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PURPOSE To characterize the association between neurocognitive outcomes (memory and processing speed)
and radiation (RT) dose to the hippocampus, corpus callosum (CC), and frontal white matter (WM) in children
with medulloblastoma treated on a prospective study, SIMBO3.

PATIENTS AND METHODS Patients age 3-21 years with medulloblastoma were treated at a single institution on a
phase Il study. The craniospinal RT dose was 23.4 Gy for average-risk patients and 36-39.6 Gy for high-risk
patients. The boost dose was 55.8 Gy to the tumor bed. Patients underwent cognitive testing at baseline and
once yearly for 5 years. Performance on tests of memory (associative memory and working memory) and pro-
cessing speed (composite processing speed and perceptual speed) was analyzed. Mixed-effects models were
used to estimate longitudinal trends in neurocognitive outcomes. Reliable change index and logistic regression
were used to define clinically meaningful neurocognitive decline and identify variables associated with decline.

RESULTS One hundred and twenty-four patients were eligible for inclusion, with a median neurocognitive follow-
up of 5 years. Mean right and left hippocampal doses were significantly associated with decline in associative
memory in patients without posterior fossa syndrome (all P < .05). Mean CC and frontal WM doses were
significantly associated with decline in both measures of processing speed (all P < .05). Median brain sub-
structure dose—volume histograms were shifted to the right for patients with a decline in associative memaory or
processing speed. The odds of decline in associative memory and composite processing speed increased by
23%-26% and by 10%-15% for every 1-Gy increase in mean hippocampal dose and mean CC or frontal WM
dose, respectively.

CONCLUSION Increasing RT dose to the CC or frontal WM and hippocampus is associated with worse per-
formance on tests of processing speed and associative memory, respectively. Brain substructure-informed RT
planning may mitigate neurocognitive impairment.

J Clin Oncol 40:83-95. © 2021 by American Society of Clinical Oncology

INTRODUCTION

Medulloblastoma survivors are at risk for cognitive
impairment secondary to treatment-related and
disease-related factors. Treatment entails maximal
safe resection, craniospinal irradiation (CSI) with a
boost to the primary tumor bed, and chemotherapy.*
Higher CSI doses and younger age at treatment are
associated with poorer cognitive outcomes.? The ef-
fects of neurocognitive impairment are pervasive, af-
fecting academic performance,® social-emotional
functioning,* and the ability to live independently as
an adult.®

hippocampus plays a primary role in encoding new
memories,®® and neurogenesis within the hippo-
campus is impaired after cranial irradiation.>!* Hip-
pocampal avoidance in adults undergoing whole-brain
RT has resulted in better memory preservation when
compared with standard of care.? In children with low-
grade brain tumors, increased hippocampal dose is
associated with worse memory performance.> With
respect to WM, there is a correlation between de-
creased WM integrity and RT dose, with the largest
changes occurring in the corpus callosum (CC) and
frontal WM.'5Y” Decreased WM integrity within these
regions correlates with specific neurocognitive do-
mains, such as attention and processing speed.!”8
Overall, these data suggest that the hippocampus, CC,

The hippocampus and white matter (WM) are par-
ticularly vulnerable to radiation (RT) injury. The
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CONTEXT

Key Objective

Medulloblastoma survivors are at risk for cognitive impairment secondary to radiation (RT). Brain substructures such as the
hippocampus, corpus callosum (CC), and frontal white matter (WM) are particularly vulnerable to RT injury and are
associated with specific neurocognitive functions. Using data from SJIMBO3, a phase Il study in which children with
histologically confirmed medulloblastoma received craniospinal RT, we investigated the relation between the following:
(1) hippocampal dose and memory, (2) CC dose and processing speed, and (3) frontal WM dose and processing speed.

Knowledge Generated

Higher mean dose to the hippocampi and CC or frontal WM was associated with worse performance on tests of associative
memory and processing speed, respectively.

Relevance

This study sets the stage for implementing substructure-informed RT planning in future medulloblastoma protocols with the
goal of reducing deficits in memory and processing speed, ultimately improving the quality of life of medulloblastoma
survivors.

and frontal WM are particularly vulnerable to injury from RT
and are associated with specific neurocognitive functions.

