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Abstract

Background—Cognitive decline is a recognized effect of irradiation (RT) in children treated 

with brain tumor. The importance of the cerebellum and its contribution to cognition has been 

recognized; however, the effect of RT on cerebellar-linked neurocognitive deficits has yet to be 

explored.

Patients and Methods—Seventy-six children (39 males) with a median age of 3.3 years (1–17 

years) were irradiated for infratentorial ependymoma from 1997 to 2008. The total prescribed dose 

was 54–59.4Gy administered to the post-operative tumor bed with 10mm or 5mm clinical target 

volume margin. Age-appropriate cognitive and academic testing was performed prior to the start 

of RT and then repeated at 6 months and annually through 5 years. The anterior and posterior 

cerebellum and other normal brain volumes were contoured on post contrast, T1-weighted post-

operative magnetic resonance imaging registered to treatment planning computed tomography 

images. Mean doses were calculated and used with time after RT and other clinical covariates to 

model their effect on neurocognitive test scores.

Results—Considering only the statistically significant rates in longitudinal changes for test 

scores and models that included mean dose, there was a correlation between mean infratentorial 

dose and IQ (−0.190 pts/Gy/yr; P=0.001), math (−0.164 pts/Gy/yr; P=0.010), reading (−0.137 

pts/Gy/yr; P=0.011) and spelling scores (−0.147 pts/Gy/yr; P=0.012), where Gy is measured for 

the difference between the RT mean dose received by individual patient against the mean of the 

patient group. There was a correlation between mean anterior cerebellum dose and IQ scores 

(−0.116 pts/Gy/yr; P=0.042) and mean posterior cerebellum dose and IQ (−0.150 pts/Gy/yr; 

P=0.002), math (−0.120 pts/Gy/yr; P=0.023), reading (−0.111 pts/Gy/yr; P=0.012), and spelling 

scores (−0.117 pts/Gy/yr; P=0.015).
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Conclusion—Sparing portions of the cerebellum should be considered in RT planning for 

children with infratentorial ependymoma because of the potential impact of radiation dose on 

cognitive function.

Introduction

Neurocognitive impairment after irradiation is a major concern when treating children with 

brain tumors, especially those who share the prospect for long-term survival. Measures to 

reduce radiation dose to the normal brain have been successful to the extent that even very 

young children with localized brain tumors are offered irradiation as a part of initial 

management in clinical trials (ACNS0121 [NCT00027846], ACNS0831 [NCT01096368] 

and A9934 [1]).

Reducing radiation dose to normal brain has been achieved through target volume reduction 

and by reducing the total prescribed dose. Newer methods of irradiation have been 

investigated including conformal and intensity-modulated photon and proton therapy. These 

methods rely on a detailed understanding of radiation dose-volume effects which link the 

incidence and severity of neurocognitive impairment to specific volumes of normal brain 

defined by their function.

Our team was among the first to describe the association between radiation dose 

distributions and longitudinal cognitive measures in low-grade glioma [2], medulloblastoma 

[3], ependymoma [4] and craniopharyngioma [5]. Children with ependymoma show 

remarkable resiliency and preservation of cognition as determined by longitudinal measures 

of intelligence, memory, attention and behavior [6–8].

Possible explanations for preservation of cognition include the resiliency of the cerebellum 

or its contribution to cognitive processes. Cognition in humans has been thought to involve 

frontal and tempo-parietal lobes, the hippocampus-mammillary complex and other 

supratentorial regions. There is increasing evidence to suggest a role for the cerebellum in 

complex cognitive operations like language function, working memory, executive function 

and emotion [9–11]. Investigations suggest the posterior cerebellum has a role in cognition 

and the anterior cerebellum appears to contribute to sensorimotor function [10;12]. 

Cognitive deficits in children with cerebellar tumors treated with surgery alone have been 

reported [13–19]. It remains unclear whether cerebellar irradiation affects cognitive 

function.

