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Abstract Cerebral radiation necrosis (CRN) is a toxicity
of radiation therapy that can result in significant, potentially
life-threatening neurologic deficits. Treatment for CRN has
included surgical resection, corticosteroids, hyperbaric oxy-
gen therapy (HBOT), and bevacizumab, but no consensus
approach has been identified. We reviewed the available lit-
erature to evaluate efficacy of treatment approaches. Using
methods specified in the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses (PRISMA) guidelines
when possible, we conducted searches of Ovid MEDLINE,
Embase and Pubmed to identify studies reporting on out-
comes for children (<21 years old) with CRN. Eligible stud-
ies from 1990 to 2014 describing central nervous system
(CNS) radiation necrosis with details of both treatment and
outcomes were included. Eleven studies meeting criteria were
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identified. Of the nine studies with total patient denomina-
tors, 37 of 806 patients developed CRN (incidence=4.6%).
Patients received treatment courses of steroids alone (n=13),
steroids with bevacizumab (n=11) or HBOT (n=12).
Patients who failed to respond to steroids were more likely
to be older than steroid-responsive patients (p=0.009).
With the exception of steroid-related adverse events, there
was only one report of an adverse event (brainstem stroke)
potentially attributable to intervention (bevacizumab). Those
who received proton beam RT were both younger (p=0.001)
and had a shorter time to development of CRN (p=0.079).
The most common treatment following steroid initiation was
addition of bevacizumab or HBOT, with good success and
minimal toxicity. However, randomized controlled trials are
needed to establish a definitive treatment algorithm that can
be applied to children affected by CRN.

Keywords Pediatric - Radiation - Necrosis -
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Background

The advent of treatment modalities including surgery, radia-
tion therapy, and chemotherapy has brought about dramatic
improvements in the survival of children with brain tumors,
with survival rates for all age groups now exceeding 70% [1].
However, with nearly 4300 children diagnosed yearly with a
primary CNS tumor [2] and an increasing population of sur-
vivors, ameliorating the long-term adverse effects, ranging
from stroke to neurocognitive deficits, has become a major
area of study. Cerebral radiation necrosis (CRN) is a well-
characterized toxicity of radiation therapy, first described
in adult patients [3]. MRI findings in CRN have been well
characterized and include white matter contrast enhancement
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with a “spreading wave front” of peripheral enhancement
and a “Swiss cheese/soap bubble” appearance of interior
enhancement [4]. Incidence data is primarily derived from
adult studies but is thought to be 5-10% at doses of 120 Gy
(range 100-140) and 150 Gy (range 140—170) when given in
fraction sizes of <2.5 Gy [5]. Retrospective studies of chil-
dren reported widely variant CRN rates of 3-26 % [6-8].

No consensus treatment for pediatric CRN has been
identified. Due to the paucity of pediatric data, we sought
to collect the modalities used in the treatment of CRN in
pediatric patients. Given the diagnostic challenge posed by
new lesions in children with brain tumors and the poten-
tially devastating long-term effects of CRN, there is a need
for a successful and low-risk treatment approach; thus, a
systemic review of the collective medical experience can
provide guidance to practitioners in pediatric CRN therapy.

Records identified through
database searching (n=64)

g

Records after duplicates
removed (n=63)

J
r Records screened (n=63) —l =

g

Full text articles assessed =
for eligibility (n=57)

g

Studies included in
quantitative and qualitative
analysis (n=11)

Records excluded: not
topical (n=6)

Full text articles excluded
(see Fig. 2 for details)
(n=46)

Fig. 1 Flow algorithm for determining study eligibility

Fig. 2 Reasons for study
exclusion. Excluded studies fell
into five broad categories: (1)
those reporting CRN without
reporting CRN treatment data,
(2) studies which focused on the
use of radiology in diagnosing
CRNs without other pertinent
data, (3) those which primarily
discussed effects of RT outside
of CRN, (4) reports which
involved other topics within the
subject of pediatric BTs, and
(5) studies that involved topics
other than treatment within the
field of CRN
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Methods
Search strategy and study eligibility

