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Purpose: A PENTEC review of childhood cancer survivors who received brain radiation therapy (RT) was performed to
develop models that aid in developing dose constraints for RT-associated central nervous system (CNS) morbidities.
Methods and Materials: A comprehensive literature search, through the PENTEC initiative, was performed to identify pub-
lished data pertaining to 6 specific CNS toxicities in children treated with brain RT. Treatment and outcome data on survivors
were extracted and used to generate normal tissue complication probability (NTCP) models.
Results: The search identified investigations pertaining to 2 of the 6 predefined CNS outcomes: neurocognition and brain
necrosis. For neurocognition, models for 2 post-RT outcomes were developed to (1) calculate the risk for a below-average intel-
ligence quotient (IQ) (IQ <85) and (2) estimate the expected IQ value. The models suggest that there is a 5% risk of a subse-
quent IQ <85 when 10%, 20%, 50%, or 100% of the brain is irradiated to 35.7, 29.1, 22.2, or 18.1 Gy, respectively (all at
2 Gy/fraction and without methotrexate). Methotrexate (MTX) increased the risk for an IQ <85 similar to a generalized
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uniform brain dose of 5.9 Gy. The model for predicting expected IQ also includes the effect of dose, age, and MTX. Each of
these factors has an independent, but probably cumulative effect on IQ. The necrosis model estimates a 5% risk of necrosis for
children after 59.8 Gy or 63.6 Gy (2 Gy/fraction) to any part of the brain if delivered as primary RT or reirradiation,
respectively.
Conclusions: This PENTEC comprehensive review establishes objective relationships between patient age, RT dose, RT vol-
ume, and MTX to subsequent risks of neurocognitive injury and necrosis. A lack of consistent RT data and outcome reporting
in the published literature hindered investigation of the other predefined CNS morbidity endpoints. � 2021 Elsevier Inc. All rights
reserved.
Introduction
The definitive management of many pediatric malignancies
requires radiation therapy (RT) to the central nervous sys-
tem (CNS) that may predispose survivors to neurologic
complications. A detailed understanding of radiation dose-
volume effects is required to maximize the therapeutic ratio
of brain irradiation. This understanding will facilitate
thoughtful use of advanced RT modalities such as intensity
modulated RT (IMRT), with x-rays or proton therapy
(IMPT). This comprehensive PENTEC review of cancer sur-
vivors who received brain RT aims to describe the risks of 2
RT-related CNS toxicities: neurocognition and brain necro-
sis. Data on survivors were used to generate normal tissue
complication probability (NTCP) models specific to the 2
toxicity endpoints.
Clinical Significance
A child may receive whole or partial brain irradiation for
various reasons including: (1) primary CNS tumors, (2)
non-CNS tumors near the skull base, and (3) treatment of
known or suspected CNS hematologic malignancy, such as
leukemia. More specifically, approximately 3300 new benign
or malignant primary CNS tumors are diagnosed annually
in patients younger than age 16 years in the United States,
and in this age group, brain tumors are the most common
solid tumor indication for RT. Many of these patients
require large-field radiation such as craniospinal irradiation
(CSI) and/or focal RT (45-60 Gy).

The main neurocognitive deficit noted in many child-
hood survivors appears to be a difficulty in acquiring new
abilities at a rate similar to their peers, rather than a progres-
sive loss of skill or knowledge already gained before cranial
RT exposure; this observation partially explains the age
dependence of the effect seen with treatment.1-4 The conse-
quences, therefore, have considerable repercussions on the
functional outcomes and quality of life for childhood cancer
survivors. Such cognitive effects may lead to poor social
skills, difficulty adjusting to new environments, problems
with peers, social withdrawal, and mild deficits in academic
functioning; however, severe deficits in intellectual ability
and language also occur.5-7 Unlike survivors of most other
pediatric cancer types, brain tumor survivors are less likely
to live independently, marry, or attain degrees in higher
levels of education.8-10 These morbidities affect indepen-
dence and psychosocial quality of life extending into adult-
hood and can even affect survival.11

Patients receiving RT to larger volumes and higher doses
report increasing frequency and intensity of cognitive defi-
cits over time. Young children treated with full-dose CSI (36
Gy) are observed to have lower full-scale IQ (FSIQ) scores
and decreased school performance compared with their
peer groups.12-14 There is also a dose-response relationship
for decline in intelligence quotient (IQ): a higher cumulative
cranial dose predisposes survivors to worse IQ scores.14-16

Indeed, follow-up studies of children treated on contempo-
rary protocols using lower cranial doses and smaller treat-
ment volumes have demonstrated a reduction in late
cognitive deficits, spurring the development of prospective
clinical trials to evaluate neurocognitive outcomes associ-
ated with reductions in RT field and dose.17-19 Proton RT
(PRT) has a dosimetric advantage compared with x-ray
−based RT (XRT) that reduces the exposure of normal tis-
sues to low doses owing to the abrupt dose fall-off (Bragg
peak) of protons versus photons.20 Preliminary evidence
suggests that PRT, by reducing normal brain exposure, is
associated with lower acute and late toxicity rate compared
with historical and contemporary photon-RT cohorts.20,21

In a recent report, PRT was associated with more favorable
outcomes (compared with XRT) in most neurocognitive
domains in children with medulloblastoma.22,23

In addition to the dose and volume dependence previ-
ously noted, RT doses to specific regions of the brain, partic-
ularly the temporal lobes and hippocampi, may
disproportionally affect long-term IQ and academic
performance.16,24,25 RT-induced injury of the brain’s white
matter may partially explain these cognitive changes as mag-
netic resonance imaging (MRI) studies have correlated a
decline in cognitive ability with white matter loss.17,26,27 The
impact of irradiated volume on cognitive subdomains such
as executive function or processing speed (PS) (that broadly
includes cognitive speed and efficiency of output) is not as
well studied.

