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Abstract
Background.  Proton radiotherapy (PRT) reduces the volume of normal tissue receiving radiation dose, which may 
lead to better neurocognitive outcomes. We examined change in neurocognitive scores over time in pediatric brain 
tumor patients treated with proton craniospinal irradiation (CSI), proton focal RT, or surgery only.
Methods.  Patients received annual neurocognitive evaluations for up to 6  years. We examined Full Scale IQ 
(FSIQ), Verbal Comprehension Index (VCI), Perceptual Reasoning Index (PRI), Working Memory Index (WMI), and 
Processing Speed Index (PSI) scores. General linear mixed models examined change in scores over time by treat-
ment group, adjusting for significant covariates.
Results.  Scores from 93 patients treated between 2012 and 2017 (22 proton CSI, 31 proton focal, and 40 surgery 
only) were examined. Treatment groups were similar on gender (51.6% male), age at treatment (median = 9.7 y), 
and length of follow-up (median = 2.9 y). The surgery only group had proportionately more gliomas (P < 0.001), and 
the proton CSI group had more infratentorial tumors (P = 0.001) and higher total RT dose (P = 0.004). The proton 
focal and surgery only groups exhibited stable neurocognitive scores over time across all indexes (all P > 0.05). In 
the proton CSI group, WMI, PSI, and FSIQ scores declined significantly (P = 0.036, 0.004, and 0.017, respectively), 
while VCI and PRI scores were stable (all P > 0.05).
Conclusions.  Focal PRT was associated with stable neurocognitive functioning into survivorship. Outcomes were 
similar whether patients received focal PRT or no radiotherapy, even in neurocognitive domains known to be 
particularly radiosensitive. Proton CSI emerged as a neurocognitive risk factor, consistent with photon outcomes 
research.

Key Point

1. �There is no difference in neurocognitive outcomes between proton focal radiotherapy 
and no radiotherapy.
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While cranial radiotherapy (RT) is an essential treatment for 
many pediatric brain tumors, it is associated with signifi-
cant neurocognitive morbidity.1–3 Greater neurocognitive 
risk is associated with younger age at RT, higher RT dose, 
and larger RT field size.4–6 Advanced RT techniques, includ-
ing 3-D conformal and intensity-modulated (IM)RT, have 
improved the ability to reduce photon radiation (XRT) dose 
to nontarget tissues.7 Even so, dose is inevitably deposited 
in surrounding normal brain tissue, which may impair brain 
functioning, growth, and development.8

Particle therapy, including proton RT (PRT), offers 
physical properties superior to photons that may further 
improve techniques for medical radiation.9 Protons deposit 
maximum dose at the desired depth of tissue, which can 
be precisely conformed to the clinical target. Compared 
with XRT, PRT deposits less entrance dose and no exit 
dose, thereby minimizing irradiation of healthy surround-
ing tissue. In this way, it is anticipated that PRT will result in 
better neurocognitive sparing in children treated for brain 
tumors; however, there is limited available evidence, as of 
yet, to support this prevailing clinical assumption.

Currently, empirical support for neurocognitive sparing 
with PRT is encouraging but not definitive. Thus far, only 
one study has compared cognitive change between pedi-
atric brain tumor patients treated with PRT versus XRT.10 
No significant IQ decline or impairment was found among 
early survivors treated with PRT, while survivors treated 
with XRT exhibited significant IQ decline. Even so, IQ tra-
jectories were not statistically different between PRT and 
XRT groups. Across the few PRT outcome studies avail-
able to date, PRT-treated patients in early survivorship, as 
a group, do not exhibit profound neurocognitive change or 
impairment.10–13 Still, processing speed has emerged as a 
domain of neurocognitive vulnerability,11–13 while younger 
age11,13 and craniospinal irradiation (CSI)10–13 have emerged 
as clinical risk factors for neurocognitive change post-PRT.

With few outcome studies available, uncertainty remains 
regarding the neuroprotective benefits of PRT and the 
range of neurocognitive outcomes to expect following 
treatment with PRT. To our knowledge, this is the first pro-
spective, longitudinal study comparing neurocognitive 
change over time in early survivorship between pediat-
ric brain tumor patients treated with PRT versus patients 
treated without radiotherapy (ie, surgery only). Inclusion of 
this “surgery only” treatment comparison group provides 

a natural control for the mass effect of a brain tumor and 
related disruptions that could impact development (eg, 
school absences). While neurosurgery is associated with 
neurocognitive risk, this group is unlikely to show the pro-
gressive neurocognitive declines traditionally associated 
with RT.14–17 We hypothesized that survivors treated with 
PRT would show greater declines in IQ, working memory, 
and processing speed compared with survivors treated 
with surgery only. Further, we expected to find the largest 
neurocognitive declines among survivors treated with CSI 
PRT versus focal PRT or surgery only.

Materials and Methods

Patients

This study reports on outcomes in early survivorship from 
an ongoing prospective, longitudinal study of neurocog-
nitive outcomes in pediatric brain tumor patients treated 
with PRT or surgery only between 2012 and 2017. Following 
approval from the institutional review board, potentially 
eligible patients were identified following a new brain 
tumor diagnosis or when scheduled for neurosurgery or 
radiation therapy. All eligible patients were approached for 
the study. Informed written consent was obtained prior to 
participation. Participants received annual neurocognitive 
testing from the start of treatment for up to 6 years post-
treatment. The baseline neurocognitive evaluation was 
completed within 6 months of PRT or surgery.

Eligibility criteria for the PRT group included: (1) diag-
nosis of a primary brain tumor, (2) age 3–18 years (inclu-
sive) at enrollment, and (3) cranial PRT (focal or CSI) within 
the last 6 months with no history of prior courses of RT. 
Eligibility criteria for the surgery only group included: (1) 
diagnosis of a primary brain tumor, (2) ages 3–18 years (in-
clusive) at enrollment, and (3) surgical resection or biopsy 
within the last 6 months with no history of RT or plan for 
future RT at the time of enrollment. Four patients in the 
sample originally received surgery only, but later required 
PRT due to disease progression or relapse. Those patients 
are included in the PRT group, and only their PRT base-
line and post-PRT follow-up evaluations were included in 
analyses. Patients diagnosed with brainstem glioma, high-
grade glioma, or atypical teratoid/rhabdoid tumor were 

Importance of the Study

To our knowledge, this is the first prospective, longi-
tudinal study comparing neurocognitive change over 
time in pediatric brain tumor patients treated with focal 
proton radiotherapy, craniospinal proton radiotherapy, 
or no radiotherapy. Our findings are suggestive of neu-
rocognitive sparing benefits for patients treated with 
focal proton radiotherapy, with outcomes comparable 
to patients treated without radiotherapy. In contrast, 
craniospinal proton radiotherapy was associated with 
some neurocognitive risk in certain domains, although 

profound neurocognitive impairment was not evident. 
Our findings fill a critical gap in our knowledge re-
garding the range of neurocognitive outcomes to ex-
pect following treatment with proton radiotherapy. The 
stable outcomes observed following focal proton radio-
therapy, in domains known to be particularly sensitive 
to decline in photon outcomes research, are notable. 
While these findings are suggestive of neurocognitive 
sparing, additional research with larger samples and 
late survivorship outcomes is needed and ongoing.



811Kahalley et al. Neurocognitive change after proton radiotherapy
N

eu
ro-

O
n

colog
y

excluded from participation due to our interest in long-
term outcomes.

Eligibility and enrollment numbers are reported in 
the consort flow diagram (Fig. 1). A  total of 125 patients 
were enrolled on study. Out of 166 eligible patients, 21 
declined participation (12.7%) and 20 did not schedule 
and/or show for study testing within the baseline window 
(12.0%). Patients who declined to participate did not differ 
from enrolled participants on treatment type, age at treat-
ment, sex, race, or histology (data not shown, all P > 0.05). 
Overall, of 125 enrolled patients who completed base-
line testing, 109 also completed follow-up testing (87.2% 
retention).

