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Abstract There is emerging research connecting neuroimag-
ing correlates and neurocognitive functioning in pediatric brain
tumors. Current work has attempted to measure the impact of
cranial radiation on brain and behavior outcomes with the goal
of better understanding the mechanisms of treatment late ef-
fects. While critical for treatment, cranial radiation can have a
substantial impact on the developing brain and on neuropsy-
chological development. This paper provides a critical review
of the most recent empirical structural and functional neuroim-
aging research evaluating the impact of cranial radiation on
neuropsychological functioning in pediatric brain tumors. The
importance in study methodology, potential outcome moderat-
ing variables, limitations, and future directions is discussed.
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Introduction

Brain tumors are the leading cause of cancer-related death in
pediatric oncology, second only to leukemia in childhood ma-
lignancy, and account for approximately 18 % of newly diag-
nosed pediatric cancers (Howlader et al. 2013). Brain tumors in
the posterior fossa (i.e., medulloblastomas and ependymomas)
are the most common and account for around 30 % of pediatric
brain tumors (Ostrom et al. 2014). Standard treatment

procedures often include maximal surgical resection of the tu-
mor, radiation therapy, and adjuvant chemotherapy (Gottardo
and Gajjar 2006). Due to the aggressive nature of these treat-
ments as well as damage to the brain from the tumor, many
survivors experience debilitating neurological, neuropsycho-
logical, and psychosocial outcomes. Cranial radiation treat-
ment, which is highly effective at destroying cancerous cells
and preventing relapse for many types of tumors, is also asso-
ciated with neurocognitive late effects: a developmental plateau
or decline in age-expected cognitive development, observed as
early as 1 year posttreatment. Younger age at diagnosis and
higher radiation dosage has been associated with worse
neurocognitive outcomes (Kieffer-Renaux et al. 2000; Mer-
chant et al. 2006). Some studies have observed as high as 15
point reductions in intellectual functioning (i.e., intellectual
quotient or IQ) and deficits in reading, memory, cognitive func-
tioning, attention, and processing speed (Mulhern et al. 2005;
Palmer et al. 2001). Moreover, some children will experience
such an impact on their functioning that they will no longer be
able to live independently as adults. While the exact mecha-
nism of neurocognitive late effects is unknown, there is mount-
ing evidence to suggest that radiation may impede normal de-
velopment of both white matter and gray matter. However,
these findings are mixed, and the effects of radiation on
brain–behavior relationships remain equivocal.

There are many variables, independent from radiation that
have a direct impact on neurocognitive development and
should be considered when discussing and evaluating late
effects of treatment. For example, direct impact from the tu-
mor, hydrocephalus and shunt revisions, posterior fossa syn-
drome, prolonged absence from school, and psychosocial
changes are all side effects of brain tumor treatments and exert
their unique and multiplicative impact on the cognitive, aca-
demic, and psychological development of individual survi-
vors. The purpose of this review is to provide background
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on the causal mechanisms of late effects, discuss the relation-
ship between neuroimaging outcomes and neurocognitive
outcomes, and evaluate potential outcome moderating vari-
ables in neurocognitive functioning in pediatric brain tumors.

Literature Reviewed and Inclusion Criteria

Literature review and search were completed with both Ovid
MEDLINE and PsycINFO. Search terms included the follow-
ing: pediatric brain tumors, medulloblastoma, ependymoma,
cranial radiation, irradiation, neurocognitive, neurocognitive
late effects, functional magnetic resonance imaging (fMRI),
functional neuroimaging, structural neuroimaging, cortical
thickness, cortical volume, whitematter, graymatter, diffusion
tensor imaging (DTI), fractional anisotropy, and computed
tomography (CT) (Fig. 1). There were several studies evalu-
ating the impacts of radiation on neurocognitive functioning
though the purpose of this review was to evaluate literature
that included both neuroimaging and neurocognitivemethods.
Studies that employed only neurocognitive or neuropsycho-
logical measures were excluded. Case studies or studies with
sample sizes of five or fewer were also excluded. There were a
total of 18 peer-reviewed studies that met these inclusion
criteria for this review.