Of note, late cognitive changes in childhood cancer survi-
vors are also affected by the tumor itself, and by other thera-
peutic interventions. Tumors in the cerebral hemispheres
can be associated with difficulty in performance IQ (but
generally not verbal IQ), academic achievement, memory,
motor skills, and attention. Midline tumors have been asso-
ciated with difficulties in memory, motor skills, and
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attention. Children with posterior fossa tumors often
develop difficulties in memory and motor abilities, and
those with brain stem tumors are often within the average
range in tested abilities.28,29 Systemic therapies such as
high-dose methotrexate (MTX), widely used for acute lym-
phoblastic leukemia (ALL), or intrathecal chemotherapy
independently contribute to CNS toxicity, and can com-
pound the effects of radiation.30 A meta-analysis reported
that children treated for ALL without RT scored 7.8 points
lower FSIQ than the control group of children without
ALL.31 Concomitant chemotherapy and radiation appears
to result in greater cognitive decline and educational bur-
dens compared with RT alone in children treated for medul-
loblastoma.32 To complicate matters, other early and late
clinical events occurring at increased rates among childhood
brain tumor survivors, such as hydrocephalus, postsurgical
cerebellar mutism, stroke, seizure, and visual or auditory
deficiencies, can also contribute to cognitive decline, inde-
pendent of the direct therapy effects.18,33-37

In addition to functional injury, direct RT-induced brain
injury that causes cell injury and death, or necrosis, has
been reported in childhood cancer survivors. Follow-up
MRI may identify necrosis that is characterized by increased
heterogeneous contrast enhancement with surrounding
edema within the irradiated volume in the absence of tumor
progression. The functional severity of this damage depends
on the extent and location of the injury, and can include
headaches, seizures, motor or sensory loss, or cranial nerve
palsies. Brain stem necrosis can be particularly debilitating,
or even fatal. The risk of brain necrosis is low with the typi-
cal RT doses for childhood brain tumors; however, synergis-
tic effects of chemotherapy and surgery may influence RT
tolerance. Medical management for necrosis, typically corti-
costeroids, can be effective but is often transient or of lim-
ited use for some patients. More recently, bevacizumab and
hyperbaric oxygen therapy have been shown to have some
benefit.38 Some patients with refractory symptomatic necro-
sis may require resection of affected tissue.

Other, less studied, but common areas of concern for
patients undergoing brain RT are subacute somnolence syn-
drome, chronic headache, brain atrophy, and leukoence-
phalopathy.39-43 These morbidities can be self-limited or
progressive and can affect quality of life, physical function,
and neurocognitive outcomes; however, guidelines for
objective assessments, incidence, and relationship with RT
are all limited.

Owing to the elevated risk of neurologic morbidities,
there has been a continued effort to reduce the intensity or
omit RT whenever possible. Elective cranial RT has been
eliminated in the majority of treatment protocols for
ALL.44-46 There has been a transition to lower CSI doses
and an increased reliance on chemotherapy in the manage-
ment of medulloblastoma.47,48 Similarly, RT to smaller tar-
get volumes, such as postsurgical tumor beds versus the
entire posterior fossa, has become the standard of care for
medulloblastoma.16 Nevertheless, RT continues to play a
critical role in many patients. For example, despite
reluctance to expose children younger than 3 years of age to
any cranial RT, optimal disease control and survival for chil-
dren as young as 18 months with ependymoma, medullo-
blastoma, or atypical teratoid rhabdoid tumors appear to
justify RT.49-52 Reirradiation is being increasingly used as
definitive management of locally recurrent disease despite
the increased risk of brain necrosis; however, specific reirra-
diation guidelines are lacking.53-56
Endpoints and Toxicity Scoring
For this review, the endpoints of potential interest were neu-
rocognitive impairment, brain/brain stem necrosis, subacute
somnolence syndrome, chronic headache, brain atrophy,
and leukoencephalopathy. Objective information on the
relationship between each of these endpoints and RT expo-
sure would be valuable. The literature review methodology
is summarized in “Review of Dose-Volume Response Data
and Risk Factors.” Sufficient data were available for the anal-
ysis of only neurocognitive impairment and necrosis. Only
sparse data were available for the other 4 areas of interest
(Appendix A).

Ideally, neurocognitive functioning would be determined
by formal testing at baseline and after RT at multiple time
points. A variety of cognitive domains can be assessed, and
multiple validated tests are available to measure individual
or broad functional domains. Interpretation of these test
results can be challenging because tests are routinely
updated and refined; different test versions could be admin-
istered depending on the date ranges of assessments. Fur-
thermore, tests are only appropriate for specific age groups
and the appropriate testing can change over time. Although
scoring of many tests is standardized such that scores and/
or percentiles relative to the general population may be
comparable, there is no single or uniformly accepted com-
posite assessment that captures the multidimensional
aspects of neurocognitive functioning. In addition, in an
individual, neurocognitive dysfunction can evolve over
time, such that increasing deficits may be observed for
patients with longer post-treatment follow-up intervals. For
the purpose of this review, global IQ and PS were considered
because these 2 indices were most consistently reported and
related to RT use. Thus, all studies that reported some com-
ponent of neurocognitive evaluation for childhood brain
tumor survivors who had received brain RT were included
in this review, and measurements of global IQ and PS were
extracted from these studies. The specific testing varied
between reports and there are no good means to adjust for
possible interstudy variations or absence of baseline pre-RT
testing.

