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A B S T R A C T

Numerous studies have documented that adolescents and young adults (AYAs) experience a
significant cancer burden as well as significant cancer mortality compared with other age
groups. The reasons for the disparate outcomes of AYAs and other age groups are not
completely understood and are likely to be multifactorial, including a range of sociodemo-
graphic issues unique to these individuals as well as differences between adolescents,
younger pediatric patients, and adults in the pharmacology of anticancer agents. Because
adolescence is a period of transition from childhood to early adulthood, numerous physical,
physiologic, cognitive, and behavioral changes occur during this time. In this review, we
provide an overview of the unique developmental physiology of the adolescent and explain
how these factors and the behavioral characteristics of adolescents may affect the pharma-
cology of anticancer agents in this patient population. Finally, we describe examples of studies
that have assessed the relation between drug disposition and age, focusing on the AYA
age group.

J Clin Oncol 28:4790-4799. © 2010 by American Society of Clinical Oncology

INTRODUCTION

Adolescents (defined by PubMed as children who
are 13 to 18 years of age) are unique in many ways.
This is a statement few would disagree with, and it
holds true within the field of oncology. From their
most prevalent tumor types to their outcomes,
adolescents are different from their younger pe-
diatric counterparts.1-3 Adolescents and young
adults (AYAs) experience a significant cancer bur-
den and significant cancer mortality, and they
generally fare poorly compared with other age
groups.3,4 The second 15 years of life carries a
cancer risk 2.7 times that of the first 15 years,5 and
cancer is the second-most common cause of non-
accidental death among individuals age 15 to 24
years.4,6 It is now well documented that AYA pa-
tients with cancer have outcomes significantly
worse than those of younger pediatric patients
and, in some cancers, older adults as well. As
depicted in Figure 1, AYAs have 5-year survival
rates less than those of both younger pediatric
patients and older adults for a wide variety of
tumors, including non-Hodgkin’s lymphoma
and soft-tissue sarcomas, and have lower sur-
vival rates than younger patients for many ma-
lignancies, including brain tumors, renal
tumors, Ewing sarcoma, and acute lymphoblas-
tic leukemia (ALL).1,4 In addition, although
overall cancer survival has increased dramati-
cally in recent decades, patients within the AYA

group have shown the least improvement.1,2,7

In the 1970s, cancer survival rates of AYAs were
superior to those of both younger and older
patients; however, this survival advantage de-
creased during subsequent years and was lost by
the mid-1990s (Fig 2).4,7

The reasons for the disparate outcomes of
AYAs and other age groups are not completely un-
derstood and are likely to be multifactorial. A range
of sociodemographic issues unique to individuals in
this age group, including access to care and partici-
pation in clinical trials,6-9 are probable contributing
factors, along with fundamental biologic differences
in tumor and host biology.1 Differences between
adolescents, younger pediatric patients, and adults
in the pharmacology of anticancer agents may also
influence outcomes, in terms of both the incidence
and severity of adverse effects and tumor response.
In addition, behavioral patterns within this age
group, such as experimentation with alcohol and
other drugs, can additionally influence drug dis-
position and outcome of treatment. In this re-
view, we provide an overview of the unique
developmental physiology of the adolescent and
explain how these factors and the behavioral char-
acteristics of adolescents may affect drug disposi-
tion. Finally, we describe examples of studies that
have assessed the relation between age and anti-
cancer drug disposition, focusing on studies in
adolescents, when available.
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DEVELOPMENTAL PHYSIOLOGY OF THE ADOLESCENT

As part of the normal pubertal process, adolescents experience numer-
ous physiologic and physical changes that can affect drug disposition
(Fig 3). The onset and timing of each change varies widely within and
between individuals, and groups of individuals, which emphasizes the
variability in pharmacokinetics and pharmacodynamics observed
during adolescence.

ANTHROPOMETRIC MEASURES

The gain in height and weight during the adolescent growth spurt
accounts for approximately 25%10 and 50%,11 respectively, of adult
values. As shown in Figure 4, this increase in size is accompanied by a

noticeable, sex-specific change in body composition13,14 that can have
important implications for drug disposition. Young women experi-
ence a greater increase in fat mass, whereas young men undergo a
greater increase in fat-free mass. The end result is that adult women
have a higher percentage of body fat than do men.13 In some adoles-
cents, the increase in weight and body fat may be excessive. In a study
of the prevalence of high body mass index (BMI) among children age
2 to 19 years during 2003 to 2006, those children age 12 to 19 years had
the following frequency of high BMI: � 97th percentile, 12.6%;
greater than 95th percentile, 17.6%; and greater than 85th percen-
tile, 34.1%.15

