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A B S T R A C T

Purpose
To determine the dose of cetuximab that can be safely combined with irinotecan for treatment of
pediatric and adolescent patients with refractory solid tumors.

Patients and Methods
This open-label, phase I study enrolled patients ages 1 to 18 years with advanced refractory solid
tumors, including tumors of the CNS. Patient cohorts by age group (children, ages 1 to 12 years;
adolescents, ages 13 to 18 years) received escalating weekly doses of cetuximab (75, 150, 250
mg/m2) in a 3 � 3 design, plus irinotecan (16 or 20 mg/m2/d) for 5 days for 2 consecutive weeks
every 21 days. The primary end points were establishing the maximum-tolerated dose (MTD),
recommended phase II dose (RPIID), and pharmacokinetics of the combination. Preliminary safety
and efficacy data were also collected.

Results
Twenty-seven children and 19 adolescents received a median of 7.1 and 6.0 weeks of cetuximab
therapy, respectively. Cetuximab 250 mg/m2 weekly plus irinotecan 16 mg/m2/d (pediatric) or 20
mg/m2/d (adolescent) have been established as the MTD/RPIID. Dose-limiting toxicities included
diarrhea and neutropenia. Mild to moderate (grade 1 to 2) acneiform rash occurred in a majority of
patients; no grade 3 to 4 rashes were observed. Cetuximab demonstrated dose-dependent clearance
in both children and adolescents, similar to that in adults. There were two confirmed partial responses,
both in patients with CNS tumors. Stable disease was achieved in 18 patients overall, including 10
patients with CNS tumors (38.5%).

Conclusion
The cetuximab/irinotecan combination can be given safely to children and adolescents with
cancer. Promising activity, particularly in CNS tumors, warrants phase II evaluation of this regimen.

J Clin Oncol 27:5102-5108. © 2009 by American Society of Clinical Oncology

INTRODUCTION

Cancer incidence in children ages 0 to 19 years in the
United States is 16.7/100,000 cases; 30% of these
cancers are solid tumors.1 Diagnostic and treatment
advances have improved outcomes substantially,
with the 5-year overall survival rate now approach-
ing 80% for all childhood cancers.2,3 However, treat-
ment options for metastatic, refractory, or high-risk
disease (such as glioblastoma multiforme, diffuse
pontine glioma, or metastatic alveolar rhabdomyo-
sarcoma) are limited, and survival remains poor.

The epidermal growth factor receptor (EGFR)
is overexpressed in several pediatric malignancies,
including Wilms tumor,4,5 osteosarcoma,6 rhabdo-

myosarcoma,7 and a variety of CNS tumors, mak-
ing it a relevant therapeutic target.8-11 In addition,
EGFR is associated with the growth and survival
of tumor stem/progenitor cells, providing a ratio-
nale for EGFR-targeted agents in the treatment of
refractory malignancies.12

Cetuximab (ERBITUX; ImClone Systems, New
York, NY; and Bristol-Myers Squibb, Princeton, NJ) is
a chimeric monoclonal antibody with high affinity
and specificity for the EGFR. It blocks ligand bind-
ing, inhibits receptor activation, and, as an immu-
noglobulin G1, may mediate antibody-dependent
cell-mediated cytotoxicity.13,14 Cetuximab has dem-
onstrated activity as a single agent and in combina-
tion with chemotherapy or radiotherapy in multiple

JOURNAL OF CLINICAL ONCOLOGY O R I G I N A L R E P O R T

VOLUME 27 � NUMBER 30 � OCTOBER 20 2009

5102 © 2009 by American Society of Clinical Oncology



solid tumors.15-21 The majority of adverse events associated with
cetuximab are mild to moderate. Dermatologic manifestations such as
acneiform rash are common22; other events of special interest include
infusion reactions and hypomagnesemia. To date, no data are avail-
able on the efficacy or tolerability of cetuximab in pediatric patients.

Clinical studies of irinotecan in children with relapsed or refrac-
tory solid tumors have reported encouraging responses in rhabdo-
myosarcoma, nephroblastoma, neuroblastoma, and gliomas.23-27

These studies established an administration schedule of irinotecan 20
mg/m2/d, 5 days/wk for 2 consecutive weeks, every 3 weeks.27 Diar-
rhea and abdominal cramps were the predominant toxicities. Severe
hematologic toxicity was infrequent.