The impact of irradiation on the cerebellum has become relevant in the current era as the 

posterior fossa has become one of the most commonly irradiated sites. Understanding the 

effect of radiation dose will improve our ability to selectively spare the cerebellum in the 

process of treatment planning and help us to further understand the neurobiological 

mechanisms underlying cognitive deficits.

We investigated the association between radiation dose to the cerebellum and the time 

course of cognitive change after irradiation. Children enrolled on our prospective trials using 

radiation therapy for infratentorial ependymoma provide a group from which prospective 

Merchant et al. Page 2

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2016 January 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



neurocognitive assessments have been performed and a unique opportunity to explore the 

correlation between cerebellar irradiation and cognition.

Methods and Materials

Patients

Seventy-six pediatric patients (39 males), median age 3.3 years (range; 1–17 years) 

diagnosed with localized infratentorial ependymoma and enrolled in a Phase II trial of 

conformal radiation therapy (CRT) between 1997 and 2008 were included. Patients included 

in this investigation had a minimum of two neurocognitive assessments. The details of the 

trial and results were reported earlier [20]. None of the participants had tumor recurrence 

prior to the neurocognitive assessments and none were censored because of a decline in 

function. Institutional Review Board (IRB) approval was obtained and data was managed 

according to the Health Insurance Portability and Accountability Act of 1996 (HIPAA). 

Written, informed consent was required.

Radiation treatment planning, cerebellar contouring and radiation dose

All patients received conformal or intensity-modulated radiation therapy using conventional 

fractionation of 1.8Gy per day. The total dose was 54 or 59.4Gy administered 5 days per 

week. The lower dose was used for children under the age of 18 months treated with gross-

total resection. The gross tumor volume included the post-operative tumor bed and residual 

disease. The clinical target volume (CTV) margin (10mm or 5mm) surrounded the gross 

tumor volume to account for subclinical tumor extension. This volume was confined at non-

neural interfaces. The CTV was surrounded geometrically by the planning target volume 

(PTV) margin (3–5mm) to account for variability in positioning. Treatment was prescribed 

such that 100% of the PTV received at least 95% of the protocol specified dose.

The supratentorial and infratentorial brain, anterior and posterior cerebellar lobes were 

contoured on post-operative T1-weighted magnetic resonance images (3D-acquired MP 

RAGE post-contrast with in-plane resolution of 1mm) obtained immediately prior to 

radiation therapy and co-registered to the computed tomography dataset used for dose 

calculation (Fig. 1). The infratentorial brain included the entire brainstem and cerebellum. 

The cerebellum was segmented into anterior and posterior lobes according to the magnetic 

resonance imaging based atlas outlined by Schmahmann et al [21]. The primary fissure was 

identified in the mid-sagittal plane and was used as a landmark for segmenting the anterior 

and posterior cerebellar lobes. Lobules I to V were included in anterior cerebellar lobes and 

lobules VI to X were included in posterior cerebellar lobes. Differential dose volume 

histograms were calculated for the normal tissue volumes. For purposes of analysis, the left 

and right cerebellar lobes were combined because it was assumed that irradiation of the 

other lobe would have a similar effect and taken as the error term in the model and reduce 

the power of the statistical test. The mean doses were highly correlated between the anterior 

cerebellum left 5679.6 ± 479.8cGy and right 5676.9 ± 411.6cGy and the posterior 

cerebellum left 5060.7 ± 582.9cGy and right 5030.8 ± 635.3cGy.
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Surgery and chemotherapy

All patients underwent resection prior to radiation therapy. Ventriculoperitoneal 

cerebrospinal fluid (CSF) shunting was performed as required in 24 patients. Twelve 

patients received chemotherapy prior to irradiation using cyclophosphamide and cisplatin or 

carboplatin, etoposide, and vincristine.