The increased conformality of modern RT techniques and
the reduction in medulloblastoma boost volume from whole
posterior fossa to tumor bed provide an opportunity to
minimize RT injury to brain substructures critical for
neurocognitive function.’® A better understanding of the
relation between dose to brain substructures and cognitive
outcomes in children will result in RT plans that are opti-
mized to preserve neurocognition. The primary aim of this
study was to use data from SJMBO3 (ClinicalTrials.gov
identifier: NCT00085202), a phase Il study in which
children with histologically confirmed medulloblastoma
received CSI with a focal boost to the tumor bed, to in-
vestigate the relation between the following: (1) hippo-
campal dose and memory, (2) CC dose and processing
speed, and (3) frontal WM dose and processing speed. We
hypothesized that increasing dose to the hippocampus and
CC or frontal WM would adversely affect memory and
processing speed, respectively. The secondary aim was to
understand how RT affected the growth of these sub-
structures by comparing volumetric change in patients with
that in healthy participants.

PATIENTS AND METHODS
Study Population

SIMBO3 patients. Eligible patients included children with
medulloblastoma who were age 3-21 years at diagnosis and
were enrolled on SUIMBO3 at St Jude Children’s Research
Hospital (St Jude; N = 155; Appendix Fig A1, online only).
Patients were enrolled at St Jude from September 2003 to
June 2013. Patients enrolled and treated at non-St Jude
sites were not included in this study. SIMBO3 trial schema
and eligibility criteria have been reported previously.?° In
brief, patients with average-risk disease (MO and gross total
volume or near total volume) received 23.4 Gy of CSI and
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those with high-risk disease (M+ or subtotal volume) re-
ceived 36-39.6 Gy of CSI. All patients received photon
therapy, with a 55.8 Gy boost to the tumor bed, using a 1-
cm clinical target volume margin. Magnetic resonance
imaging (MRI; T1, T2, and/or fluid-attenuated inversion
recovery) was used to define the boost target. Metastases
> 0.5 cm received a boost of 50.4-54 Gy. One high-risk
patient was treated to 41.4 Gy CSI because of extensive
metastases. All patients received adjuvant chemotherapy,
scheduled 6 weeks after completion of RT and consisting of
four cycles of high-dose cyclophosphamide, cisplatin, and
vincristine with stem-cell support. The following clinical
variables were extracted from the medical record database:
age at study enrollment, sex, number of surgeries, com-
pletion of adjuvant chemotherapy, presence of hydro-
cephalus (defined as requiring a shunt, external ventricular
drain, or endoscopic third ventriculostomy), hearing loss
(defined as > 25 dB of hearing loss at 2,000 Hz), posterior
fossa syndrome (PFS; defined according to the 2016 Ice-
land Delphi Consensus Conference),?! median household
income on the basis of residential zip code (estimated using
2006-2010 data from the American Community Survey??),
and molecular subgroup (determined by DNA methylation—
based classification®®).

Patients were excluded if the cumulative RT plan (CSI and
boost) could not be retrieved (n = 14); if the baseline pre-
RT MRI scan was of poor quality, preventing delineation of
brain substructures (n = 5); or if the patient had completed
fewer than two neurocognitive evaluations (n = 12; Ap-
pendix Fig Al).

SJMBO3 was approved by the St Jude Institutional Review
Board. Written informed consent was obtained from pa-
tients, parents, or guardians.

Healthy participants. Eligible participants were age 6-25
years and had no major psychiatric, neurologic, or medical
diagnoses. Participants were enrolled from October 16,
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TABLE 1. Characteristics of SIMBO3 Patients and Healthy Participants

Healthy
Variable SJMBO3 Participants
Total No. of patients or children 124 82
Sex, No. (%)

Female 46 (37) 34 (41)
Male 78 (63) 48 (59)
Median age in years at enrollment (range) 9 (3-21) 13 (6-25)

Hydrocephalus, No. (%)
No 60 (48)
Yes 64 (52)
No. of surgeries, No. (%)
1 98 (79)
2 24 (19)
> 2 2(2)
Posterior fossa syndrome, No. (%)
No 101 (81)
Yes 23 (19)
Craniospinal dose, Gy, No. (%)
234 84 (68)
36 25 (20)
39.6 14 (11)
414 11

Boost to intracranial metastatic disease, No.
(%)

No 108 (87)
Yes 16 (13)
Sites of intracranial metastatic boost,® No. (%)