Our methodology was guided by the PRISMA checklist
[9], which provides an evidence-based process for conduct-
ing systematic reviews. Given the limited number of pub-
lished studies describing outcomes in children with CRN,
most with very small sample sizes, many elements of the
PRISMA checklist were not applicable for this review. The
procedure for identification of eligible studies is detailed in
Fig. 1. The following electronic databases were searched to
identify reports of either relevant pediatric randomized con-
trolled trials or case series: the Cochrane Central Register
of Controlled Trials (CENTRAL); Ovid MEDLINE; Ovid
EMBASE; and the reference sections of included studies.
Search terms included: pediatric; cerebral; radiation; necro-
sis; treatment. These search terms resulted in 64 publications,
one of which described a duplicate sample. The remaining 63
studies were screened by two authors (ND, EH) to determine
which met inclusion criteria. Six studies were excluded due to
their involvement of topics outside of radiation necrosis (e.g.,
diabetic ketoacidosis). Inclusion criteria included: (1) publi-
cation in a peer-reviewed journal, (2) availability partly or
wholly in English, (3) report on pediatric patients who devel-
oped CRN from 1981 to 2014. In addition, eligible studies
included patients who were <21 years of age with any central
nervous system (CNS) lesion that received radiation therapy
who developed radiation necrosis and reported details of both
treatment and outcomes. The measures of primary interest
were response (either clinical or radiographic), event-free
survival and overall survival.

As may be seen in Fig. 2, 52 of the identified studies
(82.5%) were omitted due to incomplete demographic,
treatment, or outcome data, as follows: (1) CRN-oriented

H CRN as outcome without
treatment data

B Use of radiology in diagnosis
of CRN/BTs

Other effects of RT

H Other topics within brain
tumors

¥ Other topics within CRN
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report without adequate details of CRN-directed therapy,
(2) Studies reporting only diagnostic radiologic studies, (3)
Reports detailing radiation effects broadly without sufficient
CRN-specific data (4) General studies on pediatric brain
tumors (5) Publications listing CRN as an adverse effect of
treatment without other information. Three included stud-
ies prospectively evaluated a treatment modality amongst
patients who had already developed CRN. Although these
studies did not include sufficient information needed to
describe incidence of CRN, all authors were contacted and
one of the three was able to provide this information after
review of their records.

Data extraction and synthesis

Two authors (ND, EH) independently reviewed each study
and extracted data from the reports. Patient age and tumor
type, type of radiation therapy, symptoms/symptom evolu-
tion, and dose received were tabulated with those patients
who developed CRN further analyzed as to the location of
lesion(s), treatment(s) used, time to treatment, primary out-
come of treatment, and length of follow-up. Discrepancies
between authors were resolved by consensus after discussion.
All treatment modalities were identified across reported stud-
ies. Eleven non-duplicative papers were included.

Table 1 Summary of included studies and patient/radiation characteristics

Statistical approach

Because the number of participants across identified studies
was small and none of the eligible reports were random-
ized clinical trials, traditional meta-analytic strategies were
not possible. Rather, we provide descriptive statistics of
patients” demographic (i.e., age, gender) and medical (i.e.,
tumor, treatment, timing of onset of CRN) characteristics,
as well as clinical features of patients’ CRN treatment out-
comes. When complete patient-level data were available,
we used ¢ tests and Pearson correlations to determine asso-
ciations between demographic and medical characteristics
and CRN-related outcomes. All analyses were conducted
using SPSS, version 23 (SPSS Inc., Chicago, IL).

Results
CRN incidence and associated features

Eleven studies met all inclusion/exclusion criteria. Table 1
lists characteristics of the samples. Across all identified
studies, forty-eight pediatric patients were reported to have
developed CRN. Of these, 45 were diagnosed with primary
CNS tumors, one with a metastatic brain lesion, and two
with arteriovenous malformations. Thirty-nine patients were

Author CRN/ Age Histology RT dose (Gy) Time to CRN Length of
total # of follow up
patients

Marks et al. [11] 1/21 10 years LGG 1 month

Chuba et al. [12] 9/? 4-14 years BSG (2), EP (2), GCT (2), LGG 8-70.4 2—-14 months 3-36 months

(1), oligo (1), GBM (1)
Kalapurakal et al. [7] 1/33 14 years Pontine astrocytoma 54 1 year 27 months

(median)
Beuthien-Baumann 1/1 11 years Anaplastic EP 66+6 1.5 years 2+ years
etal. [13]