Cetuximab has been shown to enhance the antitumor activity
of irinotecan in preclinical models28 and in the clinic. In patients
with irinotecan-refractory metastatic colorectal cancer, the combi-
nation is significantly more active than single-agent cetuximab
(overall response rate, 22.9% v 10.8%; P � .007).15,17 The toxicity
profile of cetuximab and irinotecan in combination was as expected
from the individual agents, and cetuximab did not seem to exacerbate
irinotecan-associated toxicities.

This phase I study evaluated the safety, tolerability, and pharma-
cokinetics of cetuximab in combination with irinotecan and deter-
mined the maximum-tolerated dose (MTD) and recommended
phase II dosing (RPIID) of this combination in children (group A, 1 to
12 years of age) and adolescents (group B, 13 to 18 years of age) with
refractory solid tumors.

PATIENTS AND METHODS

Patients

Children (group A, ages 1 to 12 years) or adolescents (group B, ages 13 to
18 years) with solid tumors, including primary CNS tumors and non-
Hodgkin’s lymphoma, and with progressive disease after standard therapy or
without standard therapy were eligible. Although the overall goal of the trial
was to study a pediatric population younger than 18 years, the separate sub-
group of patients younger than 12 years was created in response to the specific
information request on this age group by regulatory agencies. Other key
inclusion criteria were Karnofsky performance score of � 50 for patients older
than 10 years or a Lansky play scale of � 50 for patients 10 years of age or
younger; life expectancy of � 8 weeks; no immunotherapy, radiotherapy, or
chemotherapy within 2 weeks of first cetuximab dose (4 weeks from any prior
investigational therapy, 6 weeks from prior nitrosoureas, mitomycin, or lipo-
somal doxorubicin) and resolution or recovery to baseline from all previous
therapy-related toxicities. Adequate bone marrow function (absolute neutro-
phil count � 1,000/�L, platelet count � 75,000/�L), hepatic function (total
serum bilirubin � 1.5� the upper limit of normal [ULN], alkaline phospha-
tase, AST, and ALT levels � 2.5� the ULN), and renal function (serum
creatine � 1.5 times the ULN) were required.

Key exclusion criteria included autologous bone marrow or peripheral-
blood stem-cell transplantation � 3 months before study entry or allogeneic
hematopoietic stem-cell transplantation � 6 months before study entry; evi-
dence of acute or chronic graft-versus-host disease; radiation therapy to
� 25% of bone marrow; brain metastases from non-CNS primary tumors (at
the request of regulatory authorities); use of phenytoin, phenobarbital, primi-
done, carbamazepine, or valproic acid; and prior therapy with an anti-EGFR
monoclonal antibody (prior EGFR-targeting small-molecule tyrosine kinase
inhibitor treatment was acceptable).

The study protocol was reviewed and approved by the institutional
review boards of the participating sites in accordance with the Declaration of
Helsinki and Good Clinical Practice guidelines. Informed consent was ob-
tained from all patients or their parents/legal guardians, with patient assent
when appropriate.

Design

This multicenter, open-label, phase I study evaluated weekly escalating
doses of cetuximab 75 mg/m2, 150 mg/m2, or 250 mg/m2 (administered
intravenously over 60 minutes) in combination with irinotecan at 20 mg/m2/d
(administered intravenously over 60 minutes), fixed dose, for 5 consecutive
days in weeks 1 and 2. The cetuximab dose-escalation limits were based on
adult studies showing 75 mg/m2 to be the minimum dose required to measure
drug exposure and the 250 mg/m2 dose to produce acceptable exposure and
safety. Cycles were repeated every 21 days. Premedication with diphenhydra-
mine was mandated before the first cetuximab dose and was recommended
thereafter. Dose reduction of irinotecan (to 12 mg/m2/d) and/or cetuximab
was permitted in the event of specified toxicities. Intrapatient cetuximab
dose escalation was permitted beginning with the second cycle of therapy,
provided no toxicity worse than grade 1 occurred with the first dose.
Patients with disease control were permitted to continue treatment as long
as toxicity was acceptable.