Radiation and the Developing Brain

In general, children treated with radiation at younger ages are
most vulnerable to developing cognitive late effects. The

reason for this is closely connected to the developmental tra-
jectory of individual cortical gray matter and subcortical white
matter. In order to understand the potential mechanism behind
cognitive late effects, it is important to discuss the typical
pattern of gray and white matter development.

Human brain development is characterized by an overpro-
duction and then elimination (i.e., pruning) of cells and a re-
markable balance between cell proliferation and cell death
(Huttenlocher 1990). It is this protracted period of production
and pruning that is at the core of neurocognitive development
and learning. Brain volume increases significantly during the
first 5 to 6 years of life. This tremendous rate of growth is due
to the proliferation of neuroglial cells as well as increased
myelination (Huttenlocher 1979). Anatomically, the brain can
be divided into gray matter (cortex) and white matter (subcor-
tical axons). Gray matter consists of neuronal cell bodies which
are responsible for the conduction of neural activity. While
different depending on anatomical structure, gray matter fol-
lows an inverted U-shaped curve peaking in volume around
age 4 and then slowly declining across the life span (Giedd
et al. 1999). White matter, the brain’s myelinated axons, re-
sponsible for connecting neuronal synapses, increases almost
linearly throughout childhood and adolescence with peak
myelination occurring in the middle 20s (Giedd et al. 1996;
Huttenlocher 1979). Rapid white matter myelination occurs
in the first few years of life and also presents a particularly
vulnerable period for injury (Huttenlocher 1999). It is during
these early years of synaptogenesis, pruning, and myelination
that ionizing radiation treatments are thought to have the most
deleterious effects on the developing brain.

Neuroanatomical Mechanisms of Radiation Late
Effects

The primary mechanism of radiation late effects is damage to
gray matter and white matter via oxidative stress and inflam-
mation, angiogenesis, and neuronal cell death. Clinically, late
effects may be observed on magnetic resonance imaging
(MRI) as multifocal damage in white matter and gray matter.
However, regional white matter volume and networks of
white matter integrity are the most commonly studied struc-
tures that have been evaluated in pediatric brain tumors.

White Matter Structure and Function

The majority of neuroimaging studies on the neuroanatomical
effects of radiation have involved white matter volume, area,
and estimates of the integrity of white matter connectivity (see
Table 1). Some of the earliest work on white matter changes
following treatment for medulloblastoma sought to compare
radiological readings of atrophy and estimates of gray matter

Fig. 1 Axial DTI ADC of cerebellar ependymoma. DTI diffusion tensor
imaging, ADC apparent diffusion coefficient. Figure produced by the author
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and white matter volumes assessed by quantitative MRI
(Reddick et al. 1998). Initial findings suggested brain paren-
chyma and white matter volumes declined with increased at-
rophy, though no relationship between gray matter volume
and atrophy was observed. After further dividing their dataset
based on treatment approach, they observed no measurable
effect of chemotherapy on white matter volume, gray matter
volume, or brain parenchyma. The groups were then reduced to
those treated with radiation and surgery versus those treated
with surgery alone. As hypothesized, at 1-year posttreatment,
all children treated with radiation showed significantly reduced
white matter volumes. It was observed later that estimates of
what the authors called normal white matter (NWM; based on
volumetric MRI estimation of segmented brain tissue) were
lower in children with medolloblastoma treated with surgical
resection and cranial radiation (23–36 Gy with boost to 49–
54 Gy) compared to an age-matched sample of children with
low-grade astrocytoma (LGA) treated with surgical resection
alone (Mulhern et al. 1999). They also found the medulloblas-
toma group performed significantly lower than the LGA group
on performance IQ and full-scale IQ (FSIQ) estimates and that
all IQ estimates (full scale, performance, and verbal) were sig-
nificantly and positively correlated with normal white matter
volume in both the medulloblastoma and LGA groups. The
findings suggest a brain–behavior relationship supporting the
hypothesis that white matter and overall neurocognitive func-
tion was negatively affected by irradiation.