The challenges of treating obese adolescents extend to the field of
oncology. Obese pediatric patients with ALL16 or acute myeloid leu-
kemia (AML)17 have outcomes inferior to those of nonobese children.
Not only can obesity influence drug disposition, primarily by affecting
volume of distribution and drug clearance,18,19 but it also adds a
complicating factor to drug administration. For an obese patient, it
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Fig 1. Five-year survival rates in adolescents and young adults compared
with older and younger patients. The light orange background zone designates
the age range of 15 to 29 years. (A) Cancers with survival rates that are lower
in adolescents and young adults than in younger and older patients. (B)
Cancers with survival rates that are lower in adolescents and young adults
than in younger patients. Data adapted.4 NHL, non-Hodgkin’s lymphoma; ALL,
acute lymphocytic leukemia.
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must be decided whether to calculate doses on the basis of ideal body
weight, adjusted body weight, or actual body weight and whether to
cap doses at a predetermined maximum. Although the use of alterna-
tive measures of weight and dose caps may reduce the risk of adverse
drug effects, the possibility exists that the patient’s cancer will be
undertreated. However, the data regarding the influence of BMI on
outcomes in pediatric patients with cancer is ultimately inconclusive.
Although the studies mentioned demonstrate inferior outcomes
among obese patients, a large study of pediatric patients with ALL

found no association between BMI and survival, toxicity, or the phar-
macokinetics of a subset of anticancer drugs.20

Another change during childhood and adolescence is the size and
maturity of organs that play a role in drug metabolism. The liver and
kidney increase in absolute size during adolescence,10,21 although their
size in relation to total body weight decreases throughout childhood.22

In a study of 16 pediatric patients with cancer who were age 3 to 18
years, a linear increase in absolute liver weight and volume (as mea-
sured by magnetic resonance imaging) was observed as age in-
creased23; however, liver volume relative to body weight decreased
with age. The effect of the change in liver volume on the metabolism of
substrates of three hepatic metabolism pathways (cytochrome P450
oxidation, glucuronidation, and biliary secretion) revealed differential
effects, indicating that age-related changes in hepatic drug metabolism
vary depending on the metabolic pathway. It has been suggested that
not only the size of the liver but also its capacity to metabolize drugs
continue to increase throughout adolescence.24 In addition, the secre-
tory capacity of the kidney, which may also influence drug disposition,
is thought to mature during this period.25

BIOCHEMICAL MEASURES

The increase in growth hormone (GH)/insulin-like growth factor 1
(IGF-1) secretion and the interplay of these hormones with sex ste-
roids26,27 cause many physical changes during adolescence, including
the obvious dramatic increase in height. During early childhood, pul-
satile GH secretion occurs primarily during sleep, with only low-
magnitude and low-frequency pulses during waking hours.27 As
puberty progresses, the amplitude and duration of these pulses in-
creases during both sleep and wakefulness, resulting in an increase in
mean 24-hour GH levels.28 Sex differences in the timing of change in
GH secretion rate have been demonstrated.28 GH secretion increases
earlier in girls than in boys (pubertal stage 2 v 4) and also reaches
maximal values earlier in girls than in boys (pubertal stages 3 to 4 v
stage 4). These patterns are similar to the patterns of change in growth
velocity and height noted in the Anthropometric Measures section, in
which girls begin the growth spurt and attain peak height velocity
earlier than boys (12 years v 14 years of age).11

Sex steroids play an important role in the secretion of and re-
sponse to GH in both young men and young women. Testosterone
augments GH secretion centrally and enhances GH activity peripher-
ally, which leads to increased release of IGF-1 in response to GH.29

Estrogen acts to increase GH secretion by decreasing the negative-
feedback inhibition of IGF-1.29 The effects of estrogen on GH action
are dose dependent, with IGF-1 secretion by the liver stimulated by
low doses and inhibited by high doses.26,29

Although the effect of GH on drug metabolism is not completely
understood, studies have shown that exogenous GH can alter drug
metabolism. One hypothesis is that this occurs by affecting the expres-
sion of drug-metabolizing enzymes.30 In one study, administration of
exogenous human GH prolonged the half-life of antipyrine (a cyto-
chrome P450 substrate) to 128% to 176% of control values in four of
eight children receiving long-term GH therapy.31 Another study in-
volving children age 10 to 14 years receiving human GH replacement
indicated that the half-life of amobarbital increased, whereas that of
theophylline decreased.32 Although administration of exogenous GH
has been shown to affect drug metabolism, additional studies are
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needed to determine how the metabolism of cancer drugs is affected
by the natural increase in endogenous human GH during puberty.