The present study examines neurocognitive scores from 
93 patients with data at baseline and follow-up. Data were 
analyzed for English-speaking patients only, given the lim-
ited number of Spanish-speaking patients with available 
data in this sample (n =  6). Surveillance of our Spanish-
speaking population is ongoing. Patients with incomplete 
testing (n = 6) or who were no longer eligible at follow-up 
(ie, received reirradiation for relapse; n =  4) were also 
excluded from analysis.

Measures

Participants were administered the age-appropriate ver-
sion of the Wechsler Scales of Intelligence, the most widely 

used instruments for measuring cognitive ability.18–22 The 
Full Scale IQ (FSIQ) score provides a measure of global 
intellectual functioning. Index scores include: Verbal 
Comprehension (VCI), Perceptual Reasoning (PRI), Working 
Memory (WMI), and Processing Speed (PSI). The VCI meas-
ures verbal reasoning ability. The PRI measures nonverbal 
and fluid reasoning ability. The WMI measures the ability to 
store and manipulate information in short-term memory. 
The PSI measures the speed, efficiency, and accuracy of in-
formation processing. FSIQ and index scores are reported 
as standard scores (mean = 100, standard deviation = 15), 
which are computed from age norms. Lower scores indi-
cate worse functioning. FSIQ reliabilities range 0.83–0.91 
across versions of the Wechsler Scales of Intelligence 
used in this study.18,23–26 The Wechsler Intelligence Scale 
for Children, Fifth Edition (WISC-V) does not generate a 
PRI score. At our request, NCS Pearson (publisher of the 
WISC-V) generated the norms for calculating PRI scores 
from WISC-V subtests to enable comparison of scores 
across versions. WISC-V PRI reliabilities ranged 0.93–0.95 
across ages 6–16.27

Statistical Analyses

Analyses were conducted using SAS for Windows version 
9.4. Summary statistics were stratified by treatment group 
(proton CSI, proton focal, surgery only) and compared 

  
Assessed for Eligibility

(n=219)

Eligible (n=166)

Enrolled (n=125)

Excluded from Enrollment (n=41)
   • Never scheduled/No show (n=20)
   • Declined to participate (n=21)

Ineligible (n=53)
   • Deceased (n=8)
   • Outside eligibility window (n=17)
   • Outside referral/no local follow-up (n=28)

Follow-up Not Available (n=16)
   • Deceased at follow-up (n=12)
   • Lost to follow-up (n=2)
   • Refused follow-up (n=2)

Excluded from Present Analysis (n=16)
   • No longer eligible at follow-up (n=4)
   • Incomplete testing (n=6)
   • Spanish-speaking (n=6)

Baseline Completed
(n=125)

Follow-up Available
(n=109)

Analyzed (n=93)

Fig. 1  CONSORT flow diagram.
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using Fisher’s exact tests, Kruskal–Wallis tests, or Wilcoxon 
rank sum tests. General linear mixed models compared 
change in neurocognitive scores over time between treat-
ment groups. The models included fixed effects for treat-
ment group, time, and a group-by-time interaction term 
as well as a random intercept and slope. Baseline charac-
teristics significant at P < 0.10 in univariable analysis were 
included in the multiple regression models. Covariates 
remained in the models even if they were not significant 
in the multiple regressions. Regression coefficients for 
the multiple regression models were assessed at P < 0.05. 
Residuals plots (residuals vs predicted values) and re-
spective quantile plots assessed model fit. No substantial 
departures from model assumptions were evident for any 
of the outcome measures.