In a similar study, patients with medulloblastoma were
found to have roughly 1 to 1.5 standard deviations below
average full-scale IQ, nonverbal IQ, verbal memory, and

sustained attention abilities (Mulhern et al. 2001). Deficits in
all neurocognitive domains except verbal memory were pos-
itively correlated with estimates of NWM volume. After con-
trolling for age at radiation treatment and time since radiation
treatment, the authors suggest that roughly 70 % of the rela-
tionship between age at radiation treatment and IQ was attrib-
uted to an estimated volume of NWM. They concluded that
the relationship between white matter development and
neurocognitive functioning was mediated by age at radiation
treatment, a finding that was subsequently replicated in a larg-
er sample (Reddick et al. 2005). These authors have also ob-
served significant correlations between NWMmatter and full-
scale IQ (r=.32) and attention abilities (r=.49) (Reddick et al.
2003). However, after controlling for attention and memory
ability (verbal learning), the correlation between NWM and
IQ diminished, and the authors suggest that attention ability
and memory were moderating variables. It is important to
point out that the relationship between attention measures
and NWM was not appreciated in previous reports (Mulhern
et al. 1999). This could have been due to differences in sample
characteristics (e.g., age at treatment or diagnoses) or possibly
reflect a finding that needs further replication.

Another potential question is whether white matter devel-
opment is moderated by radiation dose. While most studies
used clinical samples receiving similar radiation protocols
(20–40 Gy with boost to 50–60 Gy), only a few to date have
examined the effects of total radiation dose on white matter
volumes with mixed results. One study observed 23 % slower
rate of NWM volume loss in children treated with reduced
radiation dose (23.4 Gy vs. conventional 36 Gy whole brain)

Table 1 Common neuroimaging techniques

Technique Image acquisition Use in pediatric brain tumors

MRI Introduction of a magnetic field first aligns hydrogen nuclei (protons)
on a plane. Radio waves are then introduced and pulsed in order to
alter the spatial orientation of the nuclei out of the aligned plane.
As the nuclei drift back into their original aligned plane, they emit
a detectable signal that produces a structural image.

Because MRI does not use ionizing radiation it is considered a safe
neuroimaging procedure for children. Also, MRI produces both
T1 and T2 images which allow for improved imaging of tumor
location and tumor type.

fMRI The premise of fMRI is the detection of cerebral blood flow in active
and functional regions of the brain. fMRI uses a blood-oxygen
level dependent signal (BOLD) that is produced by the ratio of
deoxygenated–oxygenated blood.

Technique for determining the functionality of cerebral vasculature
and the potential location of activation during a task. fMRI does
not require the injection of radioactive isotopes (like positron
emission tomography or single photon emission computed
tomography) making it a safe procedure for children.

DWI Same principle as DTI, however, DWI allows for the assessment of
apparent diffusion coefficient (ADC) maps.

DWI and ADC can be used to detect cellularity which provides
information regarding tumor grade.May also provide validation of
histological analysis. ADC ratios may also differentiate between
tumor progression vs. radiation injury.

DTI Detects the diffusion of water (nonrandom anisotropic movement) in
white matter fiber tracts compared to random (Brownian)
movement in other brain tissues.

Estimates the strength/integrity of white matter axonal pathways in
the brain. Fractional anisotropy (FA) may be useful for predicting
tumor grade, differentiate between infiltrative tumor tissue and
vasogenic edema, and healthy tissue. The visualization of white
matter fiber tracks relative to tumor tissue may help with
neurosurgical planning.

MRImagnetic resonance imaging, fMRI functional magnetic resonance imaging,DTI diffusion tensor imaging,DWI diffusion weighted imaging, ADC
apparent diffusion coefficient, FA fractional anisotropy
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(Reddick et al. 2000). However, it is unclear if those receiving
reduced radiation dose had inherent differences in brain tumor
characteristics or treatments, which may have accounted for
white matter differences. This represents a central challenge
inherent to evaluating radiation dosage effects. In contrast,
Palmer et al. (2002) observed abnormalities in posterior cor-
pus callosum development in children treated for medullo-
blastoma, though no differences were observed when patients
were stratified by dose (23.4 vs. 36–39.6 Gy). While it is
possible that these early deviations in posterior corpus
callosum area were due to radiation treatment, especially giv-
en the regions prolific growth in early childhood (Giedd et al.
1996), the study failed to detect a dose effect, and therefore,
the issue deserves further study.