Adolescents experience numerous hormonal changes during pu-
berty. These include not only changes in patterns of GH/IGF-1 secre-
tion but also an increase in the amplitude and a change in the pattern
of secretion of the gonadotropins and, hence, in sex steroid secre-
tion.26,27 Secretion of gonadotropins, like that of GH, is pulsatile.
During early puberty, the amplitude of luteinizing hormone (LH) and
follicle-stimulating hormone (FSH) night-time pulses begins to in-
crease. During later stages of pubertal development, the pulse ampli-
tude is increased during both sleep and waking hours, and mean LH
and FSH levels increase accordingly in both young men and young
women as puberty progresses.33 The increase in LH and FSH stimu-
lates an increase in both testosterone and estradiol, leading to the
development of secondary sex characteristics. These changes, like
those in the GH/IGF-1 axis, begin earlier in young women than in
young men. The first evidence of gonadarche is evident at an average
age of 11 years in young women and 11.5 to 12 years in young men.11

As noted earlier in this section, the timing of the changes in
hormone secretion, body size, and body composition during puberty
is highly variable.10 Intra- and inter-individual variability in the
onset and termination of these changes, in addition to the events of
puberty, render adolescents a highly complex population in terms of
drug disposition.

SOCIODEMOGRAPHIC CONSIDERATIONS

Sociodemographic and behavioral changes during adolescence are
perhaps as dramatic as the observed physical changes and, depend-
ing on their nature and extent, can substantially affect drug dispo-
sition (Fig 3). For some, adolescence is a period of experimentation
with tobacco, alcohol, and illicit drugs. These agents can cause drug-
drug interactions that may alter the metabolism of anticancer
drugs, potentially attenuating the antitumor effect and/or increas-
ing the risk of adverse effects. Tobacco smoke can influence the
cytochrome P450 enzyme system (inducing CYP1A1, 1A2, and pos-
sibly 2E1) and some UDP-glucuronosyltransferase isoforms.34,35 In-
duction of these enzymes can alter drug pharmacokinetics, whereas
nicotine can affect the adrenergic system and interfere with the phar-
macodynamics of other drugs. In addition, as adolescents become
sexually active, the potential adverse effects of oral contraceptives must
be considered. The primary estrogen in many oral contraceptives is
17�-ethinylestradiol, which is a substrate of CYP3A4, undergoes glu-
curonidation by UGT1A1, and is an inhibitor of CYP2B6 and
CYP2C19, among others, thereby providing the potential for multiple
drug interactions.36 Without specific studies examining the effects of
these agents on the pharmacokinetics of each anticancer agent, it is
difficult to recommend a general implementation of these principles.
However, clinicians should be aware of the potential for drug interac-
tions and should consider monitoring drug levels (when possible),
with the potential for dose adjustments to be made in clinical scenarios
when these interactions may impact on response or toxicity.

Finally, the rebellious nature of some adolescents and their need
to demonstrate independence may reduce compliance with cancer
treatment plans. A study of 46 patients with cancer who were age 2.5 to
23 years demonstrated that compliance was significantly correlated
with age and that adolescent patients were less compliant compared

with younger pediatric patients.37 At 20 weeks into therapy, the mean
age of those who frequently missed doses of oral medications was 17.4
years, compared with 10.5 years among those who only occasionally
missed doses and 9.5 years among those who never missed. Poor
adherence can have serious consequences. Studies in patients with
ALL have demonstrated that decreased doses of medications during
maintenance therapy can lead to an increased risk of relapse.38 As
more anticancer agents for oral administration become available and
move to the outpatient setting, the need for oncologists to address this
issue may take on greater urgency and may require creative tech-
niques, such as that studied by Kato et al.39 In their study of AYAs with
cancer, the use of a video game that addressed various behavioral
issues important to participation in treatment was shown to result in
improved adherence to oral medications.39

INFLUENCE OF DEVELOPMENTAL CHANGES ON
DRUG DISPOSITION

In the previous section, the normal physiologic processes adolescents
experience during puberty were summarized. From this section, it is
clear that many of these changes have the potential to alter drug
disposition (Fig 3). However, it is also clear that they occur variably
among and within individuals. Therefore, a more specific discussion
of the influence of developmental changes on drug disposition during
adolescence will provide an insight into how the pharmacology of
anticancer agents may influence outcomes in this patient population.

ABSORPTION

Drug absorption can be influenced by a number of factors that may
change during the transition from childhood to adulthood, especially
those that affect the gastrointestinal tract environment, including gas-
tric pH, bile acid secretion, intestinal motility, and mucosal mem-
brane permeability. Because adolescents and teenagers generally have
a lower gastric pH than younger children, their absorption of acidic
drugs, such as melphalan and chlorambucil, may be higher.40,41 Con-
versely, a lower pH may inhibit the active uptake of other acidic drugs,
such as methotrexate. In this respect, we need to consider not only
anticancer drugs themselves but also supportive ancillary agents, in-
cluding antiemetics and analgesics. For example, in the case of a basic
drug such as metoclopramide, older children with a lower gastric pH
may experience decreased absorption. However, considering all the
processes that affect drug absorption, it is reasonable to conclude that
oral absorption of most drugs is similar to adults by 5 to 10 years of age.