Within each age group, cohorts of three patients were treated at each dose
level with observation for at least 21 days before opening the next dose level for
enrollment. Escalation to the next dose level was permitted if no first-cycle
dose-limiting toxicities (DLT) were observed. If one patient developed DLT
during cycle 1, up to three additional patients were enrolled at that dose level.
The MTD was defined as that dose at which no more than one of six patients
within a cohort experienced a DLT. The MTD and RPIID were determined
independently for each of the two age groups.

Toxicity was graded according to the National Cancer Institute Com-
mon Terminology Criteria for Adverse Events, version 3.0.29 The following
were considered dose-limiting: febrile neutropenia; grade 4 neutropenia (ab-
solute neutrophil count � 500/�L) or thrombocytopenia (� 25,000/�L) for
more than 7 consecutive days; grade 3 to 4 nausea, vomiting, or diarrhea
despite use of adequate supportive care; any other grade 3 or worse non-
hematologic toxicity, excluding alopecia, rash, and fatigue/asthenia; infu-
sion reaction/hypersensitivity reaction; more than five omitted irinotecan
doses within a cycle secondary to toxicity; and more than 4-week delay in
treatment because of toxicity and discontinuation of cetuximab secondary
to dermatologic toxicity.

Patients experiencing treatment-related diarrhea were managed ac-
cording to local institutional standards, including atropine for early-onset
diarrhea and loperamide for late onset diarrhea. Testing for UGT1A1
polymorphisms and the use of prophylactic cefixime for management of
diarrhea were encouraged.

Patient Evaluation

Patient histories, physical examinations with assessment of Karnofsky
performance status/Lansky play scale scores, and serum chemistry profiles
were conducted at baseline and before each cycle. Hematologic profiles were
obtained at baseline and weekly thereafter. Adverse events were assessed con-
tinuously. Archival tumor tissue samples were obtained for baseline assess-
ment of EGFR expression in all patients (except those with brainstem or
intrinsic pontine gliomas); evidence of EGFR expression in the tumor was not
required for enrollment. Samples were screened for EGFR copy number by
fluorescent in situ hybridization and sequenced to identify mutations in exon
18 to 21 of EGFR and codons 12 and 13 of K-RAS. The assessments for human
anticetuximab antibodies using a double-antigen radiometric assay were per-
formed at baseline, 6 weeks, and at follow-up.

Tumor imaging and assessment was performed for all treated patients at
baseline and before every other cycle of therapy. Responses in patients with
non-CNS primary tumors were determined using the Response Evaluation
Criteria in Solid Tumors guidelines,30 whereas responses in patients with CNS
tumors were evaluated using WHO criteria.31,32

Pharmacokinetic Studies

Blood samples for pharmacokinetic assessment of cetuximab serum
concentrations were obtained from the arm contralateral to the infusion site at
0, 1, 2.5, 3, 4, 6, 8, 24, 48, 96, 168, 264, and 364 hours from the start of the
cetuximab infusion. Cetuximab serum concentrations were determined using
a validated enzyme-linked immunosorbent assay procedure. Pharmacokinetic
parameters of cetuximab were derived from serum concentration-time data by

Cetuximab and Irinotecan in Pediatric Solid Tumors

www.jco.org © 2009 by American Society of Clinical Oncology 5103



noncompartmental methods using the Kinetica software version 4.4 (Thermo
Electron, Philadelphia, PA).33

No pharmacokinetic studies of irinotecan or SN-38 were deemed neces-
sary, given the lack of interactions with cetuximab consistently observed in
prior phase I studies.34,35

RESULTS

Between August 2005 and March 2008, 48 patients were enrolled
across nine centers throughout the United States, with 27 children in
group A and 21 adolescent patients in group B. Two patients in group
B were not treated; thus the treated population for this study consisted
of 46 patients (27 patients in group A and 19 patients in group B).
Patient characteristics are listed in Table 1. Sex distribution was nearly
even. A significant proportion of patients in both age groups had
primary CNS tumors (63.0% and 47.4% in groups A and B, respec-
tively). All patients were heavily pretreated, and all but one patient
(97.8%) had been previously treated with chemotherapy; 58.7% had
received two or more prior regimens, including irinotecan in one case.
No patients had received previous anti-EGFR therapy. Median dura-
tion of treatment was 7.1 weeks (range, 0.9 to 133� weeks) among
children and 6.0 weeks (range, 1.0 to 26 weeks) among adolescents. All
patients in both age subgroups were assessable for toxicity. Forty of 46
patients were assessable for response, including 24 patients (88.9%) in
group A and 16 patients (84.2%) in group B. Of the six patients who
were not assessable for response, three patients had experienced hy-
persensitivity to the first cetuximab infusion precluding further treat-
ment, one patient withdrew consent, one patient lacked on-study
tumor evaluations, and one patient experienced a fatal pneumonia/
neutropenia/sepsis event.

Toxicity

Among the 27 patients in group A, one DLT (diarrhea) occurred
at the initial cetuximab dose level of 75 mg/m2 with irinotecan 20
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Fig 1. Overall accrual schema (including patients not assessable for toxicity and
those withdrawn from the study) and dose-limiting toxicities (DLTs) observed.

Table 1. Patient Characteristics

Characteristic

Group A, Ages
1 to 12 Years

(n � 27)

Group B, Ages
13 to 18 Years

(n � 19)

No. % No. %

Sex
Male 12 44.4 10 52.6
Female 15 55.6 9 47.4

Age, years�

Median 8 16
Range 1-12 13-18

Performance status†
� 50-70 8 29.6 3 15.8
� 70-100 19 70.4 16 84.2

CNS primary tumor 17 63.0 9 47.4
Ependymoma 2 7.4 1 5.3
Glioma, brainstem 8 29.6 1 5.3
Glioma, high grade 3 11.1 4 21.1
Other‡ 4 14.8 3 15.8

Non–CNS primary tumor 10 37.0 10 52.6
Ewing sarcoma 0 — 1 5.3
Hepatoblastoma 4 14.8 0 —
Neuroblastoma 2 7.4 0 —
Osteosarcoma 2 7.4 0 —
Rhabdomyosarcoma 0 — 1 5.3
Wilms tumor 1 3.7 0 —
Other§ 1 3.7 8 42.1

Time from diagnosis, months
Median 14.8 16.3
Range 1.3-81.1 2.4-207.3

Prior chemotherapy regimens 26 96.3 19 100
0 1 3.7 0 —
1 10 37.0 8 42.1
2 8 29.6 2 10.5
3 8 29.6 9 47.4

Prior radiation therapy 19 70.4 16 84.2
Prior surgery 20 74.1 18 94.7
Patients assessable for toxicity 27 100 19 100
Patients assessable for response 24 88.9 16 84.2
EGFR expression (IHC)

Positive 14 51.9 11 57.9
Weak (1�) 0 — 4 21.1
Moderate (2�) 5 18.5 4 21.1
Strong (3�) 9 33.3 3 15.8

Negative 4 14.8 5 26.3
Not evaluated� 9 33.3 3 15.8

Abbreviations: EGFR, epidermal growth factor receptor; IHC,
immunohistochemistry.

�At time of treatment.
†Karnofsky performance status or Lansky play scale.
‡Other CNS tumor types included chordoma, high-grade neuroepithelial

neoplasm, pineal neuroectodermal tumor (n � 2), atypical teratoid rhabdoid
tumor, anaplastic astrocytoma, and choroid plexus carcinoma.

§Other non-CNS tumors included malignant peripheral nerve sheath tumor,
desmoplastic small round-cell tumor, retinoblastoma, epithelioid sarcoma,
lymphoepithelioma, nasopharyngeal carcinoma, temporal bone mesenchymal
chondrosarcoma, and metastatic signet ring adenocarcinoma.

�Tumors not evaluated for EGFR expression are either brainstem or pontine
glioma for which tissue was not available.
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mg/m2/d, and two events (neutropenia, diarrhea) occurred with sub-
sequent cetuximab escalation to 150 mg/m2 (Fig 1). These events were
attributed to irinotecan, and according to protocol guidelines, the
dose of irinotecan was reduced to 16 mg/m2/d and enrollment con-
tinued. With the reduced dose of irinotecan, the dose of cetuximab
was escalated to 250 mg/m2 weekly without further dose-limiting
events. Among the 19 adolescent patients in group B, there was one
dose-limiting event with both cetuximab 75 mg/m2 and 250 mg/m2 in
combination with irinotecan 20 mg/m2/d; these events were diarrhea
and hypokalemia, respectively (Fig 1). In both age groups, cetuximab
was well-tolerated at the dose level of 250 mg/m2. The MTD and
RPIID of these agents in combination were cetuximab 250 mg/m2

with irinotecan 16 mg/m2/d for children and cetuximab 250 mg/m2

with irinotecan 20 mg/m2/d for adolescents.
The overall adverse event profile for the combination was similar

between the two age subgroups and consistent with the adult experi-
ence (Table 2). No relevant dose-dependent cetuximab toxicities were
observed (Appendix Table A1, online only). The most common grade
3 to 4 toxicities were hematologic, though these events were uncom-
plicated and manageable. The most common nonhematologic grade 3
to 4 toxicities included diarrhea, nausea, vomiting, abdominal pain,
dehydration, and anorexia. The UGT1A1*28 allele conferring in-
creased susceptibility to irinotecan-related toxicities was not present in
any of the patients tested. Mild to moderate acneiform rash was
common, but no patient experienced grade 3 to 4 rash. Severe infusion
reactions with the first cetuximab infusion occurred in three of 19
adolescents. One patient in the pediatric group experienced grade
4 hypomagnesemia.

Antitumor Activity

Of the 26 patients with primary CNS tumors, confirmed partial
responses were seen in two patients (7.7%) and stable disease was seen
in 10 patients (38.5%), for an overall clinical benefit rate of 46.2% in
this tumor subset (Table 3). At the time of data cutoff, the two partial
responses observed in this patient population had been sustained for
6.4 months and 27 months (as of September 2008, the latter patient
continues on treatment with a confirmed partial response). Among
the 20 patients with non-CNS tumors, the best response seen was
stable disease among eight patients (40.0%). Patients achieving disease
stabilization (CNS and non-CNS tumors, n � 18) received a median
of four treatment cycles (3 weeks per each treatment cycle).

No EGFR or K-RAS mutations were detected in any tissue sam-
ples. There seemed to be no correlation between response and any
biomarker status (scores for EGFR immunohistochemistry or EGFR
fluorescent in situ hybridization or sequence mutations in EGFR or
K-RAS). Elevated EGFR copy number was observed in a single sample
from a subject with stable disease. Meaningful interpretation of these
analyses is limited by the small sample size.

Pharmacokinetics

Complete pharmacokinetic data were available for 23 (85%) of
27 patients in group A and 12 (63%) of 19 patients in group B (Table
4, Fig 2A). Single-dose cetuximab pharmacokinetic was evaluated
based on concentration-time profile up to 168 hours after the start of
the cetuximab infusion. Within the dose range studied, cetuximab
pharmacokinetics were nonlinear, evidenced by the disproportional

Table 2. Safety Profile of the Cetuximab/Irinotecan Combination by Age Group

Adverse Event

Group A, Ages 1 to 12 Years (n � 27) Group B, Ages 13 to 18 Years (n � 19)

Any Grade Grade 3 or 4 Any Grade Grade 3 or 4

No.
Total

Assessable % No.
Total

Assessable % No.
Total

Assessable % No.
Total

Assessable %

Hematologic
Neutropenia� 19 23 82.6 9 23 39.1 11 15 73.3 8 15 53.3
Leukopenia� 23 27 85.2 10 27 37.0 14 18 77.8 8 18 44.4
Thrombocytopenia� 13 27 48.1 6 27 22.2 10 18 55.6 4 18 22.2
Anemia� 24 27 88.9 7 27 25.9 12 18 66.7 2 18 11.1

Nonhematologic, grade 3 or 4 � 5%
Diarrhea 24 27 88.9 7 27 25.9 15 19 78.9 4 19 21.1
Nausea 13 27 48.1 2 27 7.4 16 19 84.2 5 19 26.3
Vomiting 19 27 70.4 5 27 18.5 14 19 73.7 2 19 10.5
Abdominal pain 16 27 59.3 3 27 11.1 9 19 47.4 1 19 5.3
Headache 14 27 51.9 0 12 19 63.2 1 19 5.3
Fatigue 8 27 29.6 0 7 19 36.8 2 19 10.5
Anorexia 9 27 33.3 2 27 7.4 8 19 42.1 5 19 26.3
Dehydration 6 27 22.2 5 27 18.5 5 19 26.3 1 19 5.3

Special interest
Acneform rash† 18 27 66.7 0 12 19 63.2 0
Infusion reaction‡ 4 27 14.8 0 6 19 31.6 3 19 15.8
Hypomagnesemia� 6 27 22.2 1 27 3.7 7 15 46.7 0

�Incidence of these events calculated relative to the number of patients who underwent the laboratory tests.
†Composite term made up of the Medical Dictionary for Regular Activities (MedDRA) terms, including rash, rash pustular, rash erythematous, dermatitis acneform,

dermatitis exfoliative, rash papular, rash pruritic, rash generalized, rash macular, rash maculopapular, acne, dry skin, acne pustular, and skin desquamation.
‡Composite term made up of select MedDRA preferred terms, including infusion-related reaction, hypersensitivity, anaphylactic reaction, anaphylactic shock,

anaphylactoid reaction. The terms dyspnea, pyrexia and rigors were included as infusion reactions if the onset of these toxicities occurred on the first day of study
treatment.
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increase in area under the curve of concentration-time profiles com-
pared with dose (Fig 2B). In the noncompartmental pharmacokinetic
analysis, clearance decreased with increasing dose in both age groups
(Table 4). In group A, clearance decreased from 0.057 L/h � m2 to
0.015 L/h � m2 as cetuximab dose increased from 75 mg/m2 to 250
mg/m2. Similar results were observed in group B patients. Mean vol-
ume of distribution at steady-state across all dose and age groups was
approximately 2 L/m2, suggesting minimal distribution of cetuximab
into the extracellular space. Pharmacokinetic parameters between the
two age groups seemed to have similar distributions within dose,
ranging from 75 to 250 mg/m2; however, given the relatively small
sample size of the adolescent group, formal statistical comparisons
were not performed.

Immunogenicity Analysis

Of 42 cetuximab-treated patients with one time point analyzed
for human anticetuximab antibodies reactivity, 26 were assessable
with pre- and post-treatment samples. One subject (4%) exhibited anti-
cetuximab antibodies, a rate consistent with observations in adults.

DISCUSSION

In this first clinical evaluation in pediatric patients, cetuximab showed
encouraging efficacy in a heavily pretreated population. Cetuximab, in

combination with irinotecan, was both tolerable and feasible for pedi-
atric patients with CNS or refractory solid tumors. In children, the
MTD was reached at cetuximab 250 mg/m2 plus irinotecan 16 mg/m2,
which was determined to be the RPIID for this group. The MTD for
adolescent patients was cetuximab 250 mg/m2 plus irinotecan 20
mg/m2; difficulties in accrual curtailed the prespecified expanded en-
rollment at this highest-dose cohort, establishing this as the RPIID,
with a total of seven patients treated. This dose of cetuximab is similar
to standard adult regimens, although no loading dose was given in
this study.

The safety profile was similar across age groups and consistent
with the known safety profile of each individual drug in adult patients.
Reported toxicities were generally mild to moderate. Hematologic
toxicities, including those of grade 3 or 4 severity, were generally
uncomplicated and reversible. The most common nonhematologic
toxicities included diarrhea, nausea, vomiting, abdominal pain, dehy-
dration, and anorexia. Mild to moderate acneform rash was common,
but no patient experienced grade 3 or 4 nonhematologic, noninfusion-
related toxicity. The frequency of infusion reactions was comparable to
those observed in adults. All grade 3 reactions occurred during the first
infusion and resolved within minutes to hours of onset.
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Fig 2. Cetuximab pharmacokinetics. (A) Mean (� standard deviation) serum
concentration-time profiles for cetuximab after a single infusion for patients ages
1 to 12 years (group A, gold triangles) and 13 to 18 years (group B, blue squares).
(B) Cetuximab area under the curve (AUC) versus dose for patients ages 1 to 12
years (group A) and 13 to 18 years (group B). INF, infinity.

Table 3. Response by Tumor Type

Best Response�

Primary CNS Tumors
(n � 26)

Non-CNS Solid Tumors
(n � 20)

No. of Patients % No. of Patients %

Complete response 0 — 0 —
Partial response 2 7.7 0 —
Stable disease 10 38.5 8 40.0
Disease progression 10 38.5 11 55.0
Not assessable† 4 15.4 1 5.0

�Based on all treated patients.
†Includes unable to determine.