The Common Terminology Criteria for Adverse Events
(CTCAE) version 5.0 (https//ctep.cancer.gov) scores both
cognitive disturbance and concentration impairment as
mild, moderate, or severe by the degree of interference with
work or school for cognition, or ability to perform activities
of daily living. Most reports did not use a specific toxicity

https://ctep.cancer.gov
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scoring system for neurocognitive toxicity. Similarly,
CTCAE version 5.0 defines CNS necrosis as a disorder char-
acterized by a necrotic process in the brain or spinal or
cord. Most studies diagnosed RT-induced necrosis with
imaging, associated symptoms, and on occasion, by histopa-
thology and scored with alternative scoring systems (eg,
Radiation Therapy Oncology Group [RTOG], European
Organisation for Research and Therapy for Cancer
[EORTC] and CTCAE).57,58
Anatomy and Developmental Dynamics
Brain development is complex and starts during the third
gestational week and continues well into adolescence and
even adulthood. A programmed process of cell proliferation,
migration, differentiation, axonal growth, and connection
modification occurs throughout this time.59 In parallel, cog-
nitive functions develop from infancy through adulthood,
with more rapid cognitive growth occurring during earlier
stages of development. Thus, younger patients are more vul-
nerable to any insult from tumor infiltration, mass effect,
surgery, radiation therapy, or chemotherapy, which could
affect neurocognitive development. Fortunately, some of the
negative impact of therapy may be attenuated by the
increased neuro-plasticity that occurs in young children.60

The negative impact of cranial irradiation on cognition
commonly occurs within the first 5 years from treatment
and is typically permanent. There is potential additional
deterioration over time, though there are few studies beyond
10 to 20 years of follow-up to evaluate any potential of long-
term functional recovery after RT.

The mechanism of radiation-induced neurocognitive
effects is not completely understood but neurogenesis, the
process by which neural stem cells differentiate into mature
cells in multiple brain structures, is thought to be affected.
Neurogenesis is promoted and regulated by the microenvi-
ronment of neuronal stem cells, astrocytes, and endothelial
cells.61 It is likely that radiation reduces neurogenesis by
direct and indirect damage and apoptosis of neuronal stem
cells, oligodendrocytes, and endothelial cells. Radiation
injury to endothelial cells and activated microglia is thought
to mediate chronic neuroinflammation that negatively
affects neurogenesis and also leads to ischemic axonal and
oligodendrocyte death.11,62,63 In adults, neural stem cells are
located in the subventricular zone of the lateral ventricles
and the dentate gyrus of the hippocampus. The hippocampi
are especially sensitive to RT-induced decline in neurogene-
sis and are associated with cognitive deficits, specifically
declines in IQ and poor neurocognitive performance.64-66

Structural changes including a reduction in hippocampal
volume may mediate this decline and are associated with
lower cognitive performance.27,67

Neurocognitive decline also occurs through damage to
cortical and subcortical white matter.4 Irradiated childhood
brain tumor survivors have decreased white matter volume
compared with healthy controls and to unirradiated cancer
survivors.68-70 Reduction in white matter volume after RT
appears to be responsible for most of the subsequent cogni-
tive decline. Diffusion tensor imaging (DTI) demonstrates
subtle changes in white matter microstructure that can be
described using diffusion metrics such as fractional anisot-
ropy (FA). FA is a quantitative index that is thought to
reflect axonal degeneration or decreased myelin integrity
and has been used to investigate radiation injury.71 Previous
studies have found a reduction in FA after RT in the corpus
callosum and frontal lobes.72,73 In support of these findings,
a reduction in FA is correlated with decline in school perfor-
mance, PS, and IQ.17,68,72,74-76

This observation of decreasing white matter volume over
time may be due to direct damage and loss of white matter
and/or failure to undergo maturation. However, it is notable
that myelination is completed last in the frontal and pre-
frontal lobes, which are implicated in many of the areas of
deficit seen in survivors: executive function and working
memory, as well as planning and attention.77-80 This corre-
lation suggests that failure to complete normal developmen-
tal myelination or maturation may represent an important
mechanism underlying the development of radiation-
induced late cognitive decline.

Cranial irradiation can also cause injury to the existing
neural structures that can lead to transient or permanent
loss of function through inflammation, vascular changes,
gliosis, and cell death leading to necrosis. Brain radionecro-
sis may be caused by injury to glial cells, creating demyelin-
ation in the white matter or by direct primary injury to the
blood vessels, with brain parenchymal injury as secondary
damage.81 The risk for brain necrosis is chiefly influenced
by RT dose and fractionation, RT volume, prior/subsequent
surgery, and chemotherapy. There are limited data regard-
ing the incidence of radiation necrosis in pediatric patients
or any association with age. One example by Plimpton et al
reports an incidence of radiation necrosis of 5% in 101 pedi-
atric patients, after an average prescribed dose of 54.6 Gy,
which is higher than what is noted in the adult
literature.82,83
Defining Volumes: Pediatric Imaging Issues
Anatomic structures, such as the whole brain, cerebellum,
brain stem, supratentorial brain, specific lobes, hippocampi,
hypothalamus, and pituitary gland can be delineated on the
planning CT scan, though image registration with MRI
scans usually enables more accurate delineation, in particu-
lar for more challenging structures such as the hippocampi.
Few of the studies used in this report provided DVH infor-
mation for these specific structures. The functional subunits
of the hippocampi can also be identified, but there is less
agreement on the importance of such segmentation.84 Simi-
larly, functional components of the brain (eg, memory cen-
ters, speech centers, and fasciculi) are challenging to identify
on conventional imaging. Finally, the functional dependence
of structures on each other, ie, their connectivity, is
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incompletely understood and not possible to delineate. As
more knowledge accumulates, the CNS maturation and age-
specific vulnerability of structures may become better
understood and be incorporated in RT planning (see “Anat-
omy and Developmental Dynamics”).
Review of Dose-Volume Response Data and
Risk Factors
Methodology

Comprehensive literature search criteria terms were devel-
oped to locate all studies that evaluated radiation dose-vol-
ume effects on the risk of the neurocognitive toxicities,
brain/brain stem necrosis, subacute somnolence syndrome,
chronic headache, brain atrophy, and leukoencephalopathy
among survivors of childhood cancer. This comprehensive
review was undertaken in accordance with the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) statement.85 PubMed and Cochrane Library
searches of peer-reviewed manuscripts written in English
and published from January 1, 1995, to October 2, 2017,
were conducted. Appendix A and B provide further details
of the search strategy and data collection.

