine Breast AUC 27

PATHOLOGY ONCOLOGY RESEARCH



Anticancer Drug Monitoring 175

Table 2 Relationship between anticancer drug pharmacokinetics and drug toxicity: some examples from the literature

Drug Toxicity PK parameter Reference
Methotrexate Leucopenia Plasma concentration 28
Fluorouracil Leucopenia, mucositis AUC 29
Plasma concentration 17
Mercaptopurine Leucopenia Thioguanine metabolites in red blood cells 30
Doxorubicin Leucopenia C, 31
Epirubicin Leucopenia Plasma concentration 32
Pirarubicin Leucopenia AUC 33
Mitoxantrone Aplasia duration AUC 34
Cisplatin Neurotoxicity Corax 35
Mucositis AUC 22
Nephrotoxicity AUC 36
Carboplatin Thrombopenia ASC 37
Etoposide Leucopenia AUC 38
Leucopenia Css 39
Cyclophosphamide Cardiotoxicity AUC 26
Vinblastine Leucopenia C. 40
Vincristine Neurotoxicity AUC 41
Paclitaxel Leucopenia Time above a threshold 42

plasma concentration

Docetaxel Leucopenia AUC 43
Irinotecan Leucopenia AUC 44
Topotecan Leucopenia AUC 45

2.3. Dose adaptation to plasma drug concentrations

This is indeed the most potent method for achieving the
optimization of drug administration. Plasma concentra-
tions have a great predictive value because they result
from a number of physiologic and genetic characteristics
of the patient: hepatic and renal function, importance of
body tat, metabolic capacities, efc.

A relationship between pharmacokinetic parameters
and drug efficacy has been shown for several antimetabo-
lites,'"™"" as well as for anthracyclines,®™ organic pla-
tins,”'* epipodophyllotoxins,** cyclophosphamide26
and vinca alkaloids®’ (Table /). The pharmacokinetic para-
meter most generally involved is plasma concentration
itself or its time integral, AUC. It is obvious that pharma-
cokinetics cannot be the only determinant of drug cffica-
cy, but is often responsible for most of the variability in
tumor response between patients, the remaining part being
determined by cellular and molecular tumor determinants.

More frequently, a relationship between a pharmacoki-
netic parameter, especially AUC, and drug toxicity has
been evidenced (Table 2).”*° Generally, this relationship
is much more significant than the one existing bctween
drug dose and toxicity, justilying the use of pharmacoki-
netics for predicting toxicity. The toxicily endpoint that
has been most often considered is the decrease in blood
cell counts. However, in some instances, drug toxicity is
delayed and dependent upon cumulative administrations:
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this is the case, for instance, for anthracycline cardiotoxi-
city; in this case, the use of pharmacokinetics [or predict-
ing the level of toxicity does not appear possible.

Bolus injections are followed by high peak plasma con-
centrations, whereas protracted slow infusions generate
moderate and constant plasma levels. In general, the phar-
macokinetics are linear and both types of administrations
lead 1o similar AUC values. For several drugs, it has been
shown that prolonging the duration of the infusion led to
decreased toxicity with a maintained cfficacy of the drug.
It has been concluded that peak levels were mostly respon-
sible for toxicity and AUC valucs for efficacy.* This is not
true, however, for all drugs, and care should be taken to
study the schedule-dependence of drug activity before
moditying the schedules of administration.

3. Methods for dose adaptation

Several methods can be used for dose monitoring of
anticancer drugs; they all rely on a good knowledge of the
pharmacokinetics of the drug and on the pharmacokinetic-
pharmacodynamic relationships.