The results from these early studies clearly implicated
white matter abnormality as a potentially etiological explana-
tion for neurocognitive late effects, though the impact of radi-
ation dose on cognitive outcome is not clear. Future work will
need to carefully evaluate the impact of radiation dose while
attempting to control for tumor type, use consistent method-
ology, and use age-matched controls in order to provide valid
and replicable results.

Diffusion Tensor Imaging and White Matter
Integrity

More recent work has utilized diffusion-weighted (DWI) and
diffusion tensor imaging (DTI) techniques to evaluate the late
effects of radiation on white matter structure and integrity
(Figs. 2 and 3). Common research outcomes/scalers of DWI
and DTI include fractional anisotropy (FA), apparent diffusion
coefficient (ADC), and mean diffusivity (MD). FA value is a
quantity based on the diffusion of water molecules along a
specified white matter axon bundle (e.g., 0 isotropic and 1
for complete anisotropic diffusion) and is considered an esti-
mate of white matter density or extent of myelination. ADCs
are depictions of the strength of water diffusion based on the
ratio of low signal intensity due to high water diffusion and
high signal intensity due to low water diffusion. MD is an
estimation of the average diffusion within a given voxel or
specified fiber bundle.

DTI and DWI are the most commonly used neuroimaging
metrics for evaluating white matter impairments in pediatric
brain tumors (see Table 1). In general, studies have observed
decreased FA values in several white matter networks includ-
ing frontal and parietal periventricular white matter, corpus
callosum, corona radiata, right inferior fronto-occipital fascic-
ulus, anterior and posterior limbs of the internal capsule, infe-
rior frontal white matter, high frontal white matter, pons, me-
dulla oblongata, and cerebello-thalamo-cerebral tracts
(Aukema et al. 2009; Khong et al. 2003; Khong et al. 2005;
Law et al. 2011; Leung et al. 2004; Mabbott et al. 2005).

Diffuse and nonfocal increases in ADC have also been impli-
cated in those treated with high doses of cranial radiation (Law
et al. 2011; Mabbott et al. 2005). It is clear from these studies
that white matter integrity is compromised in a wide range of
frontal and posterior white matter projections. Furthermore,
there is some evidence that posterior white matter may be
more sensitive to disruption in younger children due to the
relative posterior–anterior development of the brain.

Fig. 2 Diffusion tensor image fiber track (3T)—sagittal. DTI diffusion
tensor imaging, 3T 3 tesla. Figure produced by the author

Fig. 3 DTI fiber track (3T)—axial. DTI diffusion tensor imaging, 3T
3 tesla. Figure produced by the author
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There are several methodological limitations of these stud-
ies that preclude interpretations about individual brain struc-
tures. For example, many studies reported using age-matched
controls in an effort to account for developmental differences
in white matter volume. This is critical factor given the effect
of age on white matter volume and diffusion characteristics
(Barnea-Goraly et al. 2005). However, most studies compared
patient and control groups of different ages, do not report
control group age ranges, or did not include a control group
from which to compare white matter volume changes. Studies
also included samples with vast age ranges (e.g., 3–19 years
old) further complicating the interpretation of statistical
“means” which might not adequately be statistically con-
trolled for given the inherent relationship (i.e., correlation)
between age and dynamic brain structural development. Giv-
en the relatively small number of children diagnosed with
brain tumors, it remains challenging to match subjects on
age at treatment, age at testing, and exact treatment protocols
and still obtain sample sizes large enough to detect statistically
meaningful results. Nonetheless, future studies will require
appropriate use of age-matched controls and careful control
of age effects (i.e., radiation, neurocognitive testing) in order
to improve the accuracy, validity, and clinical utility of results.

Diffusion Tensor Imaging and Function

White matter damage is also thought to play a causal role in
the development of neurocognitive side effects in children
with brain tumors. Several studies have observed correlations
between white matter diffusion properties and numerous
neurocognitive domains (see Table 1). The most studied, and
therefore observed, neurocognitive effects in the literature is
that of overall or composite measures of intellectual
functioning. The reason is that measures of overall
intellectual functioning are considered part of the standard
clinical neuropsychological battery for neuropsychologists
evaluating treatment effects on cognitive functioning, not
because the measures have been found to be sensitive or
specific to treatment late effects. The results regarding
overall IQ estimates and their relationship to white matter
changes are mixed. For example, Aukema et al. (2009) ob-
served differences in processing speed measures from the
DutchWISC-IV though no differences in full-scale IQ. Others
have observed nonsignificant differences in mean FSIQ in a
sample of children with medulloblastoma compared to the
standardization mean (Palmer et al. 2010). In contrast, others
have observed nearly 1 standard deviation below the norma-
tive mean in children medulloblastoma (Brinkman et al.
2012), though the authors report no correlation between IQ
and estimates of FA, ADC, or radial diffusivity. In a similar
study, Mabbott et al. (2005) reported a significant correlation
between mean FSIQ measures and FA values. However, this

finding was not significant until an outlier was removed from
the dataset. It should also be stated that the control group FSIQ
was in the high average range (112, corresponding to the 79th
percentile) and the mean for the medulloblastoma group was
in the average range (95.25) and did not statistically differ
from that of the control group (prior to removal of one outlier).
Thus, the interpretation that white matter abnormality is func-
tionally related to changes in, or “low,” overall intellectual
functioning needs further study and should be carefully eval-
uated in the existing literature.

More task-specific neurocognitive domains have also been
studied. For example, information processing speed, as mea-
sured by the Dutch Wechsler Intelligence Scale for Children
3rd Edition (Dutch WISC-III), and fine-motor control were
positively correlated with FA values in the splenium of the
corpus callosum and inferior frontal–occipital fasciculus, re-
spectively, in children with medulloblastoma compared to
controls (Aukema et al. 2009). This was a somewhat surpris-
ing finding given that the full-scale intelligence measure
(FSIQ) and perceptual reasoning composite scores for the
control group were both in the low average range. Others have
observed differences in FA values on reading performance
(i.e., pseudoword decoding) in patients with brain tumors
when stratified by “above average” or “below average”
readers (Palmer et al. 2010). It was unclear how the authors
defined above- vs. below-average readers, as the means and
standard deviations were not reported. The authors also men-
tion using two measures of reading performance from the
Woodcock-Johnson 3rd Edition though only the raw scores
from the Word Attack subtest are reported. Future studies will
need to carefully evaluate the impact of white matter abnor-
malities and their relationship to academic skill development.
Various executive functioning tasks have also been implicated
in white matter abnormalities including RD and shifting atten-
tion, cognitive flexibility, and working memory (Brinkman
et al. 2012; Law et al. 2011). Taken together, there does not
appear to be a clear pattern of white matter abnormalities and
associated neurocognitive relationships in pediatric brain tu-
mors. Instead, findings suggest diffuse white matter differ-
ences and nonspecific neurocognitive differences in those
treated for brain tumors (Table 2).

Gray Matter

The most common methods for analyzing gray matter mor-
phology involve measuring regional volume or cortical thick-
ness. Several early studies comparing white matter and gray
matter morphology found decreases in “normal white matter”
and no differences in graymatter volume (Reddick et al. 2005;
Reddick et al. 1998; Reddick et al. 2000; Reddick et al. 2003).
It is unclear if these investigations included different partici-
pants or if some participants were included in several studies
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(i.e., all from St. Jude Children’s Research Hospital) which
would present a significant confound. Using estimates of cor-
tical thickness as opposed to volumetric measures, Liu et al.
(2007) observed thinning in the left parietal–occipital cortex,
and right parietal, posterior superior temporal, and lateral tem-
poral cortex compared to healthy controls. The authors postu-
late that these parietal and temporal regions were likely affect-
ed, while frontal regions were spared due to the more posterior
regions’ vulnerability at the time of radiation. This finding
was not replicated in a more recent study and may have been
due to differences in the age ranges at imaging or possibly
differences in cortical thickness analysis procedures
(Brinkman et al. 2012). For example, Brinkman et al. (2012)
do not report on the extent of editing of white and gray matter
boundaries, whether they conducted regional or whole brain
analysis, how they analyzed cortical thickness estimates, and
on the software used to process the data. These potential dif-
ferences in methodology could explain the differences be-
tween these studies. Radiation treatment has also been associ-
ated with initial hippocampal volume reductions 2–3 years
after treatment (Nagel et al. 2004). However, hippocampal
volume measurements were also related to gender, level of
parental education, shunt placement, and seizure history. This
provides evidence that radiation may not be a sufficient expla-
nation for gray matter changes in children with brain tumors.

Functional Magnetic Resonance Imaging

Task-based MRI is used to evaluate regional cortical activa-
tion (blood oxygen level-dependent signal; BOLD) during a
specific and carefully defined behavioral tasks (Fig. 4). To
date, only two controlled studies have been published in the
field of pediatric brain tumors using fMRI. In a recent study,
BOLD signal activation during a cognitive working memory
task (n-back test) was different in survivors of pediatric brain
tumors compared to controls (Robinson et al. 2014). Brain
tumor survivors recruited greater activation in the left dorsal
anterior cingulate cortex compared to controls. Group differ-
ences in cognitive and executive functioning were corroborat-
ed by neuropsychological measures of intellectual functioning
(Wechsler Intelligence Scale for Children—4th Edition;
WISC-IV composites) (Wechsler 2003), on two executive
functioning subtests (Delis–Kaplan Executive Function Sys-
tem; D-KEFS inhibition/switching and trails letter/number
switching) (Delis et al. 2001), and on parent report question-
naires (Child Behavior Checklist; CBCL attention problems
and Behavioral Ratings Inventory of Executive Function;
BRIEF) (Achenbach 1991). While measures were statistically
different from healthy controls, only letter/number switching
from the D-KEFS and the processing speed index from the
WISC-IV were in the “low average” range. Thus, we must be
cautious not to label brain tumor survivors’ as having “deficits”T
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when the vast majority of scores were well within the average
range compared to the standardization mean. This is particular-
ly pertinent when the control group mean is in the high average
range. In another fMRI study utilizing an n-backworkingmem-
ory paradigm, the authors observed BOLD activation clusters
in the right inferior frontal gyrus, supplementary motor area,
bilateral insula, bilateral inferior parietal lobule, and right mid-
dle occipital gyrus (Wolfe et al. 2013). Though there was no
control group, the authors report that BOLD activation in these
regional clusters is consistent with previous work and therefore
indicates “normal” working memory activation patterns. Inter-
estingly, the authors employed a measure of cardiorespiratory
fitness which was associated with improved working memory
performance. The results suggest that cardiorespiratory fitness
may moderate executive functioning in survivors of pediatric
brain tumors. This finding has been corroborated in studies
across the lifespan (Antsey et al. 2004).

Potential Moderating Variables

One of the central limitations inherent in the most studies
on neurocognitive late effects is the multitude of variables
that can moderate neurocognitive outcomes. In the current
literature, there is an assumption that a brain tumor, the
treatments, and putative brain structure differences have a
direct impact on individual neurocognitive development.
While this hypothesis is likely, it is unclear what percent
of the actual variance in neurocognitive outcomes is
accounted for by the tumor, the treatments, or other

factors known to have a direct impact on cognitive and
academic development. Future work that attempts to ac-
count for as many factors moderating individual cognitive
ability will improve our understanding and measurement
of late effects. The factors reviewed here are not exhaus-
tive, though representing a good starting point for ongo-
ing work.