Twelve investigators independently reviewed titles and
abstracts and, subsequently, full texts of any article that any
Fig. 1. Consort diagram summarizing process of selection and e
ect. Of note, 1 paper was used for both cognitive and necrosis ou
radiation therapy.
reviewer considered potentially eligible. For eligible studies,
the same investigators independently extracted the informa-
tion on study design, source of data, population characteris-
tics, and outcomes of interests using an electronic data
extraction form. Eligibility assessment of the included studies,
risk of bias assessment, and data extraction were performed
independently and in duplicate. Studies were included if they
had quantitative or adequate qualitative data describing neu-
rocognitive or brain necrosis outcomes for patients younger
than age 21 years that constituted at least 50% of the study
cohort. Outcomes were not limited to a specific follow-up
duration. In addition, information about treated volumes
(whole brain versus partial brain) and dose information as a
group or individual (prescribed dose, fractionation) were
required. Additional information, if available, for technique,
dose distribution, and other therapies was recorded.

A total of 4028 unique references at title and abstract
screening were identified. After review by task force members,
160 studies with potentially relevant information were
selected: 108 IQ/PS, 51 necrosis, and 1 both endpoints. Of
those, 43 studies with pertinent information were analyzed
and are reported here: 31 IQ/PS, 11 necrosis, and 1 both end-
points. Figure 1 summarizes the selection and elimination
process used to identify the eligible studies. The selected stud-
ies represent 2844 data sets (1817 and 1027 for IQ/PS and
necrosis, respectively) from patients younger than age 21 at
initial treatment. The prescribed doses ranged from 18 Gy to
more than 60 Gy. Tables 1 and 2 summarize these studies.
limination of published data used in evaluation for this proj-
tcome analysis. Abbreviations: PS = processing speed; RT =



Table 1 Data used for modeling risk of neurocognitive impairment

Author Year
Patient
no. Dx

MTX
(Y/N)

WB/ CS
dose (Gy)

PF dose
(Gy)

TB dose
(Gy)

RT
age (y)

Median
FU (y)

FU
IQ

Impairment
incidence

Hertzberg86 1997 115 ALL Y 11.3 - - 5.8 9 99 0.16�

Anderson87 2000 35 ALL Y 18 - - 3 2 93 0.27�

3 91 0.32�

Waber88 2001 61 ALL Y 18 - - 4.6 7 100 0.14�

Iuvone30 2002 21 ALL Y 19.7 - - 3.7 4.4 97 0.20�

Waber89 2004 71 ALL Y 18 - - 3.9 8.1 101 0.13�

54 - - 5 8.1 101 0.13�

Waber90 2007 39 ALL Y 18 - - 3 6 97 0.18�

Edelstein91 2011 12 ALL Y 18 - - 4.5 15.7 - 0.20

12 ALL Y 18 - - 10.2 15.7 - 0.02

Krull92 2013 167 ALL Y 18 - - 6.6 24.9 - 0.0z

186 - - 6.3 32.8 - 0.01z

Kim93 2015 18 ALL Y 18 - - 4 6.5 102 0.17�

Kramer94 1997 25 BMT—TBI non-
CNS tumors

N 11.58 - - 3.8 1 97 0.23�

Schuitema95 2015 29 Lymphoid
malignancy

Y 20.9 - - 5.4 26.7 94 0.34�

7 Y 25.5 - - 7.2 24.3 104 0.16�

Jalali et al13 2010 28 LGG, benign N - - 54 13 2 - 0.33

Greenberger96 2014 4 LGG N - - 52.2 5.2 7.6 107 0.073�

7 N - - 7 109 0.018�

Vern-Gross97 2014 4 HGG N - - 56.7 6.3 9.1 87 0.4y

Merchant98 2004 88 PF Epend N - - 58.5 2.9 15 100 0z

Merchant99 2005 49 PF Epend N - - 59.0 2.8 14.7 96 0.23

Merchant16 2014 76 PF Epend N - - 56.7 3.3 5 97 0.20�

Fouladi100 2003 17 Primary BT N - - 52.2 7.9 6 86 0z

Howarth101 2013 50 Primary BT N - - 56.7 6.4 6.7 98 0.17�

Conklin102 2012 50 Primary BT N - - 56.7 8.5 7.2 98 0�

Fouladi103 2005 14 Primary BT N - - 54 3.1 7.6 - 0.23z

38 N 27.5+ - 51.9+ 3.1 7.6 - 0.74z

Pulsifer104 2015 60 Primary BT N 10.9 - 53.0 12.3 2.5 104 0.06�

O’Neil105 2011 20 Germinoma N - - 30 14.4 3 100x 0z

Merchant106 2000 12 Germinoma N 25.6 - 50.8 12 5.75 97 0.17y

Jakacki107 2004 38 MB N 18 54 - 3.5 4.7 82 0.5z

Moxon-Emre108 2014 27 MB N 19.2 - 50.2 6.5 6.8 84 0.66�

7 N 19.2 50.2 - 8.4 3.2 85 0.50�

19 N 29.4 36 55.8 7.5 3.26 92 0.05�

49 N 35 - 50.2 7.3 7.28 83 0.85�

Camara-Costa109 2015 66 MB N 23.4 54 - 9.5 5.4 86 0.47�

71 N 36 52 60 9.1 5.2 90 0.39�

(Continued)
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Table 1 (Continued)