Results

Demographic, clinical, and baseline characteristics are 
summarized and compared across treatment groups in 
Table 1. As expected, the distribution of tumor pathology 
differed across treatment groups, with greater proportions 
of medulloblastoma/primitive neuroectodermal tumors 
in the proton CSI group and gliomas in the surgery only 
group (P < 0.001). The tumor types represented in the sur-
gery only group included: pilocytic astrocytoma (n = 18), 
dysembryoplastic neuroepithelial tumor (n =  7), cranio-
pharyngioma (n = 4), meningioma (n = 3), ganglioglioma 
(n = 2), glioneuroma (n = 2), giant cell astrocytoma (n = 1), 
optic pathway glioma (n = 1), pleomorphic xanthoastrocy-
toma (n = 1), and schwannoma (n = 1). More patients in the 
proton CSI group had infratentorial tumors (P = 0.001) and 
experienced posterior fossa syndrome (P = 0.0004). More 
patients in the proton focal group received a ventriculo-
peritoneal (VP) shunt (P = 0.007). Total prescribed RT dose 
to tumor was higher in the proton CSI group (P = 0.004). 
All patients in the proton CSI group received a tumor bed 
plus margin boost. Most patients across groups received 
craniotomy (80.6%) or other tumor-directed neurosurgical 
procedures (16.2%). Three PRT patients never received 
neurosurgery for resection or biopsy. Treatment groups did 
not differ significantly by sex, race, insurance status, an-
nual household income, tumor size, or Lansky/Karnofsky 
performance score at first clinic visit post diagnosis. Also, 
there were no significant differences in median age at diag-
nosis, age at treatment, follow-up interval, and follow-up 
frequency. Treatment groups did not differ on neurocogni-
tive index scores at baseline.

For each neurocognitive index score (VCI, PRI, WMI, PSI, 
and FSIQ), we created separate linear mixed models to ex-
amine and compare score change over time by treatment 
group. All clinical variables that differed across groups at 
baseline (including histology, tumor location, total pre-
scribed RT dose to tumor, history of posterior fossa syn-
drome, and shunt, as indicated in Table 1) were included as 
covariates in the models. Histology was dichotomized as 
glioma versus all other histologies for regression analyses.

Model results are presented in Table 2 by neurocogni-
tive index. Fig. 2A–E illustrates change in neurocognitive 
scores over time since PRT or surgery for all 3 groups. In 

the proton focal and surgery only groups, scores remained 
stable over time across all neurocognitive indexes (all 
P  >  0.05). In the proton CSI group, VCI and PRI scores 
remained stable over time (both P  >  0.05). WMI scores 
tended to decline by 1.8 points per year on average 
(P = 0.036) in the proton CSI group. Even so, WMI change 
over time (ie, slope) did not differ significantly across 
treatment groups (all P > 0.05). Patients in the proton CSI 
group lost a statistically significant 2.6 PSI points per year 
(P = 0.004) and 1.7 FSIQ points per year (P = 0.017) on av-
erage. PSI and FSIQ score declines (ie, slopes) were sig-
nificantly greater for the proton CSI group compared with 
the proton focal group (P = 0.005 and P = 0.003, respec-
tively) and the surgery only group (P = 0.019 and P = 0.020, 
respectively).

Few risk factors, other than CSI, were identified in the 
overall sample (data presented in Supplementary Table 1). 
A history of posterior fossa syndrome was consistently as-
sociated with lower scores on all 5 indexes (VCI: P = 0.027, 
PRI: P  =  0.008, WMI: P  =  0.014, PSI: P  =  0.014, FSIQ: 
P  =  0.005), even after accounting for CSI and all covari-
ates. History of VP shunt remained associated with lower 
PRI and PSI scores in the final models (P = 0.029 and 0.024, 
respectively). A group-by-time since treatment interaction 
was identified, with longer time from treatment being as-
sociated with lower PSI and FSIQ scores in the proton CSI 
group only (P  =  0.019 and 0.020, respectively). No other 
statistically significant associations were identified in the 
models. Within the proton CSI group, change in index 
scores over time did not depend on CSI dose, all P > 0.05 
(data not shown).