3.1. Test dose
This method was originally developed for methotrexate

in the treatment of childhood osteosarcomas: the very high
doses of this drug that are necessary to cure patients are
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also highly toxic and require good monitoring. In French
experience, the administration of a test dose of methotrex-
ate, 50 mg, is followed by a detailed pharmacokinetic
study from 0.25 h to 30 h after administration.””* This
allows identification of the pharmacokinetic characteris-
tics of the individual patient. It becomes then possible,
assuming that the kinetics of methotrexate are lincar, to
calculate the therapeutic dose to be delivered over 36-hr
infusion in order to reach a given steady-state plasma con-
centration: this dose ordinarily ranges between | and 2 g
for a plasma concentration of 10 M. Tt is possible, during
this infusion, to analyze additional blood samples to veri-
fy that the plasma levcels are within the limits that have
been chosen before: if not, dose adjustment can be per-
formed and folinic acid rescue can be implemented. This
feed-back control ensures that the treatment will remain
far from unacceptable toxicity.

Such test-dose methods have also been developed for
other drugs such as melphalan,* but other methods are now
preferred, which require less frequent blood samplings.

3.2. Dose adaptation from cycle to cycle or during
a continuous infusion

When an important number of courses of treatment is
programmed, or when the infusion is administered over a
long period, it is possible to adapt the dose as a function of
the pharmacokinetic parameters of the patient, as evaluat-
ed at the beginning of the treatment. This has been espe-
cially developed for fluorouracil. Some protocols of
administration of this drug plan a 5-day continuous infu-
sion; it 18 possible to mcasure steady-state plasma drug
concentrations during the first half of the infusion, and to
adapt at this point the dose of the remaining part of the
infusion in order to obtain a given total AUC. Such dose
monitoring of fluorouracil has been shown to provide
increased efficacy and lower toxicity in head-and-neck
cancers.'™” Similar approaches have becn developed for
cisplatin®™ and etoposide.”

In other protocols, fluorouracil is administered as repet-
itive weekly short infusions for several months. It is thus
possible to analyze drug concentration each week in a
given plasma sample, and to adapt the dose to be adminis-
tered the following week. Such monitoring has been
shown to improve both efficacy, tolerance and survival in
patients suffering from colorcctal cancer, and can easily be
performed routinely in the clinical setting. ™

3.3. Dose adaptation from population studies

This approach to dose adaptation of anticancer drugs is
the most complex method. In this approach, population-
based predictive models are used. In a first phase, the
pharmacokinetics of the drug is studied in a well-defined

population of patients and the pharmacokinetic parameters
calculated according to Bayesian procedures. Then, a lim-
ited sampling strategy is generated, allowing the estima-
tion of pharmacokinetic parameters from one or two plas-
ma samples obtained at sclected times. Once the popula-
tion kinetics are known, it is possible to estimate these
parameters in any patient from similar plasma samples
obtained during the first course of treatment or during the
first part of a continuous infusion. The doses to be admin-
istered during the following courses or the second part of
the infusion can then be calculated on the basis of a target
C,, or AUC in order to obtain the desired pharmacody-
namic effect. The Bayesian approach allows to introduce
in the model, in addition to drug plasma concentrations, a
variety of independent variables that may contribute to the
pharmacokinetics of the drug: sex, age, albuminemia, cre-
atininemia, bilirubinemia for instance. This strongly
improves the potency of the method for predicting phar-
macokinetic parameters from single points. In addition,
the samplings have not to be performed at fixed times but
within relatively large limits. Despite its mathematical
complexity, this approach may be the only way to deliver
a predefined exposure of an anticancer drug to an individ-
ual patient. This methodology has been used for several
years for methotrexate therapy.™ It has also been devel-
oped for anthracyclines,™* carboplatin™ and etoposide.™

Conclusion

Despite the continuous process of discovery and devel-
opment of new anticancer drugs, it appears that we are still
far from curing cancer by chemotherapy. However, the
presently available drugs are not used optimally; it is pos-
sible, in many cases, to increase both the proportion of
responders and the tolerance to treatment by monitoring
the doses as a function of individual characteristics of the
patient. Individual dose adaptlation obviously involves
higher costs, but the decrease of toxic events surcly com-
pensates for the cost of pharmacologically-guided dose
adaptation, which brings significant benefits to the cancer
patient.
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