Author Year
Patient
no. Dx

MTX
(Y/N)

WB/ CS
dose (Gy)

PF dose
(Gy)

TB dose
(Gy)

RT
age (y)

Median
FU (y)

FU
IQ

Impairment
incidence

Mulhern et al110 1998 5 MB N 23.4 54 - 6.3 7 84} 0.4�

4 N 23.4 54 - 14.3 9 92} 0.25�

6 N 36 54 - 5.8 10 74} 0.83�

7 N 36 54 - 11.6 9 87} 0.57�

Wahba111 2013 28 MB N 24 54.6 - 5.5 5 87.6 0.45�

Christopherson112 2014 39 MB N 28.8 54 - 7.1 15.4 _ 0.49z

Merchant113 2014 58 MB N 29.4 36 55.8 8.1 5 89 0.39k

Dufour114 2014 24 MB/PNET N 31.9 - 53.8 8.9 4.4 81 0.62�

All data are average values in the patient population as reported in each study or calculated from the reported data.
Abbreviations: ALL = acute lymphoblastic leukemia; BMT = bone marrow transplant; LGG = low grade glioma, BT = brain tumor; CS = average pre-

scribed dose craniospinal; Dx = diagnosis; Epend = posterior fossa ependymoma; FU = follow-up; HGG = high-grade glioma; MB = medulloblastoma;
MTX = methotrexate; MTX Y/N = all/none patients had MTX; PF = posterior fossa; PNET = primitive neuro-ectodermal tumor; TB = average prescribed
tumor bed dose; TBI = total body irradiation; WB = average prescribed dose whole brain.
� Estimated as risk for IQ <85 calculated from average and standard error of IQ + weighted average in patient cohort kinterpolated from reported TD50
and TD5 for IQ <85 ycalculated from table data in each paper. xAssumed normal IQ (= 100 § 15), as no cognitive impairment was found in the study.
Studies ordered by clinical indication for radiation therapy and year of publication.
z Incidence of neurocognitive impairment as reported in the study.

Table 2 Data used for modeling the risk of necrosis

Author
Pub
year

Patient
no. Dx

Nec Dx primary
method

Grading
system

Avg D
(Gy)

Med age
at Dx /RT (y)

Med
FU (y)

%
Surgery

%
Chemo ReRT PRT

No. Nec and Sx
(%)

Merchant118 2009 153 PF Epend MRI clinical None 54 2.9 5.3 100% 23% N N 3 (2.5%)

Murphy119 2012 236 MB MRI None 55.8 3-21 4.3 100% 100% N N 7 (3%)

Christopherson112 2014 39 MB Medical record CTCAE 4.0 54 7.1 15.4 100% 40% N N 2 (5.1%)

Plimpton82 2015 101 Primary
BT

MRI clinical None 56.2 9.3 1.1 NM 74% N N 4 (4%)

Benk120 1995 18 Chordoma CT None 69 13 6 100% NM N Y 1 (5%)

Indelicato121 2014 313 Primary
BT, BOS

MRI clinical CTCAE 4.0 54 5.9 2 100% 50 % N Y 10 (3.8%)

McGovern51 2014 31 AT/RT MRI RTOG 52 1.6 2 100% 100% N Y 5 (16%)

Mizumoto122 2015 6 PF Epend MRI clinical RTOG 54.7 5 2 100% 100% N Y 0 (0%)

Kralik123 2015 52 Primary
BT

MRI clinical CTCAE 4.0 59.4 7.2 1.5 “ 69% N Y 4 (7.7%)

Bauman124 1996 34 Primary BT CT/MRI
clinical

None 79.7 19.8 0.7
survival

32% 35%
pre-RT
44%
post-RT

Y N 3 (8.3%)

Russo125 1999 21 PNET MRI None 72 14 3.3 100% 58% Y N 1 (4.8%)

Waxweiler129 2017 23 Rec BT MRI clinical Not defined 102 1-24 12.8 61% 78% Y N 5/28 lesions (18%)

Abbreviations: AT/RT = atypical teratoid/rhabdoid tumor; Avg D = average prescribed dose; BOS = base of skull; BT = brain tumor; Clin = clinical eval-
uation; CTCAE = Common Terminology Criteria for Adverse Events; Dx = diagnosis; FU = follow-up; Nec = necrosis; MB = medulloblastoma; MRI =
magnetic resonance imaging; N = no; PF Epend = posterior fossa ependymoma; PNET = primitive neuro-ectodermal tumor; PRT = proton RT; ReRT =
reirradiation; RT = radiation therapy; RTOG = Radiation Therapy Oncology Group; Sx = symptoms; Y = yes.
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Review of dose-volume data
Mathematical models

Neurocognitive effects. Models for the following 2 post-RT neu-
rocognitive outcomes were developed: (1) the risk for a
below-average IQ (IQ <85), and (2) to predict the expected
IQ value. To estimate the risk for a below-average IQ, the
incidence of neurocognitive impairment at last follow-up,
commonly manifested as below-average IQ and/or working
memory (<85 or 2 standard deviations from the mean), or a
history of special education service, as a surrogate for
below-average IQ, was extracted from each selected study
(see Table 1).13,16,30,86-114 For those studies lacking reports
of complication rates in comparison to a normal population,
rates were calculated as percentage of patients with IQ <85,
estimated from IQ and its standard deviation, assuming
normal distribution of values of IQ. Prescribed doses were
converted into equivalent dose with 2 Gy per fraction
(EQD2), previously termed normalized total dose (NTD)
using the LQ model and an a/b ratio of 3 Gy, to compare
studies with different doses per fraction.

The reported incidences of neurocognitive effects were
fitted using a model including dose, dose per fraction, irradi-
ated volume, and administration of MTX. These variables
were preferred because they have been correlated with neu-
rocognitive effects in many studies.13,99,108,110 In addition,
these variables were the most consistently reported in the
selected studies (Table 1). Attempts were made to also
include the time post-RT and age at RT that are thought to
be pertinent factors.13,92,99,104 The model, however, did not
converge to a solution when it included more than 4 varia-
bles, and therefore the model included only the most consis-
tently reported and relevant variables of dose, irradiated
volume, age at RT, and MTX. In addition, due to the
Fig. 2. Risk of IQ <85 for different volumes of the brain
irradiated as determined from the model for normal tissue
complication probability of neurocognitive impairment.
Abbreviations: EQD2 = equivalent dose with 2 Gy per frac-
tion; volume v = volume of irradiated brain.
limitations of the reported data as previously noted, incor-
poration of other important factors including prior surgery
or location of tumor was not possible, which is a potentially
significant limitation due to the strong effects of either of
these factors.

The Lyman-Kutcher-Burman (LKB) model with gen-
eralized equivalent uniform dose115 (gEUD) was used to
analyze neurocognitive outcome risks. In gEUD, the vol-
ume parameter, a, describes the volume effect of the
irradiated organ or tissue. Serial organs (low effect of
irradiated volume) have large a values for the volume
effect parameter (approximating maximum dose effect),
and parallel organs have a value close to 1 (approximat-
ing mean dose). gEUD50 is the gEUD that produces a
probability of the endpoint of 50%, and m is the slope
of the dose response curve. The gEUD was calculated
categorizing (with assumptions) the fraction of the whole
brain that received the prescribed dose using the follow-
ing: 1 with whole brain/craniospinal treatments; 1/4 with
posterior cranial fossa treatment; and 1/8 with tumor
bed treatment. It was also assumed that each of these
target volumes received a homogeneous distribution of
the prescribed dose. Age dependence was studied by sep-
arately fitting the data with median age at diagnosis
older and younger than age 5 years. Confidence intervals
for the parameters of the NTCP models were determined
using the Jacobian matrix of the delta method (Fig. 2).116

The results demonstrate that RT is associated with the
risk of neurocognitive impairment (ie, IQ <85) in a dose-,
volume-, and MTX-dependent manner (Figs. 2 and 3).

Estimating the IQ after RT at a long follow-up time is
Fig. 3. Risk of IQ <85 for children irradiated described
using normal tissue complication probability models with
95% confidence intervals (dashed lines) and incidence o
neurocognitive impairment reported in studies used for fit-
ting (Table 1). The data points of studies in which patients
also received methotrexate (MTX) are shown in red. Abbre-
viation: EUD = equivalent uniform dose; EQD2 = equiva-
lent dose with 2 Gy per fraction.
f



Fig. 4. Calibration of model (see Equation 1) to estimate
predicted IQ from the prescribed dose to the craniospinal
irradiation or whole brain, prescribed dose to the tumor bed
or posterior fossa, methotrexate, and age at radiation ther-
apy. The IQ predicted by the model is depicted versus IQ in
the studies in Table 1. Marker sizes are proportional to
patient number in the study.

Fig. 5. Nomograms to predict IQ (y-axis-1) and decrease
from baseline IQ (y-axis-2) for patients receiving radiation
therapy (RT) at 5, 10, or 15 years of age after: (A) Whole
brain RT with and without methotrexate (MTX). (B) Partial
brain RT, ie, treatment of either the posterior fossa or tumor
bed.
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described using the formula:

IQ WBD;MTX; FD;Að Þ

¼ 108:15� WBDþMTXð Þ

� 0:61593� 0:02328� Ageð Þ � FD

� 0:22357� 0:0061758� Ageð Þ

Where:

� WBD is the prescribed dose to the CSI or whole brain,
in Gy, at 2 Gy per fraction.

� MTX is 5.9 Gy if the patient received MTX, zero other-
wise (see subsequent explanation regarding how this
value was derived)

� FD accounts for irradiation to the posterior fossa or
tumor bed: it is zero if no focal dose is administered;
otherwise, it is the sum of all the prescribed doses to
the tumor bed or posterior fossa, including whole brain
dose if there is a boost dose after whole brain
irradiation

� Age represents age at RT (years).

The prediction model for a nominal IQ after irradiation
in children is dependent on dose, volume, age, and MTX
(Fig. 4). It was not possible to incorporate time after RT in
this model. Nomograms (Figs. 5A, 5B) based on this model
predict IQ (y-axis-1) or reduction in IQ (y-axis-2) compared
with unirradiated cohorts and probably apply only to
patients who have a baseline IQ in the range of 85 to 115.
The differential effect of whole brain and partial brain RT
with their dependence on RT dose and age at RT with and
without MTX is demonstrated through the varying slopes.