Hydrocephalus and Shunt Revision

Hydrocephalus affects many children with brain tumors, par-
ticularly those undergoing second surgery, and has a known
deleterious effect on neurocognitive function. Side effects
from hydrocephalus can be longstanding and include motor
difficulties, visual/auditory difficulties, decreased intellectual
functioning, special education, and behavior disorders
(Hoppe-Hirsch et al. 1998). The extent of hydrocephalus has
been found to moderate the impact of radiation therapy on IQ
as well as verbal and nonverbal abilities (Brookshire et al.
1995; Merchant et al. 2004). Furthermore, increased intracra-
nial pressure preoperatively and symptom duration have been
found to be an important predictor of long-term intellectual
function (Yule et al. 2001). Given the impacts of hydroceph-
alus on neurocognitive outcomes, further evaluation of the
role of hydrocephalus as a moderating variable in studies of
neurocognitive late effects is critical. In some studies, the per-
cent of patients with hydrocephalus is reported, though this is
not the norm. Coding either the absence or presence of hydro-
cephalus has been found to be inadequate at determining how
it affects patient’s neurocognitive outcomes. Instead, a more
quantitative assessment (e.g., ventricular volume, Evan’s in-
dex, cella media index, frontal horn diameter, and ventricular
angle) is recommended as it is considered a more sensitive and
predictive method for evaluating the impact of hydrocephalus
on neurocognitive outcomes (Merchant et al. 2004).

Posterior Fossa Syndrome

A large percentage of brain tumors (e.g., medulloblastoma and
ependymoma) develop in the posterior fossa region located
between the cerebellum and brainstem nuclei. Damage to
white matter connections within the cerebellar-thalamic-
cerebral network during surgical resection can cause posterior
fossa syndrome, a clinical syndrome characterized by signifi-
cant speech deficits including loss of expressive language
(Morris et al. 2009). The duration of speech difficulties asso-
ciated with surgery can last from weeks to over a year with
varying and nonlinear levels of language recovery.
Neurocognitive profiles in children with posterior fossa syn-
drome can vary widely and may include dysarthria, aphasia,
executive functioning difficulty, and academic impairments

Fig. 4 Blood oxygen level dependent signal (BOLD) activation during
task-based fMRI. Figure produced by the author

10 J Pediatr Neuropsychol (2016) 2:3–13



(Catsman-Berrevoets and Aarsen 2010; Palmer et al. 2010).
Taken together, posterior fossa syndrome is a clinical syn-
drome that affects a significant proportion of children treated
for brain tumors and has demonstrated impacts on
neurocognitive functioning over 12 months after treatment.
Given the varying levels of deficits observed in posterior fossa
syndrome, this represents an important confound in many of
the studies reviewed here. Future studies correlating structural
and functional imaging data with neurocognitive outcomes
should include posterior fossa syndrome as a clinical variable
that can be controlled for statistically, evaluated separately, or
analyzed with regard to the% variance explained in individual
datasets.

Prolonged School Absence/Learning Environment

One significant confound in the study of treatment late effects
is the assumption of equal environments in patient groups
compared to controls. Children treated for brain tumors may
spend weeks or possibly years in treatment and in recovery.
For many children, this equates to a significant time away
from school, decreased opportunities for cognitive develop-
ment and learning, financial burden that may impact a family’s
ability to provide typical enriched experiences, as well as
physical, social, and emotional challenges. Given the robust
relationship between educational attainment, socioeconomic
resources, and the enriched environment on intellectual and
cognitive functioning (Ceci 1991; Turkheimer et al. 2003),
and on developing neurocircuitry (Noble et al. 2012), future
studies should attempt to measure these potential moderators
of neurocognitive outcomes.

Radiation Dose

One assumption in the literature is that radiation dose moder-
ates structural and functional brain development and also
neurocognitive development. Radiation dosage is generally
reported in the literature as the total dose to the tumor site
and is typically between 50 and 60 Gy. Other estimates of
radiation dose, including dose per fraction (typically 1.8–
2.0 Gy) and number of radiation treatment days during the
week, are less commonly reported in the literature. Radiation
may have a dose-dependent impact on some neurocognitive
domains (Merchant et al. 2006), though it is still unclear what
specific domains are sensitive to radiation as individuals may
differ considerably in their neurocognitive functioning both
before and after radiation treatment. There is some evidence
that those treated with lower doses of radiation may demon-
strate areas of better neurocognitive functioning than those
treated with higher doses (Mabbott et al. 2005; Merchant
et al. 2004; Mulhern et al. 2005). However, less is known