Cognitive outcomes (Intelligence quotient [IQ], Academic tests, Visual-Auditory Learning 
[VAL] scores)

Patients underwent age appropriate prospective neurocognitive assessment at the outset of 

treatment, after the initial surgery and usually prior to irradiation but otherwise within 3 

months, 6 months and annually through 5 years. IQ was measured using the mental index of 

Bayley Scales or derived from the Information, Similarities and Block Design subtests from 

the age-appropriate Wechsler scale [22;23]. Academic testing included three subsets from 

Wechsler Individual Achievement Test viz. WIAT Word Reading, Spelling and Math 

Reasoning [24]. Visual learning was assessed with the Visual-Auditory Learning Test 

(VAL) from Woodcock-Johnson Tests of Cognitive Ability: Revised [25]. The VAL test is 

an associative learning task of word-symbol pairings. Each subset score was converted to 

age standardized score based on a large, representative, normative sample with mean of 100 

and standard deviation of 15.

Statistical analysis

A mixed-effects model with random coefficients for intercept and slope was used for the 

analysis. The intercept was the estimate of the baseline scores; the slope was the rate of 

change for the population average scores on the specific neurocognitive test and measured 

the magnitude of the effect of the independent variable. The p-value of the coefficient was 

considered for comparative significance relative to the mean for the patient group. 

Longitudinal trends of population average scores were first estimated with time as the only 

covariate. The following covariates were then used in the multivariate analysis: age at the 

time of irradiation based on the mean of 4.8 years (younger < 4.8 years; older > 4.8 years), 

sex, race, presence of a CSF shunt, the use of pre-irradiation chemotherapy, gross tumor 

volume and clinical and planning target volumes, and mean dose to the supratentorial brain, 

infratentorial brain, anterior cerebellum and posterior cerebellum and left and right 

hippocampi. To analyze the effect of radiation dose, the difference in the mean dose from 

the population average was used as a covariate. The number of tests contributing to the 

analysis included IQ (n=559), WIAT Math scores (n=365), WIAT Reading scores (n=363), 

WIAT Spelling scores (n=361), and VAL (n=292). Differences in the number of evaluations 

were attributed to age at the time of testing and the appropriateness of the measure. All 

analyses were performed using SAS version 9.2 (Cary, NC).

Results

The mean dose (± SE) to the supratentorial brain (14.04 ± 3.24Gy), infratentorial brain 

(52.13 ± 4.50Gy), anterior cerebellum (56.78 ± 4.32Gy) and posterior cerebellum (50.6 ± 

5.82Gy) were calculated. Baseline mean neurocognitive scores were within the normal range 

(mean ± SE) for WIAT reading (103.60 ± 1.53), WIAT math (98.62 ± 1.93), WIAT spelling 
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(102.30 ± 2.21), VAL (94.66 ± 2.54) and IQ which was below average (96.59 ± 1.78). 

Based on longitudinal observations through the first 5 years after irradiation, improvement 

was observed in IQ and VAL scores at the rate of 0.1803 ± 0.246 points/year (P=0.467) and 

1.361 ± 0.371 points/year (P=<.001), respectively. Among the academic achievement 

scores, WIAT math scores remained unchanged over time whereas a modest but statistically 

significant decline was observed in WIAT reading scores at the rate of −0.96 ± 0.24 points/

year (P=<0.001) and in WIAT spelling scores of −0.85 ± 0.35 points/year (P=0.019). (Table 

1)

The association between clinical variables and baseline cognitive scores was investigated. 

There was a negative correlation between baseline scores and the presence of a CSF shunt 

for all of the cognitive measures. This correlation was statistically significant for IQ 

(−11.55, P=0.002), WIAT reading (−8.17, P=0.003), WIAT math (−7.15, P=0.036), WIAT 

spelling (−6.08, P=0.057) and VAL (−9.05, P=<0.037). There was a positive correlation 

with age at the time of irradiation and baseline IQ scores (1.31 pts/yad1, P=0.006) and VAL 

scores (2.24 pts/yad, P=<0.001) and negative correlation between age and baseline WIAT 

reading scores (−0.91/yad, P=<0.001). The use of pre-irradiation chemotherapy had no 

impact on baseline scores. None of the clinical variables of age at irradiation, CSF shunt or 

pre-irradiation chemotherapy impacted longitudinal change in neurocognitive scores.

Effect of Cerebellar Dosimetry on longitudinal IQ scores

When IQ scores were estimated using mixed model equation adjusted for time since 

irradiation, there was a significant association between IQ scores and infratentorial, anterior 

cerebellar, or posterior cerebellar mean dose and time after treatment. The magnitude of the 

effect ranged from −0.150 pts/Gy/yr for the posterior cerebellum to −0.190 pts/Gy/yr for the 

infratentorial brain.

Effect of Cerebellar Dosimetry on longitudinal WIAT Reading, Math and Spelling scores

When WIAT Reading, Math and Spelling scores were estimated individually using mixed 

model equations, adjusted for time since irradiation, infratentorial and posterior cerebellar 

mean doses were found to have significant negative effect on longitudinal trend of all WIAT 

academic scores ranging from −0.111 pts/Gy/yr for the posterior cerebellum on WIAT 

reading scores to −0.164 pts/Gy/yr for the infratentorial brain on WIAT math scores. (Table 

2)

Effect of Tumor Volume, Surgery and Radiation Therapy Parameters

There was an association between the gross tumor volume and the longitudinal VAL scores. 

The magnitude of the effect was −0.0729 pts/mL/yr (P=0.0222). There was no association 

between number of surgery procedures or pre-irradiation extent of resection and longitudinal 

scores. Fifty-one patients had one surgery, 21 had two operations and 4 underwent 4 

attempts at resection prior to irradiation. The pre-operative extent of resection was GTR in 

61, NTR in 11 and STR in 4. There was an association between mean dose to the left 

hippocampus and longitudinal IQ (−0.0558 pts/Gy/yr; P=0.0305) and VAL (−0.0517 

1yad (year-age-difference) = difference between the age of the individual patient and group mean
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pts/Gy/yr; P=0.0063) scores. There was an association between mean dose to the right 

hippocampus and VAL (−0.0683 pts/Gy/yr; P=0.0024) scores. There was no association 

between cumulative total dose (54Gy vs. 59.4Gy) and longitudinal cognitive scores. Eight 

patients received 54Gy and the remainder 59.4Gy.

Discussion

Ependymoma is the third most common brain tumor in children and overall survival rates 

exceed 70% when measured at 5 years in patients receiving immediate post-operative 

irradiation [20]. Most children with ependymoma have infratentorial tumor location and 

excellent functional outcomes after standard treatment; however, among those who 

experience cognitive decline, younger age at the time of irradiation, multiple and extensive 

surgery, hydrocephalus, and chemotherapy have been implicated in addition to dose and 

volume of irradiation [6;26–32]. Although our analysis identified factors associated with 

cognitive decline, the associated risk was small. This study is a step forward in our 

understanding about the effects of irradiation in a functional sub-volume of the normal brain 

with results that associate cerebellar irradiation with specific cognitive effects in children 

with ependymoma. High-dose irradiation of the infratentorial brain was associated with a 

steeper decline in multiple cognitive domains. The negative effect on IQ was contributed by 

both anterior and posterior cerebellar mean doses; whereas, the decline in academic 

achievement scores was primarily attributed to the mean posterior cerebellar doses. These 

results suggest that sparing of the cerebellar volume should be considered during radiation 

planning and that smaller target volumes should be considered when feasible.

The cerebellum has been thought to be involved in regulation of motor coordination, balance 

and motor speech [9;33;34]. In the past two decades, neuroanatomical studies have shown 

reciprocal connectivity of cerebellum with cerebral frontal, parietal and temporal associative 

areas involved in higher cognitive functioning [9;12]. Numerous functional neuroimaging 

studies showed activation of cerebellum during cognitive tasks like language, executive 

function and working memory [9;12]. As per functional dichotomy of cerebellum [12;33]; 

anterior cerebellum having reciprocal connection to cerebral motor cortex and spinal cord is 

thought to be involved in sensorimotor functions and posterior lobe, defined as the region 

posterior and inferior to primary fissure and comprising lobule VI to X, to be involved in 

cognitive domains [11;33]. The association of higher than population average posterior 

cerebellar doses with declines in the cognitive outcomes viz. IQ, reading, math and spelling 

scores, replicate this functional topography to some extent. Negative effect of anterior 

cerebellar mean doses with estimated IQ may reflect the effect of anterior cerebellar 

irradiation on the timed motor component of this assessment (e.g., while performing the 

block design subset child is required to place the blocks as per a specific design within a 

limited time period thus relying on a child’s motor abilities speed).