Effect of chemotherapy on neurocognition. The lack of direct com-
parisons of chemoradiotherapy and RT alone and the inabil-
ity to separate various tumor types or surgical extent make it
difficult to estimate the effect of individual therapeutic inter-
ventions, including chemotherapy. We analyzed the effect of
MTX on RT dose because the total risk of damage from che-
motherapy and RT can be modeled as a summed effect.117

By fitting the model for IQ <85 we derived that MTX pro-
duces the same decline in IQ as adding gEUD of 5.9 Gy,
which is equivalent to whole brain irradiation of 5.9 Gy
(Table 3).
Risk factors
As noted in “Anatomy and Developmental Dynamics,” neu-
rocognitive injury is affected by the tumor itself and other
therapeutic interventions, such as surgery. Systemic or



Table 3 Parameters of NTCP models for different endpoints with 95% confidence intervals

Best-fitting parameters (95% confidence interval)

Endpoint
Neurocognitive impairment,
IQ <85 Necrosis primary RT Necrosis reirradiation

Dose corresponding to 50%
risk

gEUD50 = 33.5 (31.1 - 36.0)
Gy

EQD250 = 108.9 (62.0-155.7)
Gy

EQD250 = 149.9 (128.8-171.1)
Gy

Slope of dose response m = 0.28 (0.18-0.38) 0.27 (0.15-0.40) 0.35 (0.31-0.39)

Volume parameter, a a = 3.39 (2.63-4.76) N/A N/A

MTX effect (Gy) gEUD = 5.9 Gy (0.5-11.3) Gy N/A N/A
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intrathecal chemotherapies given concurrently or sequen-
tially can independently contribute to CNS toxicity and can
compound the effects of radiation. Other clinical events
such as hydrocephalus, postsurgical cerebellar mutism,
stroke, seizure, and visual or auditory deficiencies can also
contribute to cognitive decline in childhood brain tumors
survivors.18,33-37
Fig. 6. Normal tissue complication probability (NTCP)
model for necrosis (solid line) without (A) and with (B)
retreatment studies with dose noted as a cumulative dose
from all treatment courses assuming a sufficient time
between courses. Dashed lines indicate 95% confidence
intervals on NTCP. Markers indicate rates of necrosis from
clinical studies (see Table 2) used in analysis. The data point
of studies that included proton therapy are shown in red.
Abbreviation: EQD2 = equivalent dose with 2 Gy per frac-
tion.
Necrosis
The incidence of necrosis, reported as imaging changes with
or without clinical symptoms, in the absence of tumor pro-
gression, was extracted from each selected study (see
Table 2).51,82,118-126 The risk for symptomatic necrosis was
modeled using the LKB model of normal tissue complica-
tion probability (NTCP), after converting doses into their
EQD2 assuming a generic a/b = 3 Gy.127,128 The model fit-
ting was done using a weighted least squares method, with
weighting of data sets according to the number of patients
in the study as shown in Table 3. For studies on proton ther-
apy, the prescribed dose was corrected for proton RBE
(assumed at 1.1), if not already done so in the original study.
Figure 6A depicts the risk of necrosis with escalating doses
of RT from 1 RT course, ie, without reirradiation.

The analysis was also performed using studies that
included patients treated with reirradiation. The estimated
cumulative RT dose computed as a simple sum of EQD2 of
prescribed doses was associated with risk of necrosis as
shown in Figure 6B. Because the time interval between the
primary RT and reirradiation was not consistently stated, it
was not possible to include this parameter in the analysis;
therefore, the contribution of radiation injury repair
between radiation courses was not quantifiable, though it
likely exists.

In the QUANTEC group review, adults at 5 years post-
RT have an approximate 5% risk of necrosis after 72 Gy at 2
Gy per fraction delivered to any part of the brain.83,129 In
contrast, children receiving 72 Gy to the brain, including
reirradiation as a cumulative dose with the assumption of
an appropriate interval between courses, have an 8.4% (95%
CI 5.5%-11.3%) risk of necrosis according to the models
derived here. These results suggest that pediatric patients



Table 4 Doses corresponding to 5% risk for IQ <85 for dif-
ferent volumes of irradiated brain derived using the param-
eters in Table 3

% Brain irradiated

Doses* corresponding to a 5% risk of
neurocognitive effects (Gy) with 95%
CI

10 35.7 (27.0-47.1)

20 29.1 (22.0-38.4)

50 22.2 (16.8-29.3)

100 18.1 (13.7-23.8)

* 2 Gy/fraction, without use of methotrexate.
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are similar, or possibly slightly more sensitive, to RT-
induced necrosis than adults.82
Dose-Volume/Outcome Associations
Dose-volume recommendations

Neurocognitive function
Dose levels at 2 Gy per fraction associated with a 5% risk for
neurocognitive impairment (IQ <85) were derived using
NTCP models for 10%, 20%, 50%, and 100% volume of the
brain irradiated (Figs. 2A, 2B and Table 4. Younger age,
MTX, whole brain RT, and higher dose independently affect
predicted IQ (Figs. 5A, 5B).

Brain necrosis
Our analysis suggests children receiving a cumulative RT
dose of 59.8 Gy or 63.6 Gy at 2 Gy per fraction to any part
of the brain, including the brain stem, as primary RT or reir-
radiation, respectively, have an approximate 5% risk of
necrosis (Fig. 6).
Limitations

The most consistently reported variables in the selected
studies were included in this analysis. A summary of the
quality of data and risk of biases of the selected papers are
noted in Appendix C. Baseline testing for preexisting neuro-
cognitive problems was not uniformly reported and gener-
ally will affect interpretation of subsequent tests.
Neurocognitive outcome assessment was limited to conven-
tionally fractionated RT schema, and these results may not
be applicable to children who receive alternative RT dose
fractionation schedules. The necrosis outcome evaluation
was limited to prescribed dose owing to the dearth of target
volume data. This analysis may not be applicable to very
small or large treatment volumes.