Table 4. Summary of Selected Cetuximab Pharmacokinetic Parameters

Cetuximab Dose
No. of

Patients

AUC(0-inf)
(�g/mL ● h)

Clearance
(L/h ● m2) Vdss (L/m2)

Mean� CV (%) Mean† SD Mean† SD

75 mg/m2

Ages 1-12 years 7 1,598 48 0.057 0.041 2.081 0.666
Ages 13-18 years 4 1,925 23 0.040 0.010 2.138 0.453

150 mg/m2

Ages 1-12 years 7 8,871 21 0.017 0.004 1.860 0.564
Ages 13-18 years 2 7,027 3 0.021 0.001 1.887 0.262

250 mg/m2

Ages 1-12 years 9 17,706 34 0.015 0.005 2.157 0.362
Ages 13-18 years 6 13,410 38 0.020 0.009 2.179 0.250

Abbreviations: AUC, area under the curve; Vdss, volume of distribution at
steady state; CV, coefficient of variation; SD, standard deviation; inf, infinity.

�Geometric mean for AUC(0-inf).
†Arithmetic mean for clearance and Vdss.
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Analysis of cetuximab pharmacokinetics indicated nonlinear
elimination and similar profiles between age groups. Estimates of
clearance, area under the curve, and volume of distribution at steady-
state in both the pediatric and adolescent subgroups were similar to
those previously reported for adults.36 The dose-dependent elimina-
tion of cetuximab can be explained by receptor-mediated clearance,
where the receptors seemed to be saturated at higher doses.37 Similar
nonlinear cetuximab pharmacokinetics have been described in adults
for cetuximab doses ranging from 50 to 500 mg/m2.22,33,36,38 Consis-
tent with previous studies, no pharmacokinetic interaction between
cetuximab and irinotecan was observed.34,35

Although assessment of antitumor efficacy is limited in the con-
text of this phase I study, clinical benefit data associated with this
combination seem encouraging. Disease control was seen in 12
(46.2%) of 26 patients with primary CNS disease, and disease stabili-
zation was seen in eight (40%) of 20 patients in the non-CNS solid
tumor cohort. There was no apparent correlation between EGFR or
K-RAS biomarker status and response, though the sample size was
relatively small.

Two patients with refractory and progressive CNS tumors dem-
onstrated sustained partial responses for 6.4 or 27� months and
received 15 and 45 treatment cycles (cetuximab 75 mg/m2 and irino-
tecan 20 mg/m2), respectively, during this timeframe. The patient with
a partial response of 27� months duration had an EGFR-negative
anaplastic astrocytoma of the thalamus. Although seemingly counter-
intuitive, responses to cetuximab in patients with tumors classified as
EGFR-negative by immunohistochemistry have been described be-
fore, and this test is now widely considered inadequate to predict likeli-
hood of response.39,40 Objective neurologic improvement was observed,
and there was near-complete resolution of a right hemispheric lesion.
On the basis of the sustained response and limited therapeutic options,
treatment of this patient continued beyond trial completion.

Management of children with CNS or refractory solid tumors
remains a clinical challenge and warrants evaluation of novel thera-
pies. The EGFR is a rational therapeutic target in these tumors. Studies
with gefitinib (IRESSA; AstraZeneca Pharmaceutical, Wilmington,
DE), an EGFR-targeted tyrosine kinase inhibitor, have also suggested
efficacy in children with refractory solid tumors,41,42 supporting fur-
ther pediatric studies of this therapeutic class. A phase II trial of
cetuximab plus irinotecan and radiation therapy in patients with
poor-prognosis and refractory CNS tumors is underway.

Although the recommended irinotecan dose for children from
this phase I study is 16 mg/m2/d for 5 days/wk for 2 consecutive weeks
(with cycles repeated every 21 days), irinotecan could be given at 20
mg/m2/d in adolescents. Given the extensive prior experience of the 20
mg/m2 dose of irinotecan on the protracted dosing schedule, one
could consider this, with close monitoring for toxicity, in younger
patients who are less heavily pretreated.

K-RAS mutational status, which has emerged as a reliable predic-
tor of cetuximab efficacy in adult patients with metastatic colorectal
cancer,43-45 has not been systematically evaluated in pediatric tumors.
Its relevance to cetuximab response in this patient population is un-
known. In the current study, no activating K-RAS mutations were
detected; therefore, additional investigation within this population
is warranted to better identify a potential response biomarker for
future trials.
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