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Abstract

Background—We analyzed post-radiation (RT) neurocognitive outcomes in an ethnically 

diverse pediatric brain tumor population undergoing photon (XRT) and proton RT (PRT).

Procedure—Post-RT neurocognitive outcomes from 49 pediatric patients (37% Hispanic/Latino) 

with primary brain tumors were analyzed. Tests included cognitive outcomes, behavioral 

outcomes, and overall intelligence. For each outcome, proportion of patients with cognitive 

impairment (scores <1.5 SD) was calculated. Fisher’s exact tests compared proportion of patients 

with impairment and t-tests compared T-scores between XRT (n=32) and PRT (n=17) groups. 

Linear regression assessed associations between radiation modality and outcomes.

Results—Median follow-up was 3.2 and 1.8 years in the XRT and PRT groups, respectively. 

Median RT dose was 54.0Gy. We found impairment in 16%−42% of patients across most 

neurocognitive domains except executive function. There was no difference in scores between 

XRT and PRT groups. Regression analyses revealed no association of neurocognitive outcomes 

with radiation modality. Non-Hispanic patients had better Verbal Comprehension Index (VCI) and 

General Ability Index (GAI) scores than Hispanic patients (p< 0.05).

Conclusions—Among pediatric patients with brain tumors receiving RT, all cognitive 

domains were affected except executive function. Radiation modality was not associated with 
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neurocognitive outcomes. Hispanic patients may be more vulnerable to post-treatment cognitive 

effects that warrants further study.
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Introduction

Primary brain tumors are one of the most common childhood cancers1, treated with 

radiotherapy (RT), surgery and/or chemotherapy. Despite clear benefits, cranial RT is 

associated with long-term neurocognitive deficits2 which can affect quality of life including 

global health status and physical functioning3. Pediatric patients exposed to brain RT 

perform worse than their peers4, placing them at risk of decreased academic success, issues 

with future employment, and failure to live independently as adults2,5–7. The degree and 

scope of post-RT impairments in pediatric patients across multiple cognitive domains (ie 

language, executive functioning, processing speed, etc) are unclear as most studies examine 

only intelligence quotient (IQ) or a limited number of neurocognitive outcomes8–10.

Compared to photon radiotherapy (XRT), proton radiotherapy (PRT) offers greater 

dosimetric control in terms of normal tissues, which can be advantageous for the treatment 

of pediatric brain tumors11–14. By minimizing surrounding tissue toxicity, PRT may reduce 

post-RT neurocognitive sequelae. Among patients receiving craniospinal irradiation (CSI), 

dosimetric comparisons suggest that protons may minimize long-term side-effects including 

cognitive decline15. Within pediatric brain tumor cohorts, several studies have described 

no significant post-radiation IQ decline following PRT11,13,16–19. There are no randomized 

trials of PRT versus XRT for pediatric brain tumor patients. Few retrospective studies have 

compared neurocognitive outcomes following XRT versus PRT in pediatric brain tumor 

patients; these suggest proton superiority for overall IQ, though the results for specific 

neurocognitive domains are conflicting8–10,20. We sought to perform a multi-domain 

analysis of post-treatment neurocognitive outcomes in a cohort of pediatric patients with 

brain tumors treated with either XRT or PRT, including a sub-analysis of patients receiving 

CSI.

Few studies have examined neurocognitive outcomes in ethnically diverse pediatric brain 

tumor cohorts which is critical given the increasing diversity in United States demographics. 

Since our study was performed at a large pediatric hospital which is a catchment area for an 

ethnically diverse population, we also sought to explore the impact of Hispanic ethnicity on 

neurocognitive outcomes in our cohort.

Materials and Methods

Patients

This study was approved by the Institutional Review Board at University of California, 

San Diego. Using a prospectively maintained pediatric brain tumor database of 432 patients 

diagnosed with a brain tumor from Rady Children’s Hospital, we selected 49 pediatric 
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patients with primary brain tumors treated from 1999–2019. Inclusion criteria were: 

diagnosis of primary brain tumor, treatment with XRT or PRT, age <21 years at time of RT, 

follow-up ≥ 6 months (time from RT completion to last documented visit), documentation 

of RT treatment plan, and at least one post-treatment neuropsychological evaluation ≥ 6 

months from RT. Patient, tumor, treatment characteristics as well as primary outcomes were 

collected via retrospective chart review using coded search queries whenever possible to 

minimize bias. Ethnicity (Hispanic vs. non-Hispanic) was documented in the electronic 

medical record but race (Caucasian, Black, etc.) was not. Covariates included patient sex, 

ethnicity, tumor histology, type of surgical resection, treatment with craniospinal irradiation 