Discussion

In early survivorship (ie, within the first 3 years posttreat-
ment on average), focal PRT was not associated with neuro-
cognitive decline, even in domains known to be particularly 
radiosensitive (eg, processing speed, working memory). 
Neurocognitive trajectories were similarly stable whether 
patients received focal PRT or no RT. Group performance 
was within normal limits for age across indexes, remaining 
stable for up to 6 years posttreatment, in both focal PRT and 
surgery only groups. These findings offer strong support for 
the neurocognitive sparing benefit of focal PRT.

In contrast, as expected, PRT CSI was associated with 
some evidence of neurocognitive risk. In particular, pro-
cessing speed showed the greatest vulnerability post-PRT 
CSI, consistent with XRT outcomes research associating 
higher RT doses to larger volumes of brain with less fa-
vorable neurocognitive outcomes.6,28–31 Working memory 
vulnerability was also identified. The solidly stable per-
formance in verbal and perceptual reasoning domains in 
this group suggests that the decline observed in FSIQ is 
likely driven by declines in processing speed and working 
memory. This pattern of vulnerability in cognitive effi-
ciency domains, rather than a pattern suggestive of global 
intellectual decline, has been observed previously among 
patients treated with XRT.31–33

Baseline scores in the PRT CSI group were broadly 
within normal limits for age across indexes. Average 
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Table 1  Demographic, clinical, and baseline characteristics by treatment group (N = 93)

Proton CSI (n = 22) Proton Focal (n = 31) Surgery Only (n = 40)  

n % N % n % P

Sex 0.622

  Male 13 59.1 14 45.2 21 52.5  

  Female 9 40.9 17 54.8 19 47.5  

Race/ethnicity       0.193

  White 16 72.7 15 48.4 24 60.0  

  Black 1 4.5 6 19.4 5 12.5  

  Hispanic/Latino 3 13.6 9 29.0 11 27.5  

  Asian 2 9.1 1 3.2 0 0.0  

Insurance status†‖       0.281

  Private/commercial insurance 17 77.3 19 61.3 22 55.0  

  Medicaid 4 18.2 8 25.8 14 35.0  

  CHIP 0 0.0 3 9.7 1 2.5  

  TRICARE 0 0.0 0 0.0 2 5.0  

Histology       <0.001

  Glioma 1 4.5 16 51.6 32 80.0  

  Medulloblastoma/PNET 17 77.3 1 3.2 0 0.0  

  Ependymoma 0 0.0 6 19.4 0 0.0  

  Germ cell tumor 3 13.6 3 9.7 0 0.0  

  Craniopharyngioma 0 0.0 4 12.9 4 10.0  

  Other‡ 1 4.5 1 3.2 4 10.0  

Tumor location       0.001

  Supratentorial 6 27.3 21 67.7 30 75.0  

  Infratentorial 16 72.7 10 32.3 10 25.0  

VP shunt       0.007

  Yes 0 0.0 9 29.0 4 10.0  

  No 22 100.0 22 71.0 36 90.0  

Posterior fossa syndrome       0.0004

  Yes 9 40.9 1 3.2 3 7.5  

  No 13 59.1 30 96.8 37 92.5  

 Median Min-Max Median Min-Max Median Min-Max P

  Maximum tumor diameter 
(cm)†

4.3 2.5–7.0 4.0 1.5–7.4 4.6 0.9–7.8 0.670

  Total RT dose to tumor (Gy) 54.0 45.0–54.0 50.4 30.0–59.4 — — 0.002

  CSI dose 23.4 15.0–36.0 — — — — —

  Age at diagnosis, y 10.0 2.2–17.8 8.4 1.0–16.5 9.3 2.2–18.6 0.831

  Age at treatment, y 10.1 4.0–18.2 9.2 3.4–17.1 9.7 2.9–18.6 0.763

  Baseline to last evaluation, y 2.8 0.8–5.4 2.9 0.5–6.1 3.1 1.0–6.0 0.677

  Number of Evaluations 3.5 2–5 3.0 2–6 3.0 2–6 0.438

  Performance score†⍑ 90.0 40.0–100.0 100.0 70.0–100.0 90.0 50.0–100.0 0.133

  Annual household income† $60,000-
$79,999

$10,000-
≥$200,000

$40,000- 
$59,999

<$10,000-
≥$200,000

$60,000- 
$79,999

<$10,000-
≥$200,000

0.653

Baseline neurocognitive scores† Mean (sd) Min-Max Mean (sd) Min-Max Mean (sd) Min-Max P

  VCI 96.3 (11.8) 65.0–116.0 98.0 (18.3) 64.0–138.0 93.6 (16.7) 45.0–127.0 0.516

  PRI 98.3 (15.9) 61.0–129.0 96.7 (17.2) 65.0–129.0 96.3 (20.3) 45.0–137.0 0.921

  WMI 95.8 (14.8) 59.0–116.0 100.9 (20.0) 68.0–138.0 92.5 (19.6) 45.0–124.0 0.217
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Table 1  Continued

Baseline neurocognitive scores† Mean (sd) Min-Max Mean (sd) Min-Max Mean (sd) Min-Max P

decline of 1.7 IQ points per year falls at the low end of 
rates of IQ decline reported in other longitudinal stud-
ies of patients treated with XRT CSI,1,2,34,35 although our 
findings do not provide definitive evidence of a relative 
neurocognitive sparing benefit of PRT for patients treated 
with CSI. Still, the conformality of the tumor bed plus 
margin boost achieved with PRT results in more nor-
mal tissue sparing and, potentially, protection of total 
brain from achieving a threshold dose that could result 
in global impairment. In a prior study,10 our data sug-
gested the greatest IQ insult from CSI occurred early and 
persisted. Following these patients into late survivorship 
will determine whether the decline detected here reflects 
the greatest degree of change that will be experienced by 
these survivors or whether continued decline will be evi-
denced in late survivorship.

The pattern of findings in our PRT CSI subsample differs 
in some ways from neurocognitive change observed in a 
medulloblastoma sample treated with PRT CSI reported 
by Yock and colleagues.11 Yock et al identified significantly 
lower FSIQ, VCI, and PSI scores at follow-up (median fol-
low-up  =  5.2 y), while WMI and PRI scores remained 
stable. The difference in VCI vulnerability between studies 
is notable. Possible differences in clinical characteristics 
between PRT CSI groups may explain differences in out-
comes. For example, the Yock et al sample was younger at 
RT (median age = 6.6 y), and many patients received full 
posterior fossa boost (39%), both factors associated with 
neurocognitive risk.4–6 This contrasts with our CSI sub-
sample, which included patients who were older at RT 
(median age = 10.0 y) and who received boost dose to the 
tumor bed plus margin only.

Our present study replicates the finding of stable IQ 
among pediatric brain tumor patients treated with focal 
PRT reported in a prior retrospective study.10 This repli-
cation of stability is notable and stands in contrast to the 
significant IQ decline observed among patients treated 
with focal XRT as reported by Kahalley et  al in 2016.10 
Together, these reports are suggestive of neurocogni-
tive sparing with focal PRT. Kahalley et al10 did not detect 
significant IQ decline in patients treated with either PRT 
or XRT CSI, although the XRT CSI group exhibited per-
sistently lower IQ scores, suggestive of an initial neu-
rocognitive insult from XRT CSI that resulted in lasting 
but stable impairment. Since the present study identi-
fied significant FSIQ decline in the PRT CSI group, it is 

important to consider methodological differences that 
could explain the discrepant PRT CSI findings between 
the present prospective study and our prior retrospec-
tive study. Differences that could contribute to the 
discrepancy include: the use of standard, consistent 
neurocognitive instruments, systematic baseline and 
follow-up timing, and up to 6 years of follow-up surveil-
lance in the present prospective study compared with 
the use of retrospective clinical data, inclusion of scores 
from different neurocognitive instruments, and vari-
able baseline data acquisition in the prior retrospective 
study. It should also be noted that a relatively high pro-
portion of patients in the PRT CSI group in the present 
study (40.9%) had a history of posterior fossa syndrome, 
which is associated with lasting neurocognitive risk.36 
This proportion is at the high end of incidence rates 
reported historically in samples of pediatric posterior 
fossa tumors (24–39%).37,38 (Incidence of posterior fossa 
syndrome was not reported in the Kahalley et al retro-
spective study.10) Differences in PRT findings between 
studies underscore the importance of long-term out-
comes research in this population. Despite growing 
availability of and interest in PRT, the number of pedi-
atric brain tumor patients treated with PRT  who have 
achieved late survival status to date remains relatively 
small, and our understanding of PRT-related outcomes is 
limited and preliminary.

Factors other than RT modality continue to influence 
neurocognitive trajectories following treatment for pedi-
atric brain tumors. Both history of a VP shunt and history 
of posterior fossa syndrome were associated with neuro-
cognitive risk in the overall sample. Even if PRT is found 
to be associated with neurocognitive sparing (relative to 
conventional XRT), hydrocephalus and postoperative com-
plications (including posterior fossa syndrome and/or cere-
bellar mutism) will likely continue to exert an independent 
influence on outcomes, consistent with findings of XRT 
outcomes research.36,39 Although CSI dose was not associ-
ated with neurocognitive risk after accounting for all other 
variables in our models, it is noteworthy that more of the 
patients diagnosed with posterior fossa syndrome were 
treated with low CSI dose (≤23.4 Gy; n = 7) than high CSI 
dose (>23.4 Gy; n = 2). A higher number of posterior fossa 
syndrome cases in the low dose CSI subgroup is expected, 
since fewer patients presented with high risk disease in our 
sample, but our findings may indicate that posterior fossa 

  PSI 88.2 (19.6) 45.0–128.0 91.7 (18.5) 53.0–132.0 88.1 (18.4) 50.0–120.0 0.725

  FSIQ 94.2 (16.3) 54.0–129.0 95.9 (19.5) 61.0–128.0 93.1 (17.3) 53.0–128.0 0.807

Note. CHIP = Children’s Health Insurance Program; PNET = primitive neuroectodermal tumor; sd = standard deviation.
‡The other histology category includes meningioma (n = 4), choroid plexus carcinoma (n = 1), and schwannoma (n = 1).
†Data were missing for insurance status (n = 3), tumor diameter (n = 1), performance score (n = 12), annual household income (n = 3), VCI (n = 1), 
PRI (n = 5), WMI (n = 3), PSI (n = 4), and FSIQ (n = 2).
⍑Performance score was obtained from Lansky/Karnofsky rating at the first clinic visit after diagnosis.
‖Comparison of insurance status across groups compared government-funded coverage for low-income families (Medicaid and CHIP) vs other (pri-
vate/commercial insurance and TRICARE).
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syndrome carries greater neurocognitive risk than RT dose 
for patients receiving CSI.

Study limitations must be considered. Randomization 
to treatment groups was not practical or ethical. Without 
an XRT comparison group, we are limited in our abil-
ity to draw conclusions about PRT outcomes relative to 
outcomes expected in patients treated with contempo-
rary XRT. Nonetheless, the dearth of outcomes data on 

pediatric brain tumor patients treated with PRT is notably 
disproportionate to the broad awareness of this treat-
ment within the medical community and among parents 
of children receiving a brain tumor diagnosis, and our 
findings are among the first to characterize this popula-
tion. Additionally, future studies should consider a more 
robust assessment of processing speed given its con-
sistent vulnerability to RT effects in both PRT and XRT 

  
Table 2  Linear mixed models of neurocognitive change over time by treatment group and index