Suprasellar or infundibulum 11 (58)
Frontal lobe 3 (16)
Occipital lobe 2 (11)
Pineal region 2 (11)
Internal auditory canal 1(5)

Completion of adjuvant chemotherapy, No. (%)

Yes 117 (6)

No 7 (6)
Hearing loss, No. (%)

No 103 (83)

Yes 21 (17)
Molecular subgroup, No. (%)

WNT 18 (14)

SHH 19 (15)

Group 3 or 4 74 (61)

Unknown 13 (10)
Median household income,® $ 48,601

Abbreviations: SHH, sonic hedgehog; WNT, wingless.
2Patients may have more than one intracranial metastatic boost site.

®Median household income is based on zip code and estimated using data from

the American Community Survey.
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2007, to June 08, 2010, with a sex bias to match the patient
population, and were recruited from the community. They
were scheduled for three yearly noncontrast MRI scans
(years 1, 2, and 3) without anesthesia. Written informed
consent was obtained from participants, parents, or
guardians. The imaging Protocol (online only) was ap-
proved by the St Jude Institutional Review Board.

Dose and Volume Analysis

Dose-volume histogram (DVH) data were extracted from
cumulative RT plans. Each substructure was contoured on
the postoperative pre-RT MRI, and the MRI was fused to
the simulation CT. Contours were primarily based on three-
dimensional (3D) T1 postcontrast MRI sequences. The
hippocampus and CC were contoured according to the
RTOG 0933 atlas and published guidelines,?* respectively,
by a board-certified RT oncologist. Frontal WM was auto-
segmented using FreeSurfer Software®® (Laboratory for
Computational Neuroimaging at the Athinoula A. Martinos
Center for Biomedical Imaging; Boston, MA) and verified
manually.

For volumetric analysis of the SJMBO3 population, the 2-
year follow-up 3D T1 postcontrast MRI sequence was used
for contouring if the image quality was adequate (n = 101).
For volumetric analysis of healthy participants, 3D T1
noncontrast MRI sequences were used for contouring if
image quality was adequate and both years 1 and 2 or years
1 and 3 scans were available (n = 82). The slice thickness
was = 1 mm for all MRI scans.

Neurocognitive Assessment

Patients underwent neurocognitive testing at baseline,
defined as after surgical resection and before completion of
RT, and once yearly for 5 years. The testing battery was
consistent across all time points, and the results from the
full battery have been reported previously.?2¢ For this study,
specific measures from the Woodcock—Johnson Tests of
Cognitive Abilities, Third Edition,?” were chosen to char-
acterize memory and processing speed. For memory, these
measures included Visual Auditory Learning (associative
memory) and Numbers Reversed (working memory). For
processing speed, these measures included Visual
Matching (perceptual speed) and a composite measure of
processing speed that combined Visual Matching and
Decision Speed (semantic processing speed). Age-
adjusted standard scores on the basis of a large, repre-
sentative normative sample have a population mean of 100
and a standard deviation (SD) of 15. Lower scores indicate
worse performance. Patients with progressive disease
discontinued protocol-based neurocognitive testing.

Statistical Analysis

Association between cognitive function, brain substructure
dose, and clinical variables. The outcome variable was
neurocognitive performance, as described above. Follow-
up time was calculated from RT start to the last
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neurocognitive test. Neurocognitive evaluations completed
after disease progression were excluded from the analysis.
Linear mixed-effects models were used to estimate longi-
tudinal trends in these neurocognitive outcomes over time.
Each patient was treated as a cluster, and the intercept was
assumed to be random among patients. First, a series of
univariable linear mixed-effects models were built for each
covariate separately. These models included covariates
and covariate-by-time interaction terms (slope). Second,
clinical covariates and their interactions with time were
included in the multivariable model if their interactions with
time were significant on the first step (P < .05); however,
age was always included in the multivariable model. Ad-
ditionally, if the interaction of a dosimetric covariate with
time was significant on univariate analysis (P < .05), it was
carried forward to the multivariable model. Separate mul-
tivariable models were created for the right and left hip-
pocampus, the right and left frontal WM, and the
subdivisions of the CC (genu, body, and splenium). For
each substructure, the Akaike information criterion (AIC)
and Bayesian information criterion (BIC) were used to

compare multivariable models with different dosimetric
parameters (ie, the mean dose [Dynean] and the volumes
receiving 30, 35, 40, and 45 Gy), with lower AIC and BIC
values indicating better models. The multivariable model
with Dimean resulted in the lowest AIC and BIC for each
substructure, and a final stepwise selection was conducted
to remove covariate(s) that turned insignificant in the
multivariable model.