(CSI), hydrocephalus treated with ventriculoperitoneal (VP) shunt, baseline performance 

status (Lansky/Karnofsky), systemic therapy, age at RT, total RT dose, time between 

radiation and neurocognitive exam, and socioeconomic status (SES). SES is represented by 

percent poverty and median income, derived from patients’ residential zip codes using 2018 

census data21,22; results were categorized as binary variables with cutoffs (13% poverty, 

median income of $75,000) based on average results within California15,21. Additionally, we 

created a separate cohort of patients receiving CSI, all diagnosed with medulloblastoma, for 

sub-analyses given the different radiation fields in this population.

Neuropsychological Outcomes

Neurocognitive test scores ≥ six months post-RT were available for 49 patients resulting in a 

total of 530 individual test scores. Each patient in the cohort underwent one comprehensive 

neurocognitive testing session at least 6 months post-RT. Six months was determined as a 

reference point to represent potential for long-term irreversible sequelae23. Supplemental 

Table 1, Supplemental Digital Content 1, http://links.lww.com/JPHO/A630 summarizes the 

neurocognitive domains, associated tests and versions, and scoring scales.

Cognitive outcomes were measured using the following standardized neuropsychological 

exams administered by licensed neuropsychologists: Wechsler Intelligence Scales for 

Children (WISC), Beery-Buktenica Developmental Test of Visual-Motor Integration (VMI) 

and California Verbal Learning Test (CVLT). Behavioral outcomes were measured with 

Adaptive Behavior Assessment System (ABAS), and the Behavior Rating Inventory of 

Executive Function (BRIEF). ABAS is a parent-report measure of adaptive emotional and 

social functioning and BRIEF is a parent-report that measures behavioral components of 

executive functioning. Scores extracted from Wechsler, ABAS and BRIEF are detailed 

in Supplemental Table 1 (see Table, Supplemental Digital Content 1, http://links.lww.com/

JPHO/A630 which summarizes all neurocognitive domains tested and associated scores/

scales). These tests have all been previously validated and are commonly used to assess 

neurocognitive function in children24–30. At the time of neurocognitive testing, if the 

preferred/dominant language was Spanish, the assessment was performed by a bilingual 

tester or with an in-person Spanish interpreter.

We grouped all 17 scores into seven neurocognitive domains. Six domains are defined by 

neuropsychologic criteria and include complex attention, social cognition, learning/memory, 

language, perceptual-motor function, and executive function31. We included an additional 

“other” category for scores representing overall intelligence (IQ and general ability) or 
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adaptive functions. Age-adjusted scores (standard, scaled, or T-scores) were derived from 

the most recent standardization sample associated with each test. We converted standard 

and scaled scores to corresponding T-scores for consistency. Higher scores represent better 

performance across all exams except BRIEF. Impairment was defined as T-score >1.5 

standard deviations (SD) on BRIEF and T-score of <1.5 SD on all other tests.

Statistical Analysis

Patient, tumor, and treatment characteristics were compared between XRT and PRT cohorts. 

Categorical and continuous covariates were examined with Fisher’s exact and Wilcoxon 

rank sum tests, respectively. Significant covariates (p <0.05) between cohorts were included 

as potential confounders in multivariable analyses.

For each neurocognitive outcome, we calculated the proportion of patients that were 

impaired in the whole cohort, XRT group and PRT group. We used Fischer’s exact 

tests to determine if the proportion of impairment was different between the XRT and 

PRT groups. We next performed independent samples t-tests between T-scores of XRT 

and PRT patients to determine if scores were significantly different. We performed 

univariable linear regression to assess correlation of each neurocognitive outcome with 

each covariate mentioned above. We then constructed multivariable models by including 

radiation modality, baseline confounders, and covariates significant on univariable analysis. 

Multivariable models also controlled for time from RT to neurocognitive test, given 

association of time with post-radiation neurocognitive decline32. Coefficients with p< 0.05 

were deemed significant. False discovery rate (FDR) correction was applied to adjust for 

multiple comparisons. All analyses were also performed in the CSI subgroup.