about how differing levels of radiation affect brain structure
and function given that most of the studies evaluating brain
and behavior relationships include only participants with total
doses above 50 Gy. In one study, white matter volume loss
was 23 % slower in children receiving 23.4 Gy compared to
those receiving 36 Gy (Reddick et al. 2000); however, dose
effects were not observed when evaluating corpus callosum
area estimates in a longitudinal design (Palmer et al. 2002).
Radiation dose effects on both brain and behavior outcomes
are clearly in need of more careful study. Furthermore, dose
effects could be moderated by age at treatment or age at
neurocognitive assessment, and so, future studies will need
to attempt to address radiation dose as a significant moderator
of results in their methods and statistical analysis.

Individual Differences

The vast majority of research reviewed attempts to measure
the statistical difference between two groups (e.g., brain tumor
group vs. control group). While this is meaningful for under-
standing group level differences, this statistical approach pro-
vides very little information regarding individual outcomes,
therefore reducing the clinical utility of the findings. For ex-
ample, the group mean on neurocognitive variables for pa-
tients with medulloblastoma in several studies was in the av-
erage or low average range with a range of 1–2 standard de-
viations. This suggests that a potentially large proportion of
patients with medulloblastoma performed within (or above)
the standardization and control group average range. Howev-
er, this is overshadowed by common methods such as univar-
iate and less often multivariate statistics (e.g., t tests, analysis
of variance, and general linear model). Future work may ad-
dress this issue by either describing their findings at the group
level (percentage of patients performing in the average range)
or by using new statistical techniques such as machine
learning/support vector machine (SVM) algorithms to deter-
mine individual differences in neurocognitive outcomes with
established sensitivity and specificity. SVM is being evaluated
to help detect individual differences with disease progression,
diagnosis, and treatment in psychiatric disease (Orru et al.
2012). Such techniques may provide useful information for
individual classification of neurocognitive late effects, prog-
nosis, and potentially moderate treatment.

Conclusions

We provide a review of 18 empirical studies evaluating brain
and behavior relationships in children treated for brain tumors.
There are both conclusions as well as questions that can be
derived from this body of work. First, there is evidence that
age at the time of radiation treatment may moderate the impact

J Pediatr Neuropsychol (2016) 2:3–13 11



on white matter development, with children below age 6–7
experiencing greater impacts. It can also be concluded that
white matter abnormalities, if observed, are diffuse and
nonfocal. Second, it is unclear if the amount of treatment has
a dose-dependent impact on white matter development in in-
dividuals. This hypothesis was tested in several studies and is
inconclusive and in need of replication with increased sample
sizes and carefully diagnosed and age-matched control partic-
ipants. Third, the relationship between white matter abnormal-
ities and neurocognitive functioning is mixed and suggests
nonspecific neurocognitive difficulties relative to peers. In
many studies, patients with brain tumors performed within
the average range relative to the standardization mean on
neurocognitive measures though may have performed lower
than a control group. Fourth, there are many variables that can
moderate brain–behavior relationships in this line of research.
For example, history of shunt revision/hydrocephalus, ab-
sence from school due to illness, posterior fossa syndrome,
and radiation dose may be potential moderators of outcome.
These variables have a known impact on neurocognitive func-
tion and should be evaluated in future studies in order to pro-
vide a clear and accurate depiction of the impact of treatments
on neurocognitive and academic outcomes. Furthermore,
there is vast heterogeneity regarding neuroanatomical and
neurocognitive outcomes within individuals treated for brain
tumors. This heterogeneity is difficult to capture with current
models of treatment outcome and statistical analysis of group
data. We propose future work that aims to develop
neurocognitive phenotypes that will better reflect individual
differences. The study and development of neurocognitive
phenotype models may also provide better understanding of
underlying neuroanatomical differences in children based on
individual differences. Such work would ultimately allow for
targeted neuropsychological assessment to measure out-
comes, specific cognitive remediation strategies, and possibly
inform medical treatment, at the level of individuals.
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