Liu et al. [14] 4/37 BSG (3), GBM (1) 54 (3),25(1) On tx-3 months 5—-10 months
Murphy et al. [15] 8/236 3-10 years Embryonal tumors (BS 5, AR: CSI123.4, PF 4 months (imaging) 52 months

cerebellum 1, both 2) 36, 1° site 55.8 6 months (median)

HR: CSI 36-39.6, (symptoms)
1° site 55.8

Wang et al. [16] 1/17 (incl. 13 years AA 56 18 months 6 months

adults)

Strenger et al. [17] 5/107 6.9 years LGG (1), MB (2), EP (1), OS 51.7 (median) 11 months (median) 4.6 years

(median) met (1) (median)

Indelicato et al. [10] 11/313 5.9 years EP (8), ATRT (1), MB (1), 47-52.4 3 months (median) 2 years

(median) LGG (1) (median)
Foster et al. [18] 5/41 4-17 years LGG 50.4-55.2 2 weeks-3 months 1.5-4.2years
Preuss et al. [19] 2/? 9.4 years AVM 55 2 months, 1 year 18 months,

(median) 42 months

LGG low grade glioma, BSG brain stem glioma, EP ependymoma, GCT germ cell tumor, GBM glioblastoma multiforme, AV'M arteriovenous
malformation, A4 anaplastic astrocytoma, HGG high grade glioma, MB medulloblastoma, OS osteosarcoma
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diagnosed by radiographic findings only (with confirma-
tory histology obtained at autopsy for one) and nine patients
underwent tissue biopsy. As noted above, two of the 11 stud-
ies did not provide sufficient information to determine the
incidence of CRN within a larger sample; however, using
the nine studies which included information about the per-
centage of patients who developed CRN, 37 of 806 patients
developed CRN for an incidence of 4.6%. The ages of the
children at diagnosis of CRN ranged from 2 to 17 years
(median eight) with 35.4% female. The most frequent tumor
subtypes represented were low-grade gliomas outside of
the brainstem (8), followed by patients with brainstem gli-
omas including diffuse intrinsic pontine gliomas and pilo-
cytic astrocytomas (5). Radiation therapy utilized various
doses and modalities, including external beam (EBRT) or
proton beam radiation (PBT) [10] and stereotactic radio-
surgery (SRT). EBRT doses ranged from 2400 to 7020 cen-
tigrays (cGy), SRT doses ranged from 800 to 2400 cGy, and
PBT doses ranged from 4700 to 5240 cGy. Children who
received PBT were younger than those who received EBRT
(p=0.001). CRN developed while on therapy in one patient
(1 week prior to completion of RT); the remaining patients
developed CRN up to 131 months after completion of radia-
tion therapy (median 5 months); those who received PBT had
a shorter timeline to development of CRN compared with
those received photon beam radiation approaching statistical
significance (p=0.079). Follow up ranged from 3 months to
over 4.6 years, with disparate spans in large part due to dif-
fering underlying diagnoses. Patients with poor prognoses
tended to have shorter follow up times by virtue of disease
progression. Screening protocols for radiation necrosis were
not clearly stated across all studies, though all patients had
imaging with neurologic changes as well as periodic imag-
ing as per standard of care or clinical trial mandates.

In addition to radiation therapy, some patients also
received high-dose chemotherapy in conjunction with radia-
tion therapy [15, 20, 21] or also received therapy on Phase I
protocols [14]. At least 20 patients underwent chemotherapy
for diagnoses including medulloblastoma, ependymoma,
and low grade glioma, either before or after radiation ther-
apy, while at least 13 patients did not receive chemother-
apy, including both patients with AVM, five with low grade
gliomas, and five with high grade glioma/DIPG. Given the
small number of patients comprising each of these groups
(age, gender, diagnosis, type of radiation therapy, radiation
dose/field, and use of additional treatment agents), no statis-
tical analyses were performed.