The task force medical physicist performed a dose accu-
racy evaluation for each investigation analyzed for dose-
response modeling that included a categorization of the
reported doses as well as an estimate, when possible, of the
accuracy of those doses (Appendix D, E, and F). The uncer-
tainty score for each report also assessed the accuracy of the
assumption of 1/4 or 1/8 brain irradiation for those patients
receiving less than whole brain. Most investigations
reported prescribed dose rather than organ of interest dose.
The prescribed dose for whole brain radiation using 2
opposing fields may underestimate actual brain dose owing
to dose heterogeneity. Large areas of the brain may receive
5% to 10% more than the prescribed dose, which results in
an up to 6% underestimation of gEUD.

In focal treatments, we assumed a simple dose distribu-
tion in which the target volume receives 100% dose and the
low/intermediate doses out of the treatment volume were
not considered. Because of these approximations, the gEUD
is underestimated by a maximum of 14% in the worst case
of all the out-of-target brain receiving 50% of prescribed
dose from scatter, penumbra, and exit dose.

Dose binning was uncommon in CNS publications.
However, for some publications outcomes were binned
according to different treated sites (eg, boost to the tumor
bed vs boost to posterior fossa) or doses (eg presence or not
of boost after CSI). Our dose-response model uses average
prescribed doses in each cohort when available or the mid-
point of prescribed doses in each cohort.
Caveats

Despite the known risks associated with radiation to the
brain in the management of childhood brain tumors, RT
remains an essential component in the definitive manage-
ment of the majority of cases. When treating this vulnerable
population, potential morbidities should be considered and
discussed with the family and the treating team. Patients
will benefit from monitoring and early detection for rehabil-
itation and educational accommodations to mitigate some
of the known risks.
Toxicity Scoring Recommendations
The following methods for toxicity scoring are
recommended:

� CTCAE version 5.0 criteria for scoring toxicity for
brain necrosis, cognitive deficits, somnolence, and
headache based on imaging and clinical symptoms

� CTCAE version 5.0 criteria for leukoencephalopathy
based on MRI imaging

� Formal neurocognitive testing:
1. Overall cognitive ability (IQ), as measured by the age-

appropriate Wechsler Intelligence Scale, which com-
prises verbal and nonverbal cognitive abilities and
represents these as separate cognitive factors

2. Cognitive speed and efficiency of task performance, as
that measured by the age-appropriate Wechsler Proc-
essing Speed Index
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3. Working memory, which is the short-term storage
and manipulation of information, such as measured
by the age-appropriate Wechsler Working Memory
Index

4. Testing should be performed ideally before, or very
soon after, the start of RT. Subsequent testing should
be performed every year or 2 at the clinician’s discre-
tion.
Data Reporting Standards Specific to the
Brain
Systematic dosimetric analyses based on published data on
brain injury are limited for several reasons, for example: (1)
minimal radiation dose and/or volume information, (2)
neurocognitive testing is not performed uniformly, and (3)
pooling of incomplete data from combined large inhomoge-
neous patient cohorts. Consequently, it is vital that pub-
lished data sets conform to rigorous reporting standards to
facilitate data pooling. Thus, we propose reporting the fol-
lowing information in future studies:

� Patient sex and race
� Pre-existing medical diagnoses, genetic syndromes,
learning disabilities, intellectual developmental disor-
ders, or delay

� Clinical indication for RT (ie, cancer diagnosis)
� Age when treated with RT
� Attained age at last follow-up
� Prescribed RT dose and dose fractionation
� RT technique and modality (ie, photon-based 2-dimen-
sional, 3-dimensional, IMRT, or volumetric-modulated
arc therapy (VMAT), tomotherapy, etc; proton therapy
—passive scatter, spot scanning, IMPT)

� Dosimetric data for patients with and without toxicity:
1. Organ radiation exposure, described by relevant nor-

mal organ DVHs with 0.1 Gy dose resolution. Include
brain substructures such as the hippocampi, temporal
lobes, supratentorial brain, brain stem, and other
functional subunits.

2. Other metrics that were used in the modeling for this
report also should be included such as:

� Mean dose
� Volume of whole brain receiving >10, 20, 30, 50, and
60 Gy

� Chemotherapy, immunotherapy, or steroid use (if yes,
timing with respect to radiation therapy and agents
used)

� Neurosurgical interventions: type/location and date(s)
of surgery. Postoperative complications: yes/no, dates,
symptoms and grade

� Frequency of clinical follow-up including laboratory
and imaging follow-up for late complications using
long-term follow-up guidelines such as COG Long-
Term Follow-Up Guidelines (http://www.survivorship
guidelines.org)

� Number of patients in the study and the number of
those with or without toxicity.

1. Toxicity endpoint, yes/no
2. Description of the toxicity endpoint including how it

is measured
3. Description of which toxicity scoring system was

used.
4. Grade or severity of endpoint in patients
5. Timing of toxicity onset and resolution.
Future Investigations
Additional studies are needed to better understand the
following:

1. Predictors of toxicity for the endpoints of subacute som-
nolence syndrome, chronic headache, brain atrophy, and
leukoencephalopathy

2. Associations between the various neurocognitive dimen-
sions that comprise a patient’s functional cognitive
performance

3. Standardization of follow-up evaluations and optimal
timing of regular surveillance to have consistent objective
measurements to facilitate understanding of RT-related
toxicities and better opportunities for interventions

4. The impact of post-RT time interval on different neuro-
cognitive domains and whether abnormalities plateau,
continue to increase, or recover

5. The impact of area(s) of the brain irradiated (eg, lateral-
ity, hippocampal doses) and patient-specific genetic sus-
ceptibility on toxicity

6. Evaluation of association of chemotherapy, vascular
injury, fractionation, and irradiated volume with risk of
radionecrosis

7. The impact of the tumor type and surgery on toxicity
8. Influence of pre-RT cognitive status on post-RT dose-

volume effects
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