DISTRIBUTION

The distribution of drugs given to treat cancer is largely determined by
age-dependent changes in body composition. The increased water-to-
fat ratio observed in infants can impact the volume of distribution, and
this ratio is relatively stable afterward until puberty. Percent body fat
usually declines in boys between the age of 13 to 14 years and adult-
hood (Fig 4), whereas an increase is seen in teenage girls; this difference
may affect the distribution of anticancer drugs into adipose tissue,
potentially leading to variable apparent volumes of distribution and
plasma concentrations.42
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Drug distribution can also be markedly influenced by the com-
position of circulating plasma proteins, which may play an important
role in the intravascular transport of drugs to tumor cells.43 Although
adolescence per se is not associated with any well-defined change in
plasma proteins, both hormonal and behavioral changes, including an
increased susceptibility to eating disorders, may affect drug disposi-
tion via this route. Malnutrition associated with anorexia and bulimia
nervosa, most commonly seen in adolescent girls, can result in a
reduced rate of protein synthesis, a decreased concentration of plasma
proteins (eg, albumin and lipoprotein), and a higher plasma concen-
tration of unbound drug.44 This factor may be particularly important
in the case of cytotoxic drugs, such as cisplatin and etoposide, which
are highly protein bound, because small changes in protein binding
potentially lead to large changes in the fraction of free drug.45,46 In
contrast, synthesis of the protein �-1-acid glycoprotein (AAG) can
actually be increased in malnourished patients, which may reduce the
percentage of unbound drug and possibly reduce the antitumor activ-
ity of AAG-bound drugs, such as imatinib and docetaxel.47-49

As discussed in the Anthropometric Measures section, the recent
increase in teenage obesity may cause clinically relevant changes in
drug disposition. The distribution of lipophilic drugs with high affin-
ity for adipose tissue may be increased in obese (but clinically mal-
nourished) patients, and elevated serum AAG concentrations could
increase the binding of many nonacidic anticancer drugs.50,51 Altered
distribution of the oxazaphosphorine drug ifosfamide has previously
been reported in overweight patients.52

METABOLISM

The continued development of the liver and the maturation of drug-
metabolizing enzymes during childhood and adolescence suggest that
drug disposition may be significantly affected by changes in drug
metabolism in this population. The expression of several drug-
metabolizing enzymes has been shown to change markedly during the
early stages of development, increasing from low levels in newborn
children to levels in young children that may surpass those in adults,
although results are less well defined in adolescents. Currently avail-
able information suggests that changes in drug-metabolizing enzyme
activity are related to developmental changes, as characterized by the
Tanner staging system, so that drug-metabolizing enzyme activity
gradually increases during adolescence in conjunction with corre-
sponding increases in levels of GH.24 Reports on the impact of ontog-
eny of drug-metabolizing enzymes have focused predominantly on
those responsible for the functionalization of a drug (eg, oxidation,
reduction, hydrolysis) or the so-called phase I enzymes. These reports
showed that increased levels of hormones, such as estrogen and an-
drogens, are correlated with reduced levels of CYP1A2, CYP2B6, and
CYP2C19.24,53,54 CYP1A2 provides a good example of a phase I en-
zyme for which activity during adolescence has been studied: variation
in the extent of CYP1A2-mediated demethylation of caffeine has been
correlated with differences in stage of sexual maturity between teenage
girls and boys.55 This finding may have implications for other drugs
metabolized by CYP1A2, including the anticancer drug dacarbazine.
A recent examination of methods designed to predict hepatic clear-
ance in children as a function of age, using in vitro findings on cyto-
chrome maturation, highlights the difficulty of predicting clearance
values in older children and emphasizes the need for additional

data from clinical studies.56 The inability to predict hepatic drug
clearance may be particularly pertinent in adolescents, in whom a
host of factors, including hormone-related variations in drug-
metabolizing enzyme activity, changes in body composition, and
increased liver size, may significantly affect drug disposition.

The activity of many phase II enzymes involved in drug conjuga-
tion are also noticeably reduced early in life, but teenagers and adoles-
cents do not seem to differ significantly from adults in terms of the
activity of these enzymes.57 Like differences in plasma protein concen-
trations, differences in the activity of drug-metabolizing enzymes may
be most readily observed in adolescents affected by eating disorders
and severe weight loss or gain. Increased phase I enzyme activity has
been reported in patients with occurrences of chronic weight loss
commonly associated with eating disorders, such as anorexia and
bulimia,58 whereas the activity of phase II glucuronidation and sulfa-
tion conjugation pathways is increased with occurrences of obesity.50

Such changes may be particularly relevant in patients receiving anti-
cancer drugs, such as irinotecan, as glucuronidation of the active
metabolite plays a key role in its metabolism and is likely to influence
the risk of toxicity.59 Similarly, the bifunctional alkylating agent busul-
fan, which is eliminated primarily via phase II glutathione conjuga-
tion, exhibits a higher apparent oral clearance in obese adolescent
patients and adult patients with cancer than in those with normal
body weight.60

An additional consideration is the potential impact of chronic
use of anabolic steroids and other performance-enhancing drugs to
increase body weight and muscle mass, a trend observed in adolescent
and young adult athletes. Studies have suggested the potential for both
inhibitory and inductory effects of anabolic steroids on various CYP
enzymes, including CYP3A4 and CYP2C9. Indeed, in the case of
CYP3A4, both inhibition and induction of activity have been re-
ported depending on the particular anabolic steroid investigated
and the CYP substrate being used.61-63 This area of research warrants
additional investigation.

ELIMINATION

Plasma clearance of renally eliminated drugs is closely correlated with
maturation of kidney function in children, and the age-associated
relation between increasing tubular secretion and glomerular filtra-
tion rate (GFR) is well established in younger children.22,25 This factor
can play a major role in determining appropriate dosing regimens;
the platinum agent carboplatin provides a good example of the
importance of renal function–based dosing in a pediatric setting.64

However, small differences between adolescents and adults in renal
function and GFR are unlikely to significantly affect drug disposition.
Therefore, although differences in drug elimination between adults
and children have been reported, for predominantly renally elimi-
nated drugs such as cyclophosphamide, these findings are likely to be
explained by differences in renal function between younger children
and adults as opposed to significant differences between adolescents
and adults.

Changes in renal elimination should be considered in obese or
malnourished AYA patients. In obese patients, cisplatin but not
carboplatin clearance is increased, suggesting an increase in tubu-
lar secretion but not GFR.65 Other studies have found decreased
clearance of the toxic metabolite doxorubicinol in children with
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greater than 30% body fat after treatment with doxorubicin.66

Malnutrition associated with eating disorders, which are most
prevalent in teenage girls, can reduce perfusion of the kidneys and
liver. This can lead to a reduction in drug elimination, the extent of
which may depend on the free fraction of drug in the blood.
Diminished hepatic blood flow can therefore attenuate the clear-
ance of drugs for which blood flow rather than protein binding
influences unbound drug clearance.44

Future studies of developmental changes in the expression of
drug transporters, such as P-glycoprotein, may also be important in
optimizing dosage regimens in adolescents with cancer. Interestingly,
a relationship between genetic polymorphisms in the ABCB1 gene and
cyclosporine pharmacokinetics is related to age and, thus, to develop-
mental stage in children older than age 8 years.67

In summary, developmental changes in physiologic processes
occur during adolescence and lead to highly variable alterations in
drug disposition in this age group. Prominent differences between
adolescents and younger children exist for absorption and distribu-
tion, but the differences between the two groups is less for metabolism
and elimination. However, eating disorders, such as anorexia and
bulimia, in addition to obesity, which are all commonly seen in the
adolescent age group, may have a prominent effect on drug distribu-
tion, phase I enzyme activity, and renal elimination. Thus, it is impor-

tant to perform well-designed pharmacokinetic studies of anticancer
drugs in this patient population.

SELECTED EXAMPLES

The previous sections have provided a rational physiologic and
sociodemographic basis for differences that have been observed in
the pharmacokinetics of anticancer drugs between adolescents and
young children or adults. However, it is also clear that wide inter- and
intrapatient variabilities exist in the factors that affect disposition of
drugs in the adolescent patient population. In this section, selected
examples are presented of investigations that have studied the
pharmacokinetics of anticancer drugs in children with cancer and
have examined the relationship between age and drug disposition.
Key findings from these studies are summarized in Table 1.

Temozolomide

Panetta et al68 reported the population pharmacokinetics of te-
mozolomide, a highly bioavailable methylating agent that undergoes
spontaneous base-catalyzed hydrolysis to form the methyl triazene,
MTIC. They studied 39 children with primary CNS tumors treated
with various temozolomide dosages. The pharmacokinetics of temo-
zolomide and its active metabolite MTIC were modeled by using

Table 1. Summary of the Pharmacology Studies Published in Adolescents

Drug and Study
No. of

Patients
Age Range

(years)

Sex

Summary of FindingsM F

Temozolomide68 39 0.7-21.9 20 19 No difference in Cl between adolescents (older than 10 years
of age) and younger children

Dexamethasone69 214 1.0-18.8 115 99 Age (younger or older than 10 years) a significant predictor of
Cl in children with low albumin; lower apparent oral Cl in
adolescents consistent with increased toxicity

Topotecan70 162 0.04-22 110 52 No differences in systemic Cl between adolescents and
younger children

Vincristine71 54 0.2-18 NA NA Cl normalized to BW differed significantly between
adolescents and children younger than 10 years of age