Association between substructure Dp.., and clinically
meaningful neurocognitive decline. Because many factors
can affect neurocognitive scores on repetitive testing, the
reliable change index (RCI) was used to identify patients
with a clinically meaningful decline from baseline for each
neurocognitive measure.?®?° RC| was calculated as follows:

-1

RCI = “SEp

where SED is the SE of difference calculated from the SD of
the test and the test reliability coefficient,?” T; is the
baseline score, and T, is the score at last neurocognitive
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FIG 1. Violin plots of Diyean to (A) the hippocampus, (B) the CC, and (C) the frontal WM, stratified by craniospinal dose. CC, corpus callosum; CSl,

craniospinal irradiation; Dpmean, mean dose; WM, white matter.
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TABLE 2. Parameter Estimates of Multivariable Linear Mixed Models Investigating the Associations of Brain Substructure Mean Dose, Age, and Sex With
Longitudinal Trends in Different Neurocognitive Outcomes

Variable No. of Patients No. of Observations Estimate SE P

Associative memory (no PFS) 99 453

Left hippocampus
Intercept 81.683 12.071 < .001
Sex 8.179 2.716 .003
Time 3.842 2.368 .106
Left Dmean 0.293 0.235 216
Age -0.369 0.325 257
Left Dinean X time -0.109 0.046 019
Age X time 0.188 0.065 .004

Right hippocampus
Intercept 91.539 10.567 < .001
Sex 8.737 2.734 .002
Time 3.803 2.238 .090
Right Drmean 0.093 0.210 .658
Age -0.432 0.324 .185
Right Dnean X time -0.110 0.044 013
Age X time 0.182 0.065 .005

Working memory 117 524
Intercept 96.624 3.843 < .001
Time -2.544 0.753 .001
Age -0.236 0.331 478
Sex 4611 2910 115
Age X time 0.232 0.062 < .001
Sex X time -1.244 0.555 .025

Composite processing speed 122 629

CC genu
Intercept 76.352 9.547 < .001
Time 1.217 1.073 .258
Drnean 0.241 0.234 304
Age -0.225 0.423 597
Drmean X time -0.166 0.026 < .001
Age X time 0.441 0.048 < .001

CC body
Intercept 77.968 10.798 < .001
Time 1.755 1.199 144
[3]— 0.188 0.262 475
Age -0.260 0.420 .536
Dimean X time -0.176 0.029 < .001
Age X time 0.464 0.047 < .001

CC splenium
Intercept 77.457 11.943 < .001
Time 0.375 1.360 .783
Drnean 0.169 0.250 499

(continued on following page)
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TABLE 2. Parameter Estimates of Multivariable Linear Mixed Models Investigating the Associations of Brain Substructure Mean Dose, Age, and Sex With
Longitudinal Trends in Different Neurocognitive Outcomes (continued)

Variable No. of Patients No. of Observations Estimate SE P
Age -0.268 0.416 521
Drmean X time -0.115 0.028 < .001
Age X time 0.472 0.048 < .001

Left frontal WM
Intercept 71.765 10.213 < .001
Time 1.553 1.146 176
[} - 0.371 0.258 162
Age -0.193 0.424 .649
Dean X time -0.178 0.029 < .001
Age X time 0.444 0.048 < .001

Right frontal WM
Intercept 72.416 10.132 < .001
Time 1.750 1.141 126
Right Dimean 0.357 0.259 .170
Age -0.206 0.422 626
Drnean X time -0.185 0.029 < .001
Age X time 0.445 0.048 < .001

Perceptual speed 122 644

CC genu
Intercept 72.432 9.420 < .001
Time 0.516 1.142 651
Drnean 0.369 0.231 112
Age -0.274 0.418 513
Drmean X time -0.179 0.028 < .001
Age X time 0.451 0.051 < .001

CC body
Intercept 74.034 10.682 < .001
Time 1.001 1.279 434
[} - 0.311 0.260 233
Age -0.323 0.415 438
Dean X time -0.187 0.031 < .001
Age X time 0.474 0.051 < .001

CC splenium
Intercept 75.540 11.806 < .001
Time -0.439 1.457 .763
Drnean 0.227 0.247 .359
Age -0.347 0411 0.401
Drmean X time -0.122 0.030 < .001
Age X time 0.480 0.052 < .001

Left frontal WM
Intercept 68.033 10.058 < .001
Time 0.871 1.218 475
[T ignj—— 0.495 0.254 .053

(continued on following page)
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TABLE 2. Parameter Estimates of Multivariable Linear Mixed Models Investigating the Associations of Brain Substructure Mean Dose, Age, and Sex With
Longitudinal Trends in Different Neurocognitive Outcomes (continued)

Variable No. of Patients No. of Observations Estimate SE P
Age -0.248 0.417 .553
Drmean X time -0.191 0.031 < .001
Age X time 0.453 0.051 < .001

Right frontal WM
Intercept 68.261 9.984 < .001
Time 1.112 1.212 359
Drmean 0.495 0.256 .055
Age -0.261 0.416 531
Diean X time -0.200 0.031 < .001
Age X time 0.454 0.051 < .001

Abbreviations: CC, corpus callosum; Dyean, Mmean dose; PFS, posterior fossa syndrome; WM, white matter.

follow-up. RCI results in a zscore similar to the SD index,
and any score below —1.645 signifies a clinically mean-
ingful decline.?® Logistic regression was used to identify
mean substructure doses associated with clinically
meaningful declines. Only patients with both baseline and
follow-up measurements were included in this analysis.

Comparing DVHs of patients with and without clinically
meaningful neurocognitive decline. Permutation testing
was performed to determine whether the median population
DVH of patients with clinically meaningful neurocognitive
decline was significantly different from that of patients
With%cling_vmﬁn a =/.%§igniicme/level (ie,
Ho : Dpecline = DNodecline; H1: Dpecline #Dnodecline).  Per-
mutation testing enables multiple comparisons without the
need for additional correction and provides a nonparametric
method to establish statistical significance.>32 Our per-
mutation test compared the test statistic, T,

Dmax
T= ZD 0<VDecme |)

whe%x is the maximum dose magnitude in the DVH
and Vpeciine (Di) Vo deciine (Di) are the median cumulative
volume magnitudes at D; for the decline and no decline
cohorts of each permutation, respectively.

VNo decline (D)> )

Comparing change in brain substructure volumes of patients
and healthy participants. The outcome variable was the
annual volumetric change in each brain substructure. For
patients, volumetric data were extracted from the baseline
MRI (acquired after surgery and before RT) and from the 2-
year follow-up MRI. For control participants, volumetric
data were extracted from two MRI scans scheduled 1-2
years apart and the baseline MRI was defined as the initial
MR scan. Linear regression was used to model the annual
volumetric change within each treatment group (patients v
healthy participants), adjusting for baseline volume, age,
and sex. Baseline volume was included as a covariate

Journal of Clinical Oncology

because it differed significantly between patients and
healthy participants. All statistical analyses were performed
using R version 4.0.2.

RESULTS
Patient Characteristics

A total of 124 patients were eligible for inclusion in the
study. Descriptive statistics are presented in Table 1. The
median neurocognitive follow-up was 5 years. The number
of patients with neurocognitive testing at each time point
and individual patient data are shown in Appendix Table Al
and Figure A2 (online only), respectively. Eighty-four pa-
tients (68%) were treated on the average-risk arm and
received 23.4 Gy CSl. The remainder were treated
to = 36 Gy CSI with or without intracranial metastatic
boosts. Substructure Dmean varied greatly among patients,
even within the 23.4 Gy CSI group (Fig 1). Patients treated
with = 36 Gy CSI had higher Dneans across all substruc-
tures compared with those treated with 23.4 Gy CSI (Ap-
pendix Table A2, online only). Within average-risk patients,
sonic hedgehog subgroup (n = 15) was associated with
lower right hippocampal Dyean cOmpared with nonsonic
hedgehog subgroups (n = 62; 349 Gy v 453 Gy,
P = .002).

Hippocampus and Memory

Appendix Tables A3-A5 (online only) list univariable models
for associative memory and working memory. Because PFS
was significantly associated with improving associative
memory performance on univariable analysis, we analyzed
multivariable models of patients with and without PFS
separately. In patients without PFS (n = 99), hippocampal
Dmean Was significantly associated with decline in asso-
ciative memory, after accounting for other significant var-
iables such as age and sex (Table 2). In patients with PFS
(n =19), no clinical or dosimetric variables were associated
with the longitudinal trend of associative memory. With
respect to working memory, only age and sex had
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average-risk patients. CC, corpus callosum; Dyean, mean dose; WM, white matter.
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corpus callosum; DVH, dose-volume histogram; WM, white matter.

significant time interactions on multivariable analysis
(Table 2). Figure 2A demonstrates how associative memory
performance changes with hippocampal Dpean, age, and
time in patients without PFS.

CC, Frontal WM, and Processing Speed

CC (genu, body, and splenium) and frontal WM D eans Were
associated with declining scores on tests of composite
processing and perceptual speed, after accounting for age
(Table 2 and Figs 2B-2E). Although hearing loss and

Journal of Clinical Oncology

hydrocephalus were also associated with declining com-
posite processing and perceptual speed on univariable
analysis (Appendix Tables A6 and A7, online only), the
associations were not significant on multivariable analysis.

Brain Substructure DVH and Neurocognitive Decline

The number of patients experiencing meaningful declines
in associative memory, working memory, composite pro-
cessing speed, and perceptual speed were 11 (13%), 18
(22%), 17 (18%), and 24 (24%), respectively (Appendix
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OR (95% CI)
OR (95% CI)
Age (years) 0.64 (0.46 to 0.87)
Age (years) — 0.93 (0.81 to 1.06)
Mean Hipp (L) 1.26 (1.08 to 1.46) Mean Hipp (L) 1.0 (0.92to 1.1)
Mean Hipp (R) 1.23 (1.07 to 1.42) Mean Hipp (R) 1.08 (0.99 to 1.18)
T T T T
0.5 1 15 0.75 1 1.25
OR (95% ClI) OR (95% ClI)
Age (years) 0.57 (0.42 t0 0.77) Age (years) 0.6 (0.46 to 0.77)
Mean Frontal WM (L) _— 1.14 (1.06 to 1.23) Mean Frontal WM (L) —_— 1.12(1.05 to 1.2)
Mean Frontal WM (R) —_— 1.15 (1.06 to 1.24) Mean Frontal WM (R) — 1.13 (1.06 to 1.2)
Mean CC Genu —_— 1.14 (1.06 to 1.23) Mean CC Genu — 1.11(1.05 to 1.18)
Mean CC Body —_— 1.13(1.04 to 1.23) Mean CC Body —_— 1.11 (1.04 to 1.19)
Mean CC Splenium —_— 1.1(1.01to 1.19) Mean CC Splenium —_— 1.08 (1.01 to 1.16)
T T T T
0.5 1 1.3 0.5 1 1.3

FIG 4. The odds of experiencing neurocognitive decline on the basis of age and Dean With respect to (A) associative memory, (B) working memory,
(C) composite processing speed, and (D) perceptual speed. All variables are continuous, and mean doses are represented in Gy. CC, corpus
callosum; Dynean, mean dose; Hipp, hippocampus; L, left; OR, odds ratio; R, right; WM, white matter.

Table A8, online only). Figure 3 demonstrates population
DVHs of patients with and without meaningful decline along
with the corresponding P values of the permutation tests.
The hippocampus median DVH was shifted to the right for
patients with a decline in associative memory (left hippo-
campus: P < .001; right hippocampus P = .001; Figs 3A
and 3B). However, with respect to working memory, the left
hippocampus DVH did not differ between patients with and
without decline (P = .308; Fig 3D), but the right hippo-
campus DVH did (P = .002; Fig 3E). The CC and frontal
WM median DVHs were also shifted to the right for patients
with a decline in composite processing speed and per-
ceptual speed (all P = .025; Figs 3C and 3F-3I, and Ap-
pendix Fig A3, online only). The odds of decline in
associative memory increased by 23%-26% for every 1-Gy
increase in hippocampal Dpean (Fig 4A). The odds of a
decline in composite processing speed and perceptual
speed increased by 10%-15% and 8%-12%, respectively,
for every 1-Gy increase in CC or frontal WM D ean (Figs 4C
and 4D).

Substructure Volumetric Analysis of Patients Versus
Healthy Participants

Participant characteristