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Abstract
Purpose Radiation-induced injury is a well-described toxicity in children receiving radiation therapy for tumors of the central
nervous system. Standard therapy has historically consisted primarily of high-dose corticosteroids, which carry significant side
effects. Preclinical models suggest that radiation necrosis may be mediated in part through vascular endothelial growth factor
(VEGF) overexpression, providing the rationale for use of VEGF inhibitors in the treatment of CNS radiation necrosis. We
present the first prospective experience examining the safety, feasibility, neurologic outcomes, and imaging characteristics of
bevacizumab therapy for CNS radiation necrosis in children.
Methods Seven patients between 1 and 25 years of age with neurologic deterioration and MRI findings consistent with radiation
injury or necrosis were enrolled on an IRB-approved pilot feasibility study. Patients received bevacizumab at a dose of 10 mg/kg
intravenously every 2 weeks for up to 6 total doses.
Results Five patients (83%) were able to wean off corticosteroid therapy during the study period and 4 patients (57%) demon-
strated improvement in serial neurologic exams. All patients demonstrated a decrease in T1-weighted post-gadolinium enhance-
ment on MRI, while 5 (71%) showed a decrease in FLAIR signal. Four patients developed a progressive disease of their
underlying tumor during bevacizumab therapy.
Conclusions Our experience lends support to the safety and feasibility of bevacizumab administration for the treatment of
radiation necrosis for appropriately selected patients within the pediatric population.
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Introduction

Radiation-induced injury is a well-described toxicity affecting
approximately 5% of children receiving radiotherapy for

central nervous system (CNS) tumors [1, 2]. Symptoms of
radiation injury can range from nonspecific headaches and
personality changes to focal neurological deficits, seizures,
and even death [3, 4]. Diagnosis can be challenging, as the
enhancing or necrotic foci seen on magnetic resonance imag-
ing (MRI) can often mimic radiographic features of tumor
progression [5, 6]. Preclinical models suggest that radiation
injury may be mediated by endothelial cell death and
perivascular edema, ischemia, and subsequent necrosis
[7–9]. High-dose corticosteroids have historically been used
to symptomatically alleviate this edema [2, 10]. There is now
recognition that this hypoxic microenvironment induces vas-
cular endothelial growth factor (VEGF) overexpression, fur-
ther perpetuating vascular permeability and edema [11].
Bevacizumab (Avastin™), a humanized monoclonal antibody
against VEGF, has seen increased utilization as a therapy for
CNS radiation injury [10, 12–14]. While data from the adult
experience with bevacizumab have expanded [10, 15], the
pediatric literature remains limited to small, retrospective re-
ports [2, 16, 17]. We present here the first prospective
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experience examining the feasibility, neurologic outcomes,
and imaging characteristics of bevacizumab therapy for CNS
radiation injury in children.

Methods

Patients between 1 and 25 years of age were eligible if they
had received radiation therapy for a histologically confirmed
CNS tumor and developed neurologic deterioration as well
as MRI findings determined to be consistent with radiation
injury or necrosis by the study radiologist. Steroid adminis-
tration was permitted at the treating clinician’s discretion.
Once enrolled, all patients received bevacizumab at a dose
of 10 mg/kg intravenously every 2 weeks for a total of 6
doses (3 doses per cycle). An accrual goal of 10 patients was
established. The primary objective of this study was the
feasibility of drug administration, defined as 7 out of 10
patients successfully receiving at least 5 of the 6 scheduled
doses of bevacizumab without an increase in serious adverse
events attributed to bevacizumab. Secondary objectives were
descriptive and included evaluating changes in clinical neu-
rologic symptoms, dose and duration of corticosteroid ther-
apy, neuroimaging as assessed through MRI, and quality of
life as assessed by the modified McMaster Health
Instrument Scale [18]. Contrast-enhanced MRI was per-
formed within 28 days prior to starting treatment and at
the completion of each cycle of therapy. All available MRI
exams were reviewed by a board-certified pediatric neurora-
diologist. The study was approved and continuing approval
maintained throughout the study by the institutional review
board (IRB). All patients or their parents/legal guardians
provided written informed consent for study participation;

assent was obtained from patients when appropriate, in ac-
cordance with local guidelines.

Results

Seven patients were enrolled in this study. However, the study
was closed without enrolling sufficient patients to fulfill the
primary outcome measure due to poor accrual. The median
age was 11 years (range, 4–15 years). Diagnoses included
both high-grade tumors (ependymoma, diffuse midline glio-
ma, glioneuronal tumor NOS (WHO grade III)) and
unresectable and/or multiply progressive low-grade tumors
(pilocytic astrocytoma, diffuse fibrillary astrocytoma,
ganglioglioma). Six patients had received prior systemic ther-
apy with cytotoxic chemotherapy. Five patients (71%) re-
ceived conventionally fractionated photon radiotherapy (me-
dian, 59.4 Gy in 1.8 Gy × 33 fractions), while 2 patients (29%)
received hypofractionated photon radiotherapy (25 Gy in
5 Gy × 5 fractions). Median time from completion of radio-
therapy to symptomatic presentation was 76 days (range,
21 days–9 months) (Supplemental Table 1).

Three patients (43%) completed the planned two cycles
(six doses) of bevacizumab therapy. Four patients (57%) re-
ceived one cycle (three doses) of bevacizumab therapy then
stopped study therapy due to tumor progression by end of
cycle 1 evaluation. No patients stopped therapy or withdrew
from the study due to adverse events or drug intolerability.
Median follow-up was 4 months (range, 6 weeks–21months).

Six patients were receiving dexamethasone at enrollment.
Five (83%) were able to wean off corticosteroids during the
study period; the remaining patient tolerated a decrease of
corticosteroids until they developed new symptoms due to

Table 1 Response to therapy
Stable disease

(n = 3)

Progressive disease

(n = 4)

Bevacizumab therapy

One cycle (3 doses) 0 (0%) 4 (100%)

Two cycles (6 doses) 3 (100%) 0 (0%)

Dexamethasone dose, mean

Pre-treatment 8 mg/day 5.25 mg/day

Post-treatment 0 mg/day 1 mg/day

Neurologic improvement 3 (100%) 1 (25%)

Radiographic changes

Decreased gadolinium enhancement 3 (100%) 4 (100%)

Decreased FLAIR signal 3 (100%) 2 (50%)

Decreased tumor size 3 (100%) 2 (50%)

Modified McMasters, mean

Pre-treatment 13.3 15.25

Post-treatment 12.3 17.5
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disease recurrence. Of the 3 patients without disease recur-
rence, all 3 demonstrated symptomatic improvement by serial
neurologic examinations (e.g., resolution of ataxia or cranial
nerve deficits). One of 4 patients with tumor progression dur-
ing study therapy demonstrated transient neurologic improve-
ment. Quality of life as assessed by the modified McMaster
Health Instrument Scale showed no significant change with
study therapy (Table 1).

Following study therapy, all patients had decreased tumor
enhancement in T1-weighted images following gadolinium
administration. Five of 7 patients had decreased tumor size
following treatment (Fig. 1). There was increased intrinsic
T1 hyperintensity with corresponding increased susceptibility
in 6 of 7 patients, interpreted as age indeterminate blood prod-
ucts versus mineralization (unchanged in one patient). There
was increased tumor necrosis (size of cystic non-enhancing
portions of the tumor) in 4 of 7 patients.

No grade four adverse events (AEs) were reported. There
was a single grade 3 upper extremity spasticity attributed to

tumor progression. Four patients (57%) experienced grade 1
or 2 AEs deemed possibly, probably, or definitely attributable
to the study therapy (Supplemental Table 2).

Discussion

The study ultimately failed to meet the predetermined feasi-
bility criteria, a consequence of both poor accrual and discon-
tinuation due to progressive disease. No patients withdrew
from the study due to adverse events or drug intolerability.
The relatively high proportion of patients in this small cohort
who experienced disease progression while in the study high-
lights the diagnostic challenge of discriminating between
radiation-induced injury and progressive disease based on
MRI findings alone [3, 4, 19, 20]. It is possible that patients
who eventually exhibited clear progressive disease may have
initially been misdiagnosed with radiation-induced injury.
Alternatively, as many of the tumors for which radiation

Fig. 1 a Fifteen-year-old boy with bi-thalamic high-grade glioneuronal
tumor NOS (WHO grade III). Baseline post-gadolinium axial T1-
weighted MR image shows a heterogeneously enhancing bi-thalamic
mass (arrow) with intraventricular extension and mild ventriculomegaly.
b Six weeks following treatment, axial T1-weighted MR image shows
decreased size and enhancement of the bi-thalamic mass (arrow) as well
as decreased lateral ventricular size. c Five-year-old boy with diffuse

midline glioma. Baseline post-gadolinium sagittal FLAIR MR image
shows a heterogeneously enhancing expansile pontine mass (arrow) ex-
tending from the thalami superiorly to the pons inferiorly and posteriorly
into the superior cerebellar vermis. d Sixweeks following treatment, post-
gadolinium sagittal FLAIRMR image shows a decrease in superior to the
inferior size of the pontine mass (arrow) as well as decreased enhance-
ment, including the superior cerebellar vermis component
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therapy is typically reserved in pediatrics are aggressive and
carry a poor prognosis, there is a reasonable potential for both
radiation injury and progressive disease to be present within a
single patient. The strong divergence in objective response
seen in the patients with progressive disease may be informa-
tive as a clinical rubric. For patients without significant symp-
tomatic improvement on bevacizumab therapy, an alternative
or concomitant diagnosis of disease progression should be
considered.

Given the limited literature on bevacizumab for the treat-
ment of radiation injury in pediatric patients, clinical practice
at many centers is extrapolated from adult data. This study
was unable to reach its accrual goals and is limited by the
small number of evaluable patients, non-randomized study
design, and the heterogeneity in prior chemotherapy regimens,
radiation doses, and tumor types. However, the experience
represents the largest cohort and first prospective evaluation
of bevacizumab therapy for CNS radiation injury in children.
Bevacizumab given for radiation necrosis is well tolerated,
with few attributable adverse events observed. Most of the
patients were able to decrease or stop corticosteroid therapy
without a corresponding decrease in self-reported quality of
life measurements. Similarly, the majority of patients demon-
strated objective improvement in both serial neurologic exam-
inations and MRI. Our experience lends support to the safety
and feasibility of bevacizumab administration for the treat-
ment of radiation necrosis for appropriately selected patients
within the pediatric population.
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