Vincristine72 98 1.3-17.3 NA NA No relationship between age and pharmacokinetics
Imatinib73 26 7.0-24 17 9 Median Cl greater in children older than 12 years of age, but

no statistically significant correlation with age observed
Imatinib73 15 6.0-22 NA NA
Etoposide86 29 1.58-23.9 NA NA No correlation between age and etoposide Cl after adjusting

for body size
Etoposide76 16 0.3-22 NA NA AUC normalized to BW correlated to age
Etoposide75 31 0.8-23.7 NA NA No correlation between Cl normalized for BSA and age, but

significant inverse relationship between Cl normalized for
BW and age

Etoposide74 18 1.1-17 10 8 Inverse relationship between Cl and age
Etoposide77 109 0.4-18.7 NA NA Age negatively correlated with Cl normalized for BSA
Methotrexate79 134 0.33-18.5 76 58 Age negatively correlated with plasma concentration
Methotrexate80 122 0.25-15 NA NA Cl faster in children younger than 10 years of age than in

adolescents
Methotrexate81 49 0.5-17 NA NA Cl in children younger than 10 years of age two-fold greater

than in those older than 10 years of age
Actinomycin D82 31 1.0-20 18 13 Higher AUC in younger children (� 40 kg) than in adolescents
Busulfan83 27 1.3-50 10 17 Shorter elimination half-life and higher clearance values in

children younger than 5 years of age versus children age
5-16 years

Busulfan96 25 0.5-54 15 10 Significant increase in busulfan apparent oral clearance
expressed relative to body surface area in children age 0.5-
4 years versus older children (� 12 years of age)

Abbreviations: NA, not available; Cl, clearance; BW, body weight; AUC, area under the curve; BSA, body-surface area.

Clinical Pharmacology in the Adolescent Oncology Patient

www.jco.org © 2010 by American Society of Clinical Oncology 4795



linear mixed-effects modeling. Although temozolomide apparent oral
clearance was directly related to body-surface area (BSA) and was
positively correlated with age, no apparent difference was noted be-
tween adolescents (� 10 years of age) and younger children.

Dexamethasone

In a recent study, Yang et al69 studied 214 children with ALL
enrolled on an institutional protocol (Total XV) that included therapy
with oral dexamethasone (8 mg/m2). Pharmacokinetic studies evalu-
ated numerous covariates using linear mixed-effects modeling. The
relation between patient covariates and dexamethasone apparent
oral clearance was evaluated additionally by using a classification and
regression-tree analysis. Serum albumin was found to be the most
significant predictor of dexamethasone apparent clearance, and age
(less than v greater than 10 years) was a significant predictor of dexa-
methasone apparent oral clearance in children with low albumin.
Although the treatment group (low risk v standard/high-risk) compli-
cated the interpretation of the effect of age on clearance, the results of
the multivariate analyses suggested that age had an independent effect.
This model predicted a dexamethasone apparent oral clearance of 7.8
L/h/m2 for an adolescent age 19 years versus 15.8 L/h/m2 for a child age
5 years, which is consistent with a greater incidence of toxicity in the
older children.

Topotecan

Schaiquevichetal70 reportedapopulationpharmacokineticanalysis
of topotecan, which is primarily (60% to 70%) cleared through renal
excretion. The remainder of topotecan elimination occurs primarily
through biliary or hepatic mechanisms. These investigators studied
topotecan lactone disposition in 162 children enrolled on six phase
I/II clinical trials. They found that BSA was related to topotecan
clearance, which explained 54% of the inter-individual variability.
Other significant covariates included GFR, phenytoin coadministra-
tion, and age only when analyzed as a categoric variable (ie, � 0.5 v �
0.5 years). Thus, for topotecan, a renally eliminated drug, no differ-
ences in systemic clearance were noted between adolescents and
younger children.

Vincristine

Although results from early studies suggested that vincristine
clearance differed in adolescents versus other pediatric age groups,
more recent studies have shown otherwise. Biliary excretion is the
primary route of elimination for vincristine, and some metabolism is
via the cytochrome P450 system (eg, CYP3A4). Crom et al71 studied
54 children with ALL enrolled on an institutional clinical trial (Total
XI) that included vincristine administered at a dosage of 1.5 mg/m2.
Plasma concentrations of vincristine were analyzed by using a specific
high-performance liquid chromatography method, and the data were
analyzed by using a MAP-Bayesian approach. Mean vincristine clear-
ance normalized to body weight and BSA was compared among in-
fants, children, and adolescents. Although no difference was noted
among the three groups in clearance normalized to BSA, clearance
normalized to body weight differed significantly between adolescents
and children younger than age 10 years. However, a more recent study
in 98 children age 1.3 to 17.3 years with ALL showed no relation
between age and vincristine pharmacokinetics.72

Imatinib

The population pharmacokinetics of imatinib mesylate and its
active metabolite (CGP/74,588) were investigated in 41 children and
young adults receiving oral imatinib (260 to 570 mg/m2).73 Body
weight was the only covariate found to be significantly related to
imatinib apparent clearance. The median apparent clearance value
was 5.1 L/h for children younger than 12 years of age, and it was 10.3
L/h for those older than 12 years of age. However, no statistically
significant association with age was observed, and no difference be-
tween the two age groups was noted.

Etoposide

Numerous investigators have studied the disposition of etopo-
side, a topoisomerase II inhibitor.74-77,84-87 Etoposide is metabolized
in the liver, and both parent compound and metabolites are primarily
renally eliminated with some biliary excretion. Numerous investiga-
tors have reported etoposide pharmacokinetics in children with can-
cer, but few have reported data regarding the relationship between
etoposide disposition and age. None of the pharmacokinetic studies
were designed to specifically evaluate differences in etoposide clear-
ance between young children and adolescents.

Rodman et al86 studied etoposide disposition in 29 pediatric
patients undergoing autologous bone marrow transplantation given
high-dose etoposide and carboplatin. Patients were treated with eto-
poside as a 6-hour infusion at escalating dosages (320, 400, and 500
mg/m2 daily for 3 days), and pharmacokinetic studies were conducted
after the end of the infusion on days 2 and 3. No correlation was found
between age and etoposide clearance after adjusting clearance for body
size. Eksborg et al76 studied 16 pediatric patients (age 4 months to 22
years) treated with single-agent etoposide over a range of dosages (32
to 210 mg/m2) as a short infusion (1 to 3 hours). These investigators
reported that AUC (area under the curve; dose normalized by BSA),
which is equivalent to inverse clearance, was independent of age in this
patient population. However, AUC normalized to body weight was
directly correlated to age. Wurthwein et al75 reported etoposide dis-
position in 31 children and young adults (age 0.8 to 23.7 years) under-
going bone marrow transplantation and receiving a multidrug
preparation regimen that included high-dosage etoposide (40 mg/kg).
These investigators reported no correlation between etoposide sys-
temic clearance normalized for BSA and age; however, as Ekborg et
al76 reported, they found a significant inverse relationship between
etoposide clearance normalized for body weight and age.

Two other studies have reported an inverse relationship between
etoposide clearance and age, with a higher etoposide clearance ob-
served in younger compared with older patients.74,77 Sonnichsen et
al74 studied the disposition of an intravenous preparation of eto-
poside administered orally in 18 children with solid tumors. They
performed exploratory regression analyses to determine if patient
characteristics were associated with etoposide clearance, and they
found both age and albumin to be inversely related. Kishi et al77

studied 109 patients enrolled on an institutional clinical trial (Total
XIIIB) that included a 2-hour intravenous infusion of etoposide (300
mg/m2). Pharmacokinetic covariates were evaluated by using linear
mixed-effects modeling. Age was negatively correlated with etoposide
clearance normalized for BSA (ie, lower clearance in older children).
Interestingly, the authors found that age was not related to clearance
when the etoposide clearance was induced by glucocorticoids. The
authors speculated that young children may have a greater capacity to
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clear etoposide and may be less susceptible than adolescents and adults
to induction of etoposide clearance by glucocorticoids.

Methotrexate

The folate analog methotrexate inhibits dihydrofolate reductase,
which leads to a decrease in the production in tetrahydrofolic acid,
which interferes with DNA, RNA, and protein synthesis. Methotrex-
ate is excreted mainly as unchanged drug in the urine, with small
amounts excreted in the bile and feces.78 Its disposition has been
extensively studied in populations of patients with different tumors
(eg, ALL, osteosarcoma), receiving various dosages, and in different
age groups (eg, infants, children, adolescents).79-81,88-93 However, lim-
ited data exist pertaining to the relationship between methotrexate
clearance and age, and pharmacokinetic studies designed to evaluate
whether AYAs have different methotrexate clearances than children or
older adults have not been reported.

Of those published pharmacokinetic studies that have reported
age as related to methotrexate clearance, the overall impression is that
clearance is inversely related to age (ie, clearance is faster in younger
than in older patients). Relling et al79 were the first to report this in a
study, in which they examined factors associated with high-risk meth-
otrexate plasma concentration (defined as 42-hour concentration � 1
�mol/L) and toxicity in 134 children with ALL. Among children
receiving high-dose methotrexate (ie, 0.9 to 3.7 g/m2 intravenously
over 24 hours), age was negatively correlated with 42-hour methotrex-
ate plasma concentration (ie, younger children had faster clearances
than older children). Donelli et al80 studied methotrexate pharmaco-
kinetics in 122 children with non–B-cell ALL receiving methotrexate 5
g/m2 as a 24-hour infusion. They reported that methotrexate clearance
was faster in children younger than 10 years of age than in adolescents
older than 10 years. Moreover, they investigated this relationship as a
continuous variable and found that methotrexate clearance decreased
with increasing age. Aumente et al81 studied the population pharma-
cokinetics of methotrexate in 49 children with ALL receiving metho-
trexate 3 g/m2 as a 24-hour infusion. Their final population model
included both age and total body weight as covariates related to meth-
otrexate clearance. As with the study by Donelli et al80, these investi-
gators used 10 years of age as a cut point for their analysis and found
that the methotrexate clearance in the younger patients (� 10 years)
was approximately two-fold greater than in the older patients (� 10
years). Colom et al89 studied the population pharmacokinetics of
methotrexate in 14 patients with osteosarcoma receiving 209 cycles of
methotrexate therapy. These patients received an average methotrex-
ate dosage of 11.2 g/m2 over 4 hours, and limited sampling was
performed during and after the infusion. The final population model
for methotrexate clearance included both age and body weight; on the
basis of this model, a patient age 15 years weighing 50 kg would have a
methotrexate clearance of 4.8 L/h (or approximately 54 mL/min/m2).
Although this was a small study for a population analysis, the authors
did validate their results in a separate population of 10 new patients. A
number of studies have found that children exhibit more rapid meth-
otrexate clearance than adults, and a general trend toward decreasing
clearance with increasing age has been observed. However, as with
many anticancer drugs, substantial inter- and intra-individual vari-
ability has been observed, and significant overlap in clearance values
has been determined in children and adults.

Dactinomycin

The antitumor antibiotic dactinomycin has been the focus of a
limited number of pharmacokinetic studies, but only one study was
published in a pediatric patient population.82 This study involved 31
children receiving dactinomycin (0.7 to 1.5 mg/m2), including 12
patients age 10 to 20 years. Although insufficient data were generated
in this study to fully characterize the three-compartment model used
to fit the data, a wide range of dactinomycin plasma concentrations
were observed. Exposure to dactinomycin was generally lower in the
larger adolescent patients than in younger children, which indicated
that the practice of capping the dactinomycin dose at 2 mg may result
in underdosing in older children.

Busulfan

Several studies published over a number of years have investi-
gated the clinical pharmacology of the bifunctional alkylating agent
busulfan in a pediatric setting.60,83,94,95 Of particular relevance to drug
disposition in adolescents, Hassan et al83 described the relationship
between busulfan pharmacokinetics and age in three patient groups:
children age � 5 years, children age 5 to 16 years, and adults age older
than 16 to 50 years. Data from 27 patients determined a shorter
elimination half-life in children age younger than 5 years compared
with older children and adults (2.05 hours v 2.79 hours and 2.59 hours,
respectively). Similarly, older children exhibited total body clearances
comparable to adult patients (3.02 and 2.7 mL/min/kg, respectively),
and significantly higher clearance values were determined in the
younger group of children (7.3 mL/min/kg). These findings are sup-
ported by results from a study involving 14 children (age 0.5 to 4 years)
and 11 older children and adults (age 12 to 54 years), which showed a
significant increase in busulfan apparent oral clearance expressed rel-
ative to BSA in the group of younger children.96 This study proposed
that the higher busulfan clearance observed in younger children could
be explained by an enhanced ability to metabolize the drug through
glutathione conjugation. More recently, studies involving larger pa-
tient numbers have also highlighted statistically significant correla-
tions between age and pharmacokinetic parameters, including
busulfan AUC, clearance, and half-life.95

As noted in the Selected Examples section, the pharmacokinetics
of many anticancer drugs have been studied in different settings (eg,
different tumors, ranges of dosages, different age groups). The
relation between age and drug clearance has been reported for
several drugs (eg, dexamethasone, methotrexate), but the results are
often conflicting (eg, vincristine). For most anticancer drugs, pharma-
cokinetic studies are conducted during early drug development (ie,
phase I studies); typically, these studies are small and are not designed
to evaluate the relationship between age and drug clearance. More
recently, modifications to the phase I study design have enabled inves-
tigators to study more children of specified age ranges, which ulti-
mately will enhance the ability to detect relationships between age and
drug disposition.

In conclusion, although much is known about the changes that
occur leading up to and during adolescence in the physiologic and
sociodemographic processes that impact drug disposition, the actual
changes that occur in anticancer drug disposition during this time are
less well documented. Although some anticancer drugs demonstrate a
clear relationship between drug disposition and age, no such relation-
ship has been observed for other drugs (eg, temozolomide, topote-
can). However, data from these studies must be interpreted carefully,
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because most studies were not specifically designed to evaluate for this
relationship. Moreover, many other aspects of study methodology
must be carefully considered, including study population (eg, num-
bers of patients, disease state), drug dosage, drug administration (eg,
route, duration of infusion, bolus v continuous infusion), pharmaco-
kinetic analysis, and statistical analysis.

Only with carefully designed studies will investigators have the
ability to assess the effect of age on anticancer drug disposition and
then additionally on drug effect (eg, toxicity or antitumor effect). It
is important to improve our knowledge in this area by coordinat-
ing well-planned clinical pharmacology studies in pediatric patient
populations. Advances in limited sampling strategies, population
pharmacokinetic modeling, and the development of assays that
use minimal sample volume to maximize patient recruitment
will facilitate such studies. We can then look forward to the

development of more appropriate approaches to chemotherapy
dosing in AYAs.
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