Contrary to the studies evaluating cognitive outcomes in children receiving whole brain 

irradiation [26;35;36] and consistent with reports on children treated with limited irradiation 

[4;26;31], average IQ scores of our cohort after 5 years of CRT falls within the range of 

population norms. IQ is a complex cognitive construct that involves anatomically distributed 

regions of the brain including a variety of supratentorial and infratentorial brain sub volumes 
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like frontal, parietal gray matter volume and, putamen and the entire cerebellar volume [37]. 

While a recent study of children treated for ependymoma with proton radiotherapy fails to 

indicate a decline in intellectual or adaptive functioning, the sample size is small (n= 14 and 

28, respectively) and the follow-up time short (average of 2 years), precluding conclusion or 

comparison with current findings [38]. Although we are not clear at this point of relative 

contributions of different brain regions involved in this complex cognitive ability, the 

sparing effect of newer methods on IQ or greater IQ decline observed in those treated by 

cranial irradiation [26], can be hypothesized to be secondary to the additive effects of tumor 

and other treatments most notably surgery to the functional subunits that may be distant but 

anatomically connected through white matter bundles. This is supported by the fact that 

global white matter changes reflecting demyelination and thus disrupting trans-synaptic 

communications have been implicated as a possible mechanism underlying post-irradiation 

brain injury causing cognitive deficits [39;40]. Similarly, a diffusion tensor imaging based 

study in children with posterior fossa tumors revealed that disruption of cerebello-thalamo-

cerebral pathways following irradiation were associated with poorer working memory, a 

core cognitive skill involved in complex cognitive functions including IQ and academics 

[41]. The same authors stated that diffuse white matter changes in the posterior fossa 

following irradiation and disruption of multiple other pathways connecting cerebellum to 

supratentorial structures may have been responsible for deficits.

Linguistic skills viz. reading and spelling were more vulnerable than math in our cohort as 

depicted by the decline in these group mean scores over time. This finding is contrary to the 

greater math impairment observed in children treated with cranial irradiation [42] but may 

reflect greater specificity of localized cerebellar insult following irradiation [43]. The 

frontal, parietal, temporal, and occipital regions have been reported to be activated in 

response to tasks eluding orthographic, phonological, and semantic processes involved in 

reading [44]. The posterior cerebellar regions have now been added to this list [44;45]. 

Cerebellar hemispheric regions adjacent to posterior superior fissure are bilaterally being 

activated during phonological assembly and deep nuclear regions on the right activated 

during semantic processing [44]. Riva et al [46] in their study on children with cerebellar 

tumors reported poor naming and comprehension abilities which were more pronounced in 

right cerebellar lesions. The majority of our patients had midline tumors. Minimal dose 

differences in right and left cerebellar hemispheres limited our ability to test this 

lateralization effect [6].

Cerebellar involvement in mathematical calculations has been documented and is thought to 

rely on its connectivity with frontal brain regions [47]. WIAT math mean scores on follow 

up though were unchanged as reported earlier [6] but children receiving higher than average 

population mean doses to infratentorial brain and more specifically to posterior cerebellum 

had steeper declines in all three academic achievement scores over time showing a 

deleterious effect of higher cerebellar doses on these skills.

Amongst the various clinical covariates studied, younger children had lower baseline IQ 

scores but age effect was not evident at 5 years after CRT, which could be attributed to the 

sparing effect of conformal irradiation that probably doesn’t halt their recovery from peri-

operative insults [6;26;29]. Consistent with earlier reports, the deleterious negative 
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association of severe hydrocephalus on cognition was evident and the reversible nature of 

this effect was replicated by the loss of this negative association with the longitudinal trends 

[29]. IQ scores are age standardized to account for change in performance associated with 

typical development. The positive correlation between age at time of irradiation and baseline 

IQ scores likely reflects the protective effect of age with respect to potential insults 

encountered prior to irradiation (e.g., surgical interventions, chemotherapy).