Results

Baseline cohort characteristics

Patient, tumor, and treatment characteristics by radiation modality are shown in Table 1. 

XRT and PRT cohorts were similar across ethnicity, age at RT, baseline performance, 

and SES. Tumor histology between cohorts was similar, the most common being 

medulloblastoma (47% XRT, 59% PRT). Median prescription RT dose was 54Gy in both 

groups with about half of patients receiving CSI (50% XRT, 59% PRT). The two cohorts 

statistically differed only by sex: 81.3% males in XRT cohort compared to 47.1% in the PRT 

cohort (p = 0.02).

Within the CSI sub-cohort (n=26 patients; 15 XRT and 10 PRT), all had medulloblastoma 

(one patient with non-germinomatous germ cell tumor was excluded to maintain cohort 

homogeneity). Patients were similar in age at RT, gender, ethnicity, baseline performance 

status, RT dose, and SES.

Time from radiation treatment to neurocognitive testing

The XRT and PRT groups differed in time from RT completion to neurocognitive testing: 

median duration was 3.2 years in XRT patients and 1.8 years in PRT patients (p <0.001). 

Comparing radiation group differences in time from RT for each individual test, group 
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differences were only significant for Verbal Comprehension Index (VCI) (p = 0.04) and 

Global Executive Composite (GEC) tests (p <0.01).

In the CSI sub-cohort as well, groups differed by radiation modality in median duration from 

RT to exam (3.8 years XRT and 2.1 years PRT, p=0.04). In comparing group differences in 

time from RT for individual neurocognitive tests, no differences in time were noted between 

radiation groups (all p >0.05).

Post-treatment neurocognitive outcomes

The cohort showed impairment among 16–42% of patients on most neurocognitive tests, 

Table 2. Processing Speed Index (PSI) showed the most impairment at 42%. Tests for 

executive function were least affected with the Global Executive Composite (GEC) score 

showing 24% impairment. Remaining outcomes for executive function, namely Adaptive, 

Externalizing, and Internalizing ABAS scores showed 6%, 3% and 11% impairment, 

respectively.

In the CSI sub-cohort, Full Scale IQ and ABAS Practical showed the most impairment 

at 47% each, Table 2. Among outcomes assessing executive function, the GEC showed 

27% impairment while Adaptive (11%), Externalizing (5%), and Internalizing (16%) ABAS 

scores showed the least impairment.

Comparison of neurocognitive outcomes between XRT and PRT patients

Compared to XRT, PRT patients had numerically higher scores across most cognitive 

domains. However, Fischer’s exact tests showed no significant difference in proportion of 

patients with impairment between the two groups, Table 2. Similarly, independent sample 

t-tests showed no significant difference between T-scores of XRT and PRT patients on any of 

the neurocognitive tests in the full cohort or the CSI sub-cohort as noted in Table 3. Fig. 1 

summarizes all the neurocognitive outcomes grouped by cognitive domain and stratified by 

radiation modality.

Association of radiation modality with neurocognitive outcomes

On univariable and multivariable regression models performed on the full cohort and 

the CSI-sub-cohort, radiation modality was not significantly associated with any of the 

neurocognitive outcomes (all p-values >0.05). Table 4 shows detailed results from the 

regression models.

Association of ethnicity with neurocognitive outcomes

As shown in Table 5, Hispanic patients performed worse than non-Hispanic patients on 

several neurocognitive tests. On univariable analyses, non-Hispanic patients had higher FDS, 

WMI, VCI, PRI, full-scale IQ and GAI (all p ≤ 0.01) scores compared to Hispanic patients. 

On multivariable analysis with FDR correction, these findings remained significant for VCI 

(p = 0.001) and GAI (p = 0.009).

Ethnicity remained associated with neurocognitive outcomes on multivariable models in 

the CSI sub-cohort as well even after FDR correction. As shown in Table 5, compared to 
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Hispanic patients, non-Hispanic patients had greater FDS (p = 0.003), VCI (p = 0.025), and 

GAI (p = 0.009) scores.

Discussion

Pediatric patients with brain tumors are especially vulnerable to post-radiation 

neurocognitive changes2, and these effects can negatively impact children’s day-to-day 

functioning, educational prospects, or future employment33. We examined neurocognitive 

and behavioral outcomes across several domains and multiple tests in a cohort of 

pediatric patients with primary brain tumors following XRT or PRT radiation. We found 

a considerable proportion of patients with impairment across almost all cognitive domains, 

but no significant differences in proportion of impaired patients between XRT and PRT 

groups.