Index Score Change Beta 95% CI P

VCI Change    

Slope: proton CSI −0.3 −1.8, 1.1 0.665

Slope: proton focal 0.6 −0.6, 1.9 0.298

Slope: surgery only 0.7 −0.4, 1.8 0.211

Slope difference: proton CSI vs proton focal −1.0 −2.9, 0.9 0.316

Slope difference: proton CSI vs surgery only −1.0 −2.8, 0.8 0.274

Slope difference: proton focal vs surgery only 0.0 −1.7, 1.6 0.963

PRI Change    

Slope: proton CSI 0.0 −2.0, 2.0 0.998

Slope: proton focal 1.1 −0.6, 2.7 0.192

Slope: surgery only 0.7 −0.8, 2.1 0.366

Slope difference: proton CSI vs proton focal −1.1 −3.6, 1.5 0.399

Slope difference: proton CSI vs surgery only −0.7 −3.1, 1.8 0.591

Slope difference: proton focal vs surgery only 0.4 −1.8, 2.6 0.699

WMI Change    

Slope: proton CSI −1.8 −3.6, −0.1 0.036*

Slope: proton focal −0.4 −1.9, 1.0 0.574

Slope: surgery only −0.4 −1.7, 0.9 0.567

Slope difference: proton CSI vs proton focal −1.4 −3.7, 0.8 0.205

Slope difference: proton CSI vs surgery only −1.5 −3.6, 0.7 0.177

Slope difference: proton focal vs surgery only 0.0 −2.0, 1.9 0.973

PSI Change    

Slope: proton CSI −2.6 −4.3,−0.9 0.004**

Slope: proton focal 0.7 −0.7, 2.2 0.315

Slope: surgery only 0.0 −1.3, 1.3 0.993

Slope difference: proton CSI vs proton focal −3.3 −5.6, −1.1 0.005**

Slope difference: proton CSI vs surgery only −2.6 −4.7, −0.5 0.019*

Slope difference: proton focal vs surgery only 0.7 −1.2, 2.7 0.450

FSIQ Change    

Slope: proton CSI −1.7 −3.1, −0.3 0.017*

Slope: proton focal 1.2 0.0, 2.4 0.054

Slope: surgery only 0.4 −0.7, 1.4 0.494

Slope difference: proton CSI vs proton focal −2.9 −4.7, −1.1 0.003**

Slope difference: proton CSI vs surgery only −2.1 −3.8, −0.3 0.020*

Slope difference: proton focal vs surgery only 0.8 −0.8, 2.4 0.302

Note. Models were adjusted for clinical covariates significant on univariate comparisons: histology (glioma vs other), tumor location, total RT dose 
to tumor, posterior fossa syndrome, and shunt. Beta reported for each slope represents the increase/decrease in points per year on each index by 
treatment group. Slope difference compares slopes (ie, change in scores over time) between treatment groups on each index. *P < 0.05, **P < 0.01, 
***P < 0.001.
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Fig. 2  Bold lines are unadjusted mean regressions showing change in neurocognitive scores over time since treatment by group. Shaded bands 
represent the 95% confidence interval for each regression line. *WMI and FSIQ decline, P < 0.05. **PSI decline, P < 0.01.
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samples.11–13,30,31,40 Processing speed is a complex con-
struct, and our measurement approach did not allow for 
parsing out involved components (eg, fine motor skills, 
visual-motor integration) that could differ across groups. 
Still, the longitudinal design, use of standardized assess-
ment, and excellent follow-up rates achieved in this study 
are strengths that outweigh many of these unavoidable 
limitations.

These findings provide preliminary evidence of favor-
able neurocognitive outcomes associated with PRT in 
early survivorship, particularly in patients treated with 
focal PRT. Neurocognitive stability was observed whether 
patients received focal PRT or no RT. CSI remains asso-
ciated with neurocognitive risk in domains traditionally 
associated with RT vulnerability (ie, processing speed 
and working memory); however, PRT CSI was not asso-
ciated with profound impairment in our sample followed 
for up to 6 years post-RT. Despite these encouraging early 
findings, neurocognitive monitoring remains essential 
for all patients who receive RT (regardless of modality), 
consistent with current survivorship guidelines from 
the Children’s Oncology Group.41 Additional research 
with larger samples and longer follow-up is needed and 
ongoing.

Supplementary Material

Supplementary data are available at Neuro-Oncology 
online.
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