Though mean supratentorial doses were not found to affect any longitudinal cognitive trend 

in this analysis, we cannot outwardly refute this aspect as cranial doses as low as 18Gy have 

been implicated to effect cognition in children with acute lymphoid leukemia [48] and mean 

supratentorial dose for our cohort was around 14Gy. Our previous analysis revealed that 

supratentorial volumes receiving doses as low as 0–5Gy have negative effect on IQ [4]. This 

difference could have been because of the different parameter used in present analysis i.e., 

mean dose as opposed to the volume receiving dose between 0 and 5Gy[4]. Long term 

detrimental effects of surgery cannot be completely excluded. Associations of long term 

cognitive deficits with post-operative acute cerebellar insults like cerebellar mutism have 

been suggested in literature [13;16;31]. We realize that the academic performances assessed 

are known to be influenced by other behavioral and environmental factors such as prolonged 

school absences which could not be accounted for but would not be expected to affect 

academic domains differentially.

In this relatively homogenous cohort we were able to demonstrate that high dose cerebellar 

irradiation negatively influenced the longitudinal trend of multiple cognitive measures and 

mirrored the functional topography of cerebellum. Our goal was not to prove whether the 

cerebellum was directly involved in cognition but rather to determine the contribution of 

cerebellar irradiation on long-term cognitive effects realizing that the cerebellum is part of a 

neural network.
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Summary

This study associates longitudinal deficits in IQ and academic achievement with 

collateral irradiation of the posterior cerebellum in children with infratentorial 

ependymoma. To further reduce cerebellar-linked neurocognitive deficits, radiation dose 

to the posterior cerebellum should be avoided in treatment planning and delivery. 

Advanced methods of radiation therapy may be used to further optimize the treatment of 

these patients.
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Fig. 1. 
Axial post contrast T1-weighted MR image showing representative anterior (red) and 

posterior (blue) cerebellar contours.
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Table 2

The longitudinal effect of mean radiation dose on cognitive test scores in 76 children with infratentorial 

ependymoma.

Brain Sub volume Estimate* Slope† SE p value

IQ

Infratentorial Brain −0.190 0.055 0.001

Anterior Cerebellum −0.116 0.055 0.042

Posterior Cerebellum −0.150 0.047 0.002

Supratentorial Brain 0.057 0.076 0.451

WIAT Reading

Infratentorial Brain −0.137 0.052 0.011

Anterior Cerebellum −0.073 0.048 0.134

Posterior Cerebellum −0.111 0.043 0.012

Supratentorial Brain 0.039 0.066 0.557

WIAT Math

Infratentorial Brain −0.164 0.062 0.010

Anterior Cerebellum −0.056 0.062 0.368

Posterior Cerebellum −0.120 0.052 0.023

Supratentorial Brain 0.053 0.083 0.528

WIAT Spelling

Infratentorial Brain −0.147 0.057 0.012

Anterior Cerebellum −0.028 0.054 0.608

Posterior Cerebellum −0.117 0.047 0.015

Supratentorial Brain 0.021 0.073 0.779

VAL

Infratentorial Brain −0.148 0.070 0.040

Anterior Cerebellum 0.061 0.062 0.338

Posterior Cerebellum −0.136 0.059 0.026

Supratentorial Brain −0.050 0.090 0.585

Abbreviations: IQ, Intelligence quotient; SE, standard error; NS, not significant; WIAT, Wechsler Individual Achievement Test; VAL, Visual-
Auditory Learning.

†
The slope represents rate of change in neurocognitive scores in standard points per year

*
The Estimate represents the additional rate of change in neurocognitive outcome contributed by the mean radiation dose in points/per Gy/per year. 

It is calculated according to the difference of radiation dose deviated from the population average.
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