Forty-five of 48 patients (94%) presented with new
neurologic symptoms prompting imaging and/or biopsy
and were subsequently diagnosed with CRN. The most
frequent documented symptoms included ataxia (43.8 %),
cranial nerve palsies (39.6 %), weakness (37.5 %), headache
(18.8%), and vision changes (6.3 %).
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CRN treatment and outcomes

A summary of treatment modalities and outcome mea-
sures can be found in Fig. 3. All but four patients (92 %)
received at least one method of pharmacotherapy. Cortico-
steroids were the most commonly used treatment modality
with 89.6 % (n=43) of patients receiving them as all or part
of their therapy, while 35.4% of patients received HBOT
and 33.3% received bevacizumab as part of their treatment
regimens.

Table 2 shows the outcomes for different CRN treatment
modalities. Twelve patients (25 %) were treated with hyper-
baric oxygen therapy (HBOT) alone after an initial course
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Fig. 3 Long-term response to treatment. Summary of treatment
modalities and outcome measures amongst patients receiving no treat-
ment, resection alone, corticosteroids, corticosteroids+HBOT, corti-
costeroids +bevacizumab, and other combinations. *Other combina-
tions included: Bevacizumab alone; corticosteroids +bevacizumab and
HBOT; corticosteroids+HBOT and LMWH; corticosteroids+1VIG;
corticosteroids +bevacizumab and irinotecan; corticosteroids+HBOT
and bevacizumab and pentoxifylline
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Table 2 Summary of CRN -

treatment modalities and Treatment [maging Symptoms

outcomes None (3) Resolution (1), no data (2) Asymptomatic (1),
stable (1), no data
)

Resection (1)
Corticosteroids only (13)

Corticosteroids +
HBOT only (12)

Corticosteroids +bevacizumab
only (11)

Other (8)**

Resolution Asymptomatic
Resolution (3),

improvement (4),

Resolution (2), improvement (1),
stabilization (2), worsened (1),

no data (7) stabilization (1),
death (1), no data
“
Resolution (1), improvement (4), Resolution (2),

stabilization (4), worsened (1),
no data (2)

improvement (6),
stabilization (3), no
data (1)
Improvement (4), sta-
bilization (2), death
(1)*, no data (4)

Improvement (10), worsened (1)

Resolution (1), improvement (2), Residual deficits (4),
no data (5) improvement (3),
death (1)

*Death attributed to disease progression

**Regimens included: bevacizumab alone, corticosteroids+HBOT+bevacizumab, corticosteroids+
HBOT+LMWH; corticosteroids+IVIG, corticosteroids+irinotecan+bevacizumab, corticosteroids+
bevacizumab+HBOT + pentoxifylline

of steroids. Of these, eleven patients (92 %) had initial stabi-
lization and/or improvement in symptoms and nine (75 %)
had resolution or improvement on imaging with data being
unavailable for two patients. Three (25%) of the patients
who had initial improvement or stabilization of imaging and
symptoms ultimately died of disease progression.

Eleven patients (23 %) received bevacizumab alone in
conjunction with steroid treatment; ten of these (91 %) had
symptom and imaging improvement; one patient died of
disease progression. Eight patients (17%) received other
combinations of pharmacotherapy including one patient
who received bevacizumab alone, and one patient each
received corticosteroids in concert with IVIG; irinotecan
and bevacizumab; HBOT and LMWH; and bevacizumab,
HBOT and pentoxifylline. Two patients received corticoste-
roids, bevacizumab and HBOT.

Response to therapy was generally favorable with 52.1 %
(n=25) of patients demonstrating symptomatic and/or
imaging improvement and 27.1% (n=13) with stabiliza-
tion. One patient underwent resection due to the unclear
nature of the radiographic findings with lesions that were
suspicious for tumor recurrence. In this case, histological
examination after resection confirmed RN rather than tumor
and no further treatment was needed [22]. Fourteen patients
(29.2%) received steroids alone, and of these, six patients
demonstrated improvement in symptoms. One patient with a
low-grade pontine glioma had worsening neurologic symp-
toms later attributed to disease progression and ultimately
died of disease [7]. The thirty (62.5%) remaining patients
underwent initial treatment with steroids although four had

recurrence of neurologic symptoms on tapering the steroid
dose. Of those patients for whom descriptive data is avail-
able [23], five had severe side effects related to long-term
steroid use, including Cushingoid features, arterial hyper-
tension, striaec development, and an increase in body mass
index [18, 19]. At least sixteen of the forty-three patients
who received steroid treatment (37 %) failed initial treat-
ment with steroids, typically described as neurologic symp-
tom reemergence [12, 14, 16, 18].

Toxicities from CRN-directed treatment were relatively
manageable, although steroid treatment often resulted in an
unacceptable side effect profile [19]. Two children devel-
oped avascular necrosis after steroids and bevacizumab [18].
Older children were more likely to fail steroid monotherapy
(p=0.009). One patient developed a brainstem stroke while
receiving bevacizumab after having received corticoste-
roids and HBOT for CRN; however, it was unclear whether
bevacizumab played a role in this event [10]. Two patients
(4%) died of CRN, one of whom received corticosteroid
treatment alone and one who received corticosteroids, beva-
cizumab and HBOT.

We examined the relation between symptom presenta-
tion, patient demographics, and treatment response for the
48 patients for whom these data were available. Time to
development of CRN was not significantly related to age,
(t=—-0.06, p=0.95), gender (t=—0.06, p=0.96), or radia-
tion modality (t=1.12, p=0.27). Weakness as a presenting
symptom did not differ by age, gender, radiation modality,
or time to development. There was a trend for patients pre-
senting with headache to be older (t=1.93, p=0.060), and
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for patients presenting with ataxia to be younger (t=—1.98,
p=0.055). Failure to respond to bevacizumab was not
related to age or time to development of CRN (t=-0.53,
p=0.60 and t=—0.35, p=0.74, respectively). Patients who
failed to respond to steroids, however, were significantly
more likely to be older (with a mean of 9.8 years versus
6.5 years) than patients who responded to steroid treatment
(t=2.76, p=0.009).

Discussion

CRN is a well-known complication of RT for brain tumors,
primarily described in adult patients [3, 24, 25]. However,
with increasing numbers of surviving pediatric brain tumor
patients, there is a need for pediatric-based approaches for
the treatment of late effects, including CRN; unfortunately,
the outcomes of most treatment approaches are limited to
small reports and case studies without any unification of
findings. In the adult population, treatment of CRN has
included such varied approaches as corticosteroids [10, 24,
26-30], bevacizumab [4, 20, 24], hyperbaric oxygen ther-
apy [26, 31], NSAIDs, anticoagulation [28, 29], and oral
vitamin E [30].

Through our systematic review, we were able to exam-
ine the largest aggregated sample of pediatric patients
undergoing treatment for CRN in the literature to date. The
incidence of CRN has been previously reported as falling
between 3 and 26 % [6—8]. In our analysis, comprised from
an aggregate of studies of one to 236 patients, a total of 48
children developed CRN, diagnosed by development of
neurologic symptoms, imaging, or both. Of the aggregate of
806 patients described in those studies with patient denomi-
nators, 37 patients developed CRN, for an overall incidence
0f 4.6 %.

CRN occurs within three time periods: acute (during or
immediately following therapy), early-delayed (between
3 and 6 weeks and 3—-6 months after therapy is complete),
and late-delayed (between 6 and 12 months to years after
therapy is complete) [32]. Based on our data, the median
time to development of CRN was 5 months; interestingly,
those who received proton beam RT were both significantly
younger and may have had a shorter time to development
of CRN. Though these patients likely received proton beam
RT because of their young ages in an effort to avoid the
increased toxicity of external beam RT, it is possible that
they are also prone to earlier development of CRN, or that
proton beam radiation may hasten the development of
CRN. Younger children tended to present with ataxia, and
older children with headache when diagnosed with CRN,
although this may be reflective of typical general tumor
location (infratentorial vs. supratentorial, respectively) in
the two age groups.
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Thought to occur as a primary effect of cerebral vascu-
lar injury, radiation necrosis begins as acute cellular injury
with endothelial cell death resulting in platelet aggregation
and thrombus formation leading to occlusion of microves-
sels [33]. Endothelial cell dysfunction may also cause the
release of vascular endothelial growth factor (VEGF) with
resultant capillary leakage and brain edema [24]. Histo-
pathologically, vascular derangement is present along with
demyelination and white matter necrosis [3].It is thought that
cellular injury and vascular damage from radiation leads to
tissue hypoxia and initiates a cascade of events resulting in
degradation of collagen, disruption of the blood—brain bar-
rier (BBB) [3], vascular endothelial growth factor (VEGF)
release and capillary leakage [24], perivascular inflamma-
tion and the production of thrombi [29]. These changes
can occur diffusely throughout the white matter, leading to
cerebral atrophy, or focally, causing mass lesions and result-
ing in confusion, seizures, and other significant neurologic
effects [12].

Three different modalities of treatment were primarily
used in the series reviewed; corticosteroids, bevacizumab
and HBOT, either singly or in combination. Corticoste-
roids were used for their potent anti-inflammatory effects,
but are associated with a significant adverse effect profile
that often makes long-term use untenable. Bevacizumab
is a humanized monoclonal antibody that blocks VEGF.
HBOT and vitamin E are thought to improve tissue oxy-
genation leading to neovascularization and reduction of
inflammation.

Corticosteroids were the initial mainstay of treatment
in nearly 90% of patients who received pharmacotherapy
for their lesions. Many patients were either unable to tol-
erate steroid therapy on a long-term basis, or developed
a recurrence of neurologic symptoms on tapering of their
steroid dose. Older patients (mean 9.8 years) failed steroid
monotherapy more frequently than younger patients (mean
6.5 years). Among those treated with corticosteroids in
addition to either HBOT (12 patients) or bevacizumab (ten
patients), 92 and 90 %, respectively, had improvement in
symptoms, neuroimaging, or both. Further, each approach
was generally safe, with no positively attributed severe
adverse events with either methodology. These data suggest
that earlier use of adjuvant agents in addition to steroids is
safe, more tolerable and may be particularly important in
older patients.

As with all systematic reviews, there were several limi-
tations to this study. First, these data are likely affected
by selection bias, as characterization of more severely
affected patients, particularly those who require treatment,
is more likely to have been prioritized both by research-
ers. Because of the limited number of studies and their
tendency to be descriptive in nature, however, it is diffi-
cult to estimate the level of selection bias in the studies
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that were published. Further, given the different types of
reports ranging from small sample case reports to larger
scale retrospective analyses, the overall dataset is vari-
able. Treatment bias may also have been present, as cen-
ters with ready availability of HBOT may have led to a
tendency to report HBOT-related positive findings. Due to
the small numbers of patients receiving a particular treat-
ment for their tumor, it is not possible to draw conclusions
regarding the effect of a particular regimen (ranging from
high dose chemotherapy with autologous stem cell trans-
plant to phase I therapies) on the development of CRN. As
described, six patients died of their disease, and at least
twenty-six patients had remaining neurologic deficits;
whether these were attributable to CRN or their original
lesion is unknown. Likewise, the duration of follow up
was potentially inadequate for many patients, in part due to
the poor prognosis associated with some of the tumors. As
these reports span many years, there may have been chang-
ing practices amongst clinicians with a lack of rigorous
and systematic documentation of adverse effects in previ-
ous years. Furthermore, there is no consensus on standard
definitions for the grading of CRN itself or on the response
to therapy (either radiographically and symptomatically),
although neurologic exam, Lansky—Karnofsky perfor-
mance status, and the NCI Common Terminology Crite-
ria for Adverse Events, were all used to describe patients’
clinical status. Finally, it is possible that our search missed
cases within larger reports of radiation therapy for CNS
lesions, and the small number of cases that were described
limited our ability to conduct a meta-analysis of the effi-
cacy of treatment approaches.

CRN is a recognized complication of the different
modalities of radiation therapy. Based on the results pre-
sented, there is no clear evidence that HBOT, bevacizumab
or a combination of the two is more effective than cortico-
steroids alone, though it is worth noting that older patients
were more likely to fail steroid therapy which could help to
guide treatment approaches. Thus, more prospective evalu-
ation is needed, ideally based upon a standardized definition
of radiographic signs and response to treatment to delineate
the most appropriate outcome measure for these patients,
including overall survival, neurologic status, quality of life,
and duration of steroid use. The use of bevacizumab and/
or HBOT appears to be safe and effective in this popula-
tion of patients. Ultimately, a better understanding of which
patients are at risk for CRN and what therapies put them at
highest risk is needed to effect a change in its therapeutic
management and to bring about a rapid and lasting improve-
ment to the sometimes devastating neurologic effects of
CRN.
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