Our study is unique in that we examined 17 post-treatment neurocognitive and behavioral 

outcomes over 7 different domains, Supplemental Table 1, Supplemental Digital Content 

1, http://links.lww.com/JPHO/A630. As shown in Table 2, this cohort demonstrated 

impairment across multiple tests/domains including complex attention and processing 

speed, learning and memory, language, perceptual motor function, full-scale IQ, and 

social cognition. The proportion of patients with impairment ranged between 16% to 

42% compared with approximately 7% in the normative population (using 1.5 SD as 

threshold as T-scores are normally distributed). These findings indicate which domains 

could potentially be affected in a child following brain irradiation and can help guide 

pre-treatment counseling. Social cognition encompasses the recognition of emotions as well 

as insight into social interactions34, with deficits commonly associated with frontotemporal 

neurocognitive disorders34. We found poorer social cognition scores in the cohort compared 

with normative populations, which can be associated with worse quality of life35. Our 

findings are consistent with other studies showing suppressed IQ, memory, and attention 

in survivors of pediatric brain tumors36, and a smaller study in 18 pediatric patients with 

brain tumors which found similar deficits over time after treatment37. Yet, another study 

in 39 survivors of pediatric brain tumors after PRT found no differences compared with 

population norms in attention/processing speed or executive function, though did find areas 

of weakness in processing speed in patients who underwent proton CSI18. Indeed, our 

cohort showed the least impairment in executive function, suggesting this domain may 

be relatively spared compared with others. Additionally, because executive functioning is 

largely regulated by the prefrontal cortex23, benefits of PRT may become more pronounced 

in cohorts receiving focal radiation for tumors near the frontal lobe. However, since 

executive function was measured on the BRIEF assessment, which is based on parent report, 

it is less objective and can be skewed by the parents’ perception of their child’s behavior. 

Future comprehensive studies exploring neurocognitive outcomes across several domains 

and over time are necessary to shed more light on the selective vulnerability of certain 

domains to radiation, which would be beneficial in educating pediatric patients and their 

parents about the long-term effects of radiation on their function.

Prior studies comparing neurocognitive outcomes following XRT versus PRT in pediatric 

patients with brain tumors8–10,20 suggest proton superiority in terms of overall IQ, though 
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effects on other domains are conflicting. We found no statistically significant difference 

between neurocognitive scores from the two treatment groups, and the proportion of children 

with impairment between the two groups was not significantly different. All analyses 

performed in the CSI sub-cohort produced similar results. In contrast to our findings, 

two cohort studies found higher full-scale IQ10,20,38 and processing speed20 in patients 

who received PRT versus XRT. Another study in pediatric patients with medulloblastoma 

found that those receiving PRT exhibited superior long-term outcomes in IQ, perceptual 

reasoning and working memory compared with those receiving XRT9. A recent prospective 

cohort study showed significantly higher scores in Full Scale IQ, verbal comprehension 

and perceptual reasoning with PRT versus XRT treatment but found no differences in 

processing speed and working memory10. Our study may have been relatively underpowered 

to show statistically significant differences between groups given modest sample size. Also, 

post-treatment neurocognitive outcomes reflect a complex interplay between patient related 

factors, tumor type and location and other treatment factors like surgery, systemic therapy, 

and medical complications. While proton therapy has advantages from a dose fall-off 

perspective, it is likely one of many influencing variables.

Notably, we found that ethnicity was a consistent predictor of lower neurocognitive scores, 

with non-Hispanic patients scoring higher in FDS, VCI, and GAI compared to Hispanic 

patients. To our knowledge, the impact of ethnicity on post-treatment neurocognitive 

outcomes has not been well-explored in previous studies among pediatric patients with 

brain tumors. Since we did not have data on race, it is possible that non-Hispanic 

patients could be from diverse racial backgrounds which may confound these results. 

FDS, VCI and GAI scores are derived from tasks that require patients to listen and 

verbalize their responses. As such, language barriers for non-native Hispanic patients may 

partially account for the discrepancies between Hispanic and non-Hispanic groups. While 

we do not have information on the number of patients that were bilingual or Spanish 

dominant, all neurocognitive assessments were performed by a bilingual tester or with an in-

person Spanish interpreter when the patient’s preferred or dominant language was Spanish. 

However, it is notable that some verbal tasks do not translate well to other languages, 

require some language formulation from the patient, and are not very culturally sensitive. 

Our results demonstrate a need for a well-validated battery of neurocognitive tests for 
linguistically diverse populations. Such tests would minimize the effect of language barriers 

and further clarify the association between ethnicity and neurocognitive changes following 

radiation. Our findings suggest that it is critical to carefully interpret results from cognitive 

assessments administered in English in this patient population, so patients are not implicitly 

discriminated against during school placement or future employment opportunities.

Socioeconomic factors influencing neurocognitive outcomes include cultural biases in 

neurocognitive assessments39,40 in addition to other unmeasured factors such as quality of 

schooling or parent education levels. We looked for correlation between patient’s ethnicity 

and two measures of socioeconomic status (SES)- percent poverty and median family 

income based on patients’ zip codes. We found no association between these variables; 

however, it is important to note that these are crude rather than direct measures of SES. 

Hence it is difficult to make a conclusion regarding the interplay of ethnicity, SES, and 

cognition; this is an important dimension that could be explored further in future studies. 
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Indeed, one study showed that adaptive functioning in pediatric brain tumor survivors did 

not differ by patient ethnicity after accounting for primary caregiver education and family 

income41.

Limitations of this study include its retrospective nature and modest sample size, though 

our cohort is similar or larger in size than several retrospective pediatric brain tumor 

studies4,6–7,11,14,16,18. Given that our inclusion criteria required documentation of radiation 

treatment plan, adequate follow up, and comprehensive neuropsychological evaludation 

>6 months from treatment completion, there may be inherent selection bias within this 

cohort. We did not have pre-RT baseline neurocognitive scores, nor serial or longitudinal 

testing over time, as these are not routinely assessed outside of a clinical trial setting. 

Thus, our analyses focus on cross-sectional post-treatment outcomes to explore specific 

domains affected and severity of impairments in comparison to gender and age matched 

normative populations. Our approach is similar to other studies in this space4,5,14. While 

tumor type was heterogenous in the present cohort, we also performed a subset analysis 

of patients with medulloblastoma receiving CSI to explore a more homogenous group20. 

We had different follow-up time between the two groups, as proton radiation is a relatively 

newer treatment option. Thus, we accounted for follow up time in all analyses. Referral bias, 

especially for protons, is a concern in all studies which compare outcomes by treatment 

modality and likely influenced by various confounders including insurance status. Presence 

of hearing impairments following cisplatin treatments, visual or motor impairments, parent 

education, and quality of schooling are some of several other confounders which may 

influence neurocognition.

In conclusion, radiation therapy is associated with global cognitive impairment affecting 

multiple domains in pediatric patients with brain tumors, with the potential for less 

vulnerability to executive function changes. We found no significant differences in 

neurocognitive outcomes by radiation modality, PRT compared with XRT, though we 

were likely underpowered to detect a statistical difference. Our study also brings forth 

the need for appropriate instruments to assess neurocognitive outcomes in minority ethnic 

groups. Our results underscore the importance of future work to assess neurocognitive 

performance longitudinally over time to better understand the trajectory of late effects on 

survivorship in pediatric brain tumor patients. Future comparative studies, especially with 

larger collaborative registries like the Pediatric Proton/Photon Consortium Registry42, are 

needed to fully understand the impact of radiation on cognitive function, and to assess 

whether use of PRT versus XRT would lead to better cognitive preservation for pediatric 

patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure1. 
Summary of Neurocognitive Outcomes grouped by domains and stratified by radiation 

modality Abbreviations: PSI, processing speed index; WMI, working memory index; 

VCI, verbal comprehension index; PRI, perceptual reasoning index; VMI, visual-motor 

integration; FSIQ, full-scale IQ; GAI, general ability index; GAC, general adaptive 

composite; FDS, forward digit span; CVLT, California Verbal Learning Test Trials 1–5 List 

A; GEC, global executive composite

X-axis depicts test name

Y-axis depicts T-score

Solid dot= mean

Error bars= standard deviation

Horizontal dashed line = population mean (T-score= 50)

Dark grey shading = one standard deviation above and below the population mean

The y-axis for executive functioning is inverted because higher scores are associated with 

worse performance
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