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This multicenter phase I study aimed to establish the rec-
ommended dose (RD) of the epidermal growth factor
receptor (EGFR) inhibitor erlotinib, given asmonotherapy
or with radiotherapy to children with malignant brain
tumors. Group 1 included patients with refractory or
relapsing brain tumors receiving erlotinib alone, and
group 2 included newly diagnosed patients with brainstem
gliomas receiving radiotherapy and erlotinib. A conven-
tional 3 1 3 dose escalation and a continual reassessment
method, respectively, were utilized in 4 dose levels: 75,
100, 125, and 150 mg/m2 per day. Fifty-one children
were enrolled (30 and 21, respectively); 50 received treat-
ment. The RD of erlotinib was 125 mg/m2 per day as
monotherapy or in combination with radiotherapy.
Overall, 230 adverse events in 44 patients were possibly

treatment related (216, grades 1 and 2; 9, grade 3; 1,
grade 4; 4, grade 5). Dermatologic and neurologic symp-
toms were common; intratumoral hemorrhage was con-
firmed in 3 patients. In group 1, 8 of 29 patients (28%)
had stable disease with tumor regression approaching
50% in a malignant glioma and an anaplastic oligoastro-
cytoma. In group 2, overall survival was 12.0 months.
EGFR overexpression by immunohistochemistry was
found in 17 of 38 (45%) tumor samples analyzed, with a
partial gain of 7p11.2 in 1 glioblastoma; phosphate and
tensin homolog loss was frequent in brainstem glioma
(15 of 19). Mean (95% CI) apparent clearance and
volume of distribution for erlotinib were 4.0 L/h (3.4–
4.5 L/h) and 98.6 L (69.8–127.0 L), respectively, and
were independent of the dose level; mean half-life was
16.6 hours. Thus, erlotinib 125 mg/m2 per day has an
acceptable tolerability profile in pediatric patients with
brain tumors and can be combined with radiotherapy.
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C
entral nervous system (CNS) tumors account for
20% of all pediatric cancers and are the leading
cause of cancer-related death and morbidity in

children.1,2 Improved diagnostics and treatment have
resulted in a 55% cure rate,3 but many malignancies
remain difficult to treat and are associated with a poor
prognosis, particularly in children with brainstem
gliomas: overall survival (OS) remains approximately 9
months, and most patients die from the disease within
2 years.4 Treatment for pediatric CNS tumors comprises
maximal feasible resection combined with irradiation
and/or chemotherapy.1,2 In high-grade tumors, radio-
therapy remains the first-choice treatment for older chil-
dren; for younger children (eg, those with
medulloblastoma or low-grade glioma), addition of
cytotoxic chemotherapy may improve OS and reduce
or delay exposure to irradiation.1,2,5,6

Improved knowledge of the biology of pediatric brain
tumors, including evidence for the overexpression of the
epidermal growth factor receptor (EGFR),7–10 suggests
a potential for targeted therapies. Erlotinib (Tarceva)
is a potent, human EGFR tyrosine-kinase inhibitor that
is being evaluated in various CNS tumors.11–17 It has
proven efficacy in adult patients with various
EGFR-expressing solid tumors18,19 and has shown anti-
tumor activity and radiosensitizing effects in CNS tumor
xenograft models and cell lines.20–24 Studies have
suggested that erlotinib is able to cross the blood–
brain barrier.25,26

This phase I study was initiated to establish the rec-
ommended dose (RD; primary endpoint), safety, phar-
macokinetics (PKs), and efficacy (including correlation
with tumor biomarkers) of erlotinib, given as monother-
apy or with radiotherapy to children with malignant
brain tumors.

Patients and Methods

Patients

Children with histologically/cytologically confirmed
malignant brain tumors refractory to, or relapsing
after, first-line therapy, for whom no effective treatment
exists, were enrolled into group 1. Children with newly
diagnosed, histologically confirmed brainstem glioma
(excluding pilocytic glioma) were enrolled into group
2. Eligibility criteria included: age 1 to ≤21 years;
Eastern Cooperative Oncology Group (ECOG) perform-
ance status ≤1 or Lansky play scale ≥70% (except when
disease-related motor paresis); adequate hematologic,
renal, and hepatic function; life expectancy ≥8 weeks;
no organ toxicity ≥grade 2 intensity, except
disease-related neurologic symptoms; no radiotherapy
or chemotherapy within 4 weeks (6 weeks for nitro-
sourea) prior to entry; no lung disease, severe cardiac
pathology, or ophthalmologic abnormalities; no
history of spontaneous intratumoral hemorrhage,
excluding small post-biopsy hemorrhage; and written
informed consent (patients or parents/guardians). The
protocol (NCT00418327) and amendments were

approved by independent ethics committees and com-
plied with local laws/regulations and the Declaration
of Helsinki.

Study design and treatment

This was an open-label, multicenter, dose-escalation
study. Erlotinib tablets were administered orally once
daily in 3-week cycles at 4 dose levels: 75 mg/m2,
100 mg/m2, 125 mg/m2, and 150 mg/m2. According
to the recommendations, the starting dose was approxi-
mately 80% of the adult RD (150 mg/day).27 In group
2, patients received erlotinib and local brainstem radi-
ation of 54 Gy over 6 weeks (1.8 Gy/fraction per day);
the first erlotinib dose was administered within 4 h
after the initial irradiation and continued thereafter as
a single agent until tumor progression.

Conventional 3 + 3 dose-escalation methodology
was utilized for group 1.28 It was planned that 10
patients would be treated at the RD. In group 2,
dose-escalation decisions were made using a continual
reassessment method (CRM) with likelihood-based
inference in order to allow continuous inclusion.29 If a
first dose-limiting toxicity (DLT) was reported, a single-
parameter logistic model was used to estimate the prob-
ability of experiencing a DLT at each level. After each
new observation, the model was reassessed using all pre-
vious collected data. The dose level recommended for
the next patient was the one nearest to the 20% target
percentile. In case a new patient fulfilled eligibility cri-
teria before the previous one had been fully evaluated
for toxicity, (s)he could still be enrolled at the same
dose as the previous one. Hence, all patients were
included at the best ongoing estimate of the RD. If
data on all patients on the current dose level were not
available, dose escalation was not permitted: new
patients were enrolled at the current or a lower dose
level. Eight patients were to be treated at the best esti-
mate of the RD following the stopping rule and the
decision-tree analysis proposed by O’Quigley and
Reiner.30 This enabled us to have an 80% probability
that the recommendation would be maintained if 5
more patients were included.

Patients on enzyme-inducing antiepileptic drugs
(EIAEDs) were allowed in the study, and PKs were eval-
uated. Dosage escalation was based on only patients not
receiving anticonvulsants or patients receiving anti-
convulsants who experienced DLT. Dose interruption/
reduction was allowed in the case of treatment-related
adverse events (AEs). We computed the mean daily
dose (mg/m2) on the whole-treatment duration by
summing the daily dose divided by the body surface
area, from the first day to the last day of administration,
including days with modified doses or temporary inter-
ruption (dose equal to zero). The relative dose intensity
was estimated as the ratio of the mean daily dose (mg/
m2) and the initial prescribed dose (mg/m2).
Treatment was continued until disease progression
(DP), unacceptable toxicity, or withdrawal. Patients
were followed up every 3 months until death or this
analysis.
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Safety evaluation

DLTs were assessed over a 3-week period in group 1 and
over a 6-week period in group 2. DLTs included: grade
3/4 nonhematologic AEs, excluding grade 3 fever; tran-
sient hepatic toxicity; grade 3/4 nausea/vomiting
without adequate prophylaxis; AEs related to DP;
grade 4 neutropenia or thrombocytopenia for .7
days; and grade 3/4 thrombocytopenia requiring trans-
fusion during a time interval of .7 days. AEs were
assessed throughout using National Cancer Institute
Common Toxicity Criteria (version 3.0). Dermatologic
toxicity was assessed using a standardized survey form
on days 7 and 21 of the first treatment cycle and every
3 weeks thereafter. Clinical and laboratory assessments
were conducted at baseline and then at 3-week intervals.

Efficacy evaluation

Tumor response was evaluated after 6 weeks in group 1
and after 12 weeks in group 2 using WHO criteria.31

Best tumor response was evaluated in group 2 over the
treatment duration. Tumor responses were reviewed by
an independent radiologist. Progression-free survival
(PFS) and OS were estimated using the Kaplan–Meier
method. All eligible patients were included in the effi-
cacy analyses.

PK evaluation

Serial blood samples were taken at various intervals
during the first 6 treatment cycles to determine the PK
profile of erlotinib and its principal metabolite
(OSI-420) at an early and late steady state at the follow-
ing time points: before study medication, 30 minutes,
and 1, 2, 4, 6, 8, and 24 hours after the erlotinib dose
for the first and the second (group 1) or the third
(group 2) cycle and 24-hour post-dose for the following
cycles.

The determination of plasma erlotinib and OSI-420
concentrations was done using a validated coupled
liquid chromatography–mass spectrometry technique.32

The calibration range was 1–3000 ng/mL for erlotinib
and 1–1000 ng/mL for OSI-420. The lower limit of
quantification was 1 ng/mL for both analytes, using
0.2 mL of plasma aliquots. Plasma concentrations were
analyzed using a nonlinear mixed-effects population
approach (NONMEM version VI [level 1.0], Icon
Development Solutions) and a first-order conditional
estimation with the interaction method.33 Models were
compared using a x2 test.

Biomarker evaluation

Archived tumor samples and prestudy biopsies (group 2)
were obtained for a central histologic review of diagnosis
and analysis of biomarkers by 2 independent neuro-
pathologists. Fixed, paraffin-embedded tissue sections
were stained for EGFR (clone 3C6) using the
BenchMarkw flexible automation system (Ventana

Medical Systems S.A.). For other biomarkers, sections
were incubated following antigen heat retrieval and
protein blocking with mouse monoclonal anti-
EGFRvIII (clone L8A4, 1:100; provided by Dr
D. Bigner, Duke University), anti-phosphate and tensin
homolog (PTEN) (clone 6H2.1, dilution 1:400), and
rabbit polyclonal anti-pHER2/neu (A0485, 1:500–
1000; both DakoCytomation Denmark A/S). Protein
expression was evaluated using the EnVision System
horseradish peroxidase–labeled polymer antimouse
and antirabbit revelation kits (Dako) and the R.T.U.
Vectastain Universal Elite ABC kit for EGFRvIII
(Vector Laboratories, Burlingame). Immunostaining
was scored on a 4-point scale (0, 1, 2, or 3) according
to the percentage of both positive cells and staining
intensity, as adapted from Mizoguchi et al.34 Scores of
2 or 3 were considered positive.

The influence of biomarkers on outcome was assessed
in group 2. The Cox regression modeling was used to
estimate the hazard ratios (HRs) and associated 95%
confidence intervals (CIs) for treatment failure and
death. A logrank test was used to compare the survival
curves of patients with expressing and nonexpressing
tumors.

EGFR (c-ErbB1) gene amplification was assessed by
fluorescence in situ hybridization, according to
Cappuzzo et al.,35 on fixed, paraffin-embedded tissue
sections using the Vysis LSI EGFR Spectrum Orange/
CEP 7 Spectrum Green Probe (Abbott Molecular).

Results

Patients

Fifty-one patients (30 in group 1 and 21 in group 2) were
enrolled from June 2005 to August 2007; 50 patients
received treatment. In 1 patient in group 1, study treat-
ment initiation had to be postponed during clarification
of a serious AE in the prior patient and thus he received
another treatment. Median ages at inclusion were
10 years and 6 years, respectively. Most patients in
group 1 had glial tumors: 12 had malignant gliomas, 6
had infiltrative brainstem glioma, and 7 had ependymo-
mas. In group 2, 2 patients were classified as having
WHO astrocytoma grade II, 1 oligodendroglioma grade
II, 1 oligoastrocytoma grade II, 1 astrocytoma grade III,
3 oligoastrocytoma grade III, 7 grade IV, and 6 infiltra-
tive gliomas not otherwise specified. The baseline
characteristics of enrolled patients are shown in Table 1.

Dose-finding outcomes

Group 1—No DLTs were observed at dose level 1 (n ¼
3) or 2 (n ¼ 3) (Table 2). One of 3 evaluable patients at
dose level 3 (125 mg/m2) experienced grade 5 intratu-
moral hemorrhage; no DLTs were reported in 3
additional patients. At dose level 4 (150 mg/m2), one
of the 3 evaluable patients experienced grade 3 asthenia;
1 additional patient was then recruited. Two patients
then experienced severe intratumoral hemorrhage after
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the 3-week safety-assessment period, and the dose-
escalation process was stopped and de-escalated to
dose level 3. Twelve additional patients were recruited
at dose level 3; 2 were not evaluable for DLT due to
early progression and 2 had concomitant EIAED
without experiencing DLT. One of the 8 evaluable
patients experienced dose-limiting grade 3 hyperbilirubi-
nemia. Thus, the RD of single-agent erlotinib is 125 mg/
m2. The probability of experiencing a DLT at this dose
was 14% (95% CI: 2%–43%).

Group 2—While the first 2 patients at dose level 1
(75 mg/m2) were being evaluated for toxicity, 4
additional patients were recruited at the same level.
One of these 6 evaluable patients died due to seizures/

pulmonary aspiration, which was classed as a DLT.
The dose was then escalated to level 2 (100 mg/m2):
after evaluation of 6 patients who did not experience a
DLT, the CRM methodology recommended further
dose escalation. Nine patients were enrolled at dose
level 3 (125 mg/m2); 1 of the 8 evaluable patients devel-
oped dose-limiting grade 3 folliculitis/pruritus. Further
dose escalation was not recommended, and the trial
was halted. On the basis of these observations, the RD
of erlotinib in combination with radiation is 125 mg/
m2. The probability of experiencing a DLT at this dose
was 16% (95% CI: 4%–45%).

Treatment duration

Median treatment duration was 1.3 months in group 1
(2.7, 1.5, 1.1, and 1.5 months at dose levels 1, 2, 3,
and 4, respectively) and 4 months in group 2 (3.4, 7.7,
and 3.0 months at dose levels 1, 2, and 3, respectively).
The relative dose intensity varied from 0.66 to 1.03,
with a mean equal to 0.97. There was no significant
relationship between prescribed and relative dose
intensity. Only 5 patients received a mean daily dosing
of ,90% of the prescribed dose during the whole-
treatment period. Forty patients (80%) stopped treat-
ment due to DP, 4 due to death, 3 due to toxicity, and
1 each due to protocol violation, noncompliance,
and revised diagnosis (ie, exophytic brainstem glioma).
In group 2, the median duration of radiotherapy was
43 days (range: 36–49 days). In total, 37 patients had
concomitant medication with steroids (21 prednisolone,

Table 2. Dose-limiting toxicities (DLTs) possibly related to
erlotinib administration in groups 1 and 2

Erlotinib dose
level (mg/m2)

Patients
treated

DLT/
evaluable
patients

DLT

Group 1

75 3 0/3

100 3 0/3

125 7 1/6 Grade 5 intratumoral
hemorrhage (day 4)

150 4 2/4 Grade 3 asthenia (day
18) and grade 3
hemorrhage (day 29).
Grade 5 intratumoral
hemorrhage (day 49)a

Extension at
125

12b 1/8 Grade 3
hyperbilirubinemia
(day 8)

Group 2

75 6 1/6 Grade 5 seizures
(day 37)

100 6 0/6

125 9 1/8 Grade 3 folliculitis and
pruritis (day 7)

aOwing to the severity of the event, it was considered for
dose-limiting toxicity.
bTwo patients with concomitant EIAED who did not experience
DLT were not considered for it.

Table 1. Baseline patient characteristics

Group 1
(n 5 29)

Group 2
(n 5 21)

Male/female (n [%]) 15 (52)/14
(48)

7 (33)/14
(57)

Median age (y; range) 10.0 (4–20) 6.0 (2–16)

Median time since diagnosis
(mo; range)

22.0 (0.5–
110.6)

0.5 (0.2–
1.8)

ECOG performance status/Lansky play scale (n [%])

0: 90%–100% 10 (34) 8 (38)

1: 70%–80% 19 (66) 11 (52)

2: ,70% 0 (0) 2 (10)

Tumor histology (n [%])

Glioblastoma 5 (17) 0 (0)

Oligodendroglioma 2 (7) 0 (0)

Anaplastic oligodendroglioma 2 (7) 0 (0)

Anaplastic oligoastrocytoma 2 (7) 0 (0)

Gliomatosis 1 (3) 0 (0)

Infiltrative brainstem gliomaa 6 (21) 20 (95)

Anaplastic ependymoma 6 (21) 0 (0)

Otherb 5 (17) 1 (5)

Patients with metastatic disease
(n [%])

5 (17) 0 (0)

Reason for inclusion (n [%])

Refractory disease 21 (72) —

Relapsing diseasec 7 (24) —

No standard therapy 1 (3) —

Patients receiving prior radiotherapy
(n [%])

28 (97) —

Median number of prior
chemotherapy lines (range)d

1 (1–5) —

aIn group 1, 2 were reviewed as WHO grade IV and 2 as
infiltrative gliomas not otherwise specified, and 2 were not
reviewed. In group 2, 2 were WHO astrocytoma grade II, 1
oligodendroglioma grade II, 1 oligoastrocytoma grade II, 1
astrocytoma grade III, 3 oligoastrocytoma grade III, 7 grade IV,
and 6 infiltrative gliomas not otherwise specified.
bIncludes medulloblastoma, cerebral primitive neuroectodermal
tumor, myxopapillary ependymoma, choroid plexus papilloma,
choroid plexus carcinoma, and exophytic brainstem glioma (n ¼ 1
of each).
cMedian (range) number of relapses was 2 (1–8).
dn ¼ 26; 2 patients received radiotherapy only and 1 received no
prior treatment.
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6 dexamethasone, 9 both associated, and 1 prednisone).
Nine patients received anticonvulsants during the first 2
cycles; 2 of them had anticonvulsants considered as
EIAED (carbamazepine and phenytoin).

Safety

Overall, 230 AEs in 44 patients were considered to be
potentially related to treatment. Most were dermatolo-
gic or gastrointestinal (Table 3); 216 of 230 were
grades 1 and 2. Fourteen occurring in 12 patients were
grades 3–5: 9 grade 3 (asthenia, erythema, pruritus, fol-
liculitis, surgical intervention for cyst, interstitial pneu-
mopathy, whitlow, radiodermatitis, and vomiting), 1
grade 4 (intracranial hypertension), and 4 grade 5 (intra-
tumoral hemorrhage possibly also related to DP [n ¼ 2],
neurologic impairment [n ¼ 1], and seizure with pul-
monary aspiration [n ¼ 1]). Dermatologic toxicity was
reported in 45 patients, including folliculitis (n ¼ 38),
dry skin (n ¼ 29), erythema (n ¼ 28), and pruritis (n ¼
16). Only 4 patients described grade 3 dermatologic
symptoms. Abnormal growth of eyelashes and frizzy
hair (grades 1 and 2) were observed with prolonged
treatment durations of more than 3 months.

Efficacy

Eight of 29 evaluable patients (28%) in group 1 had
stable disease (SD). Two SD patients, 1 with a malignant
glioma and 1 with an anaplastic oligoastrocytoma
(Fig. 1), had tumor regression of 44% and 47%, respect-
ively, the latter having tumor stabilization for 8.8
months. Median PFS was 1.5 months, median OS was
4.1 months (95% CI: 1.9–6.8 months), and 6-month
survival was 34% (95% CI: 20%–53%).

In group 2, 3 of the 18 evaluable patients (17%) had a
partial response (PR) after 4 cycles of erlotinib plus
radiotherapy and 9 of 18 (50%) had SD; 10 patients
had tumor stabilization for ≥6 months. Analysis of
best tumor response showed that 4 of the 18 patients
(22%) had a PR and 8 of the 18 (44%) had SD.
Median PFS was 8.0 months, median OS was 12.0
months (95% CI: 9.3–14.0 months), and 6-month sur-
vival was 90% (95% CI: 71%–97%; Fig. 2).

PK analyses

Erlotinib plasma concentrations were analyzed accord-
ing to a one-compartment model with first-order absorp-
tion and elimination as described previously.33 Of

Table 3. Treatment-related adverse events (AEs observed in .5 patients with at least 1 grade 3–5 AE reported): maximal grade of the
AEs observed per patient

Main AEs Group 1 (29 patients) Group 2 (21 patients) Total

Grade
1

Grade
2

Grade
3

Grade
4

Grade
5

Grade
1

Grade
2

Grade
3

Grade
4

Grade
5

Dermatologic symptoms

Acne/rash/folliculitis 12 7 0 0 0 11 7 1 0 0 38

Dry skin 10 4 0 0 0 12 3 0 0 0 29

Erythema 8 5 0 0 0 10 4 1 0 0 28

Pruritus 4 1 1 0 0 9 1 0 0 0 16

Prolonged eyelashes 4 1 0 0 0 6 1 0 0 0 12

Hypertrichosis 2 0 0 0 0 5 1 0 0 0 8

Alopecia 1 0 0 0 0 7 0 0 0 0 8

Dermatologic infection 0 1 0 0 0 0 0 1 0 0 2

Gastrointestinal symptoms

Diarrhea 6 1 0 0 0 5 0 0 0 0 12

Vomiting 1 1 0 0 0 4 2 1 0 0 9

Nausea 2 1 0 0 0 3 0 0 0 0 6

Abdominal pain 1 0 0 0 0 3 2 0 0 0 6

Neurologic symptoms

Intratumoral hemorrhage 0 0 1 0 2 0 0 0 0 0 3

Intracranial hypertension 1 0 0 1 0 0 0 0 0 0 2

Neurologic impairment 0 0 0 0 1 0 0 0 0 0 1

Seizures and pulmonary
aspiration

0 0 0 0 0 0 0 0 0 1 1

Other

Asthenia 3 4 1 0 0 0 3 0 0 0 11

Conjunctivitis 2 2 0 0 0 2 1 0 0 0 7

Interstitial pneumonitis 0 0 0 0 0 0 0 1 0 0 1

Surgical intervention for tumoral
cyst

0 0 0 0 0 0 0 1 0 0 1
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Table 4. Pharmacokinetic profile of erlotinib and its metabolite, OSI-420, by dose level

Erlotinib dose
level (mg/m2)

Cycle n
(mean [95% CI])

Erlotinib AUC0–24

(mg h/L) (mean [95% CI])
Erlotinib CL/F (L/h)

(mean [95% CI])
Erlotinib Vd/F (L)
(mean [95% CI])

OSI-420 AUCm0–24

(mg h/L) (mean [95% CI])
OSI-420 CL/fm (L/h)

(mean [95% CI])
OSI-420 Vd/fm (L)
(mean [95% CI])

75 1 (n ¼ 9) 21.7 (17.2–26.3) 3.5 (3.0–4.1) 64.8 (45.9–83.8) 2.1 (1.6–2.7) 47.9 (36.8–59.0) 18.1 (14.4–21.9)

≥2 (n ¼ 7) 23.0 (14.1–31.9) 3.8 (2.5–5.1) 81.6 (45.7–117.5) 1.7 (1.2–2.2) 50.4 (34.0–56.7) 20.2 (16.8–23.6)

100 1 (n ¼ 8) 26.8 (20.2–33.4) 3.9 (3.1–4.8) 85.5 (38.2–132.9) 2.8 (0.4–5.2) 45.1 (35.3–54.9) 24.3 (19.6–29.2)

≥2 (n ¼ 8) 27.5 (21.3–33.8) 3.8 (2.9–4.8) 107.9 (50.2–165.5) 2.4 (1.7–3.1) 44.9 (33.5–56.3) 21.5 (18.6–24.4)

125 1 (n ¼ 25) 33.9 (25.6–42.1) 5.0 (3.7–6.4) 108.9 (85.9–132.0) 3.6 (2.8–4.4) 45.8 (36.7–54.9) 19.2 (16.7–21.8)

≥2 (n ¼ 19) 32.2 (24.6–39.8) 5.1 (3.1–7.1) 117.7 (87.2–148.2) 4.2 (2.6–5.7) 42.4 (29.7–55.0) 18.6 (15.2–21.9)

150 1 (n ¼ 4) 42.4 (23.1–61.6) 3.7 (1.6–5.8) 108.3 (0–225.7) 5.2 (0–15.6) 38.8 (6.1–71.5) 13.3 (6.1–20.6)

≥2 (n ¼ 4) 40.0 (23.3–56.7) 3.9 (1.8–6.1) 123.1 (15.9–230.4) 4.1 (1.5–6.6) 41.7 (11.5–72.0) 20.0 (17.5–22.5)

Mean and 95% CI values are calculated from the post hoc parameter values (generated from individual predictions). n, number of patients with available data for pharmacokinetic analyses.
CL/fm, apparent metabolite clearance, where fm is the fraction of erlotinib converted into OSI-420. Vd/fm, apparent metabolite volume of distribution, where fm is the fraction of erlotinib
converted into OSI-420.
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CI) apparent CL/fm and Vd/fm (where fm is the frac-
tion of erlotinib converted into OSI-420) for OSI-420
were 40.1 L/h (32.7–47.5 L/h) and 18.6 L (4.2–
33.0 L), respectively. As expected, the 2 patients taking
EIAED (ie, carbamazepine for 1 patient and phenytoin
and carbamazepine for the other) had high values of
apparent oral erlotinib clearance (9.6 and17.1 L/h,
respectively).

Biomarker analyses

Seventeen of the 38 analyzed tumors (45%) were EGFR
immunohistochemistry positive (IHC+; 9 in group 1
and 8 in group 2), and 18 of the 38 (47%) exhibited a
loss of PTEN expression (5 in group 1 and 13 in
group 2). High EGFR immunoexpression was most
common in supratentorial gliomas (6 of 8), brainstem
gliomas (8 of 20), and ependymomas (3 of 7) and was
observed without EGFR gene amplification, although
polysomy (3–5 copies) of the gene/chromosome 7 was
found in 13 of 31 cases (3 supratentorial gliomas, 3
ependymomas, 1 medulloblastoma, and 1 brainstem
glioma in group 1, and 5 brainstem gliomas in group
2). Monosomy of chromosome 7 was observed in 10
cases (3 supratentorial gliomas and 3 ependymomas in
group 1 and 4 brainstem gliomas in group 2). One supra-
tentorial glioblastoma with polysomy in 85% of cells
had a gain (2/3 to 4/5) of the EGFR gene (7p11.2) in
35% of cells. Loss of PTEN was common in brainstem
gliomas (total 15 of 19 samples; 2 of 2 in group 1 and
13 of 17 in group 2). EGFR immunoexpression in
patients with brainstem glioma might be interpreted as
marginally correlated with PFS (median of 10.1
months in EGFR IHC+ patients [n ¼ 6] vs 6.3 months
in EGFR IHC2 patients [n ¼ 11]; HR: 0.35; P ¼ .058;
Fig. 3), but not OS (HR: 0.47; P ¼ .20). No correlation
was found with outcome and PTEN loss.

Discussion

This study demonstrates that erlotinib has an acceptable
tolerability profile in children with malignant brain
tumors and can be combined with radiotherapy in chil-
dren with newly diagnosed brainstem gliomas. Most
AEs reported during treatment were mild or moderate.
Dermatologic and gastrointestinal symptoms, particu-
larly diarrhea, were the most common treatment-related
AEs. These disorders are the known side effects of EGFR
inhibitors, although they appear less common in chil-
dren.17,36–38 As observed here, dermatologic AEs are
usually grades 1 and 2 and can be managed effectively
with symptomatic treatment17,36; more severe grade 3
cases can be managed with systemic antibiotics and
dose reduction or treatment interruption.36,38

The RD of erlotinib in both subsets of patients was
125 mg/m2 per day, which is consistent with that in a
separate phase I study of erlotinib and radiotherapy in
23 children, adolescents, and young adults (median age
10.7 years) with newly diagnosed, high-grade gliomas
(120 mg/m2 per day).17 However, the dose is higher

than that recommended in a phase I study of erlotinib
with/without temozolomide in 46 children (median
age 11.5 years) with various recurrent solid tumors,
including CNS malignancies (85 mg/m2 per day).15

The difference in RD could be related to the lower age
and different erlotinib formulation (tablet vs liquid)
used in the present study. The RD of erlotinib was also
higher than that used in adult patients with glioblas-
toma/malignant glioma (150–200 mg/day; adminis-
tered alone or in combination with radiotherapy or
chemotherapy).11–14,16 This probably relates to the
lower incidence and severity of dermatologic and gastro-
intestinal AEs than in adult studies. Tolerability differ-
ences may be caused by hormonal changes during
adolescence. When analyzing our data, we found that
acne, erythema, and folliculitis occurred more frequently
in adolescents (age ≥12 years) than in children (age ,12
years) at each dose level. There was no significant differ-
ence in terms of either erlotinib or OSI-420 plasma con-
centrations between these 2 subgroups of patients.
Indeed, PK parameters were correlated with body
surface area, and erlotinib dose was calculated according
to this morphologic parameter.

Twelve patients (24%) experienced severe or life-
threatening adverse reactions, 4 of which led to death.
Two of these latter resulted from intratumoral hemor-
rhage, 1 from a glioblastoma, and 1 from an anaplastic
ependymoma. Grade 3 intratumoral hemorrhage was
further observed in 1 patient with oligodendroglioma
(all in group 1). Two other patients had neurologic
deterioration that may have been related to the natural
history of the disease rather than a reaction to the
study drug. This illustrates the difficulty of assessing
causality of neurologic events in the pediatric brain
tumor population. Nevertheless, it might be possible
that the patient who died at day 4 (who exhibited an
EGFR IHC 3+ glioblastoma with a partial genomic
gain within 35% of tumor cells and polysomy of the
7p chromosome) may have responded to erlotinib treat-
ment with fulminant necrosis/bleeding rather than this
being related to the rapid tumor progression. A review
of 48 patients with diffuse brainstem glioma, treated at

Fig. 3. EGFR overexpression by IHC (2+ and 3+) in patients with

brainstem glioma might be interpreted as marginally correlated

with PFS (HR: 0.35; P ¼ .058).
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a US hospital over a 10-year period, found that sympto-
matic intratumoral hemorrhage occurred in nearly 20%
of children within 12 months of initial diagnosis.39

Intratumoral hemorrhage was attributed to the tumor
biology (necrosis), rather than the treatment received.
Intratumoral bleeding has also been reported in children
with brain tumors receiving gefitinib or imatinib mesy-
late, and this risk needs to be considered carefully
when designing clinical trials with this type of agent,
particularly in brain tumors.40,41

In contrast to current practice, all patients with newly
diagnosed brainstem glioma underwent biopsy prior to
receiving treatment. Two reports have shown that brain
tumor biopsy in children is safe and associated with
minimal morbidity.42,43 Importantly, biopsy allows con-
firmation of diagnosis and correlation of tumor biology
with response. Biopsy also helped to elucidate the mol-
ecular characteristics of these tumors. In terms of
safety, no cases of post-biopsy intratumoral hemorrhage
were reported. These findings suggest that biopsy is both
feasible and safe in patients with newly diagnosed brain-
stem glioma.

Erlotinib showed evidence of limited efficacy in both
groups. Overall, 28% of patients in group 1 had SD,
with 2 patients with malignant glioma and anaplastic
oligoastrocytoma experiencing tumor regression
approaching 50% with concurrent clinical improve-
ment. Only the latter of these patients had available
tumor material and exhibited high EGFR expression
but no gene amplification. In group 2, the median OS
of 12 months in patients with brainstem glioma com-
pared favorably with historical values (approximately
9 months).4

The PK profiles of erlotinib and its metabolite
OSI-420 were consistent with those reported previously
in other pediatric studies.15,17 As also reported in these
separate studies, there was wide interpatient variability
in drug exposure, which increased in proportion with
the administered dose and was likely due to pharmaco-
genetic and functional factors, together with possible
PK interactions.

The exploratory analysis determined 6 of 8 supraten-
torial malignant gliomas and 6 of 20 brainstem gliomas
with EGFR overexpression, which seems more frequent
than so far observed in pediatric samples.7 However, the
loss of PTEN expression was also reported in 15 of 19

brainstem gliomas. As the loss of PTEN expression
may maintain activation of PI-3K/AKT pathways and
has been reported to be a marker of poor survival in
childhood glioma,44,45 further studies are required to
investigate whether this biomarker influences the
response to erlotinib. EGFR gene amplification was
absent in all tumors, which is consistent with previous
findings,7,46,47 although Bax et al.48 reported recently
EGFR amplification in 11% of pediatric high-grade
gliomas. A recent study found that 5 genes within the
EGFR signaling pathway (STAT1, FKBP14, RAC1,
PTGER4, and MYC) may modulate the response of
adult glioblastoma to erlotinib.49 This suggests that the
cross-talk of erlotinib-associated signaling pathways is
complex and needs to be considered when designing
new studies.

In conclusion, erlotinib has an acceptable tolerability
profile in children with malignant brain tumors, includ-
ing relapsing heavily pretreated patients and newly diag-
nosed, high-grade brainstem gliomas, although
intratumoral, potentially life-threatening hemorrhage
remains a substantial risk of this new therapeutic
approach. The RD of erlotinib in children is higher
than the RD for adults; further studies are required to
define the efficacy of this treatment approach (including
combining erlotinib with other targeted therapies) and
to establish the impact of biomarkers (eg, by stratifying
patients according to EGFR expression) on outcomes in
pediatric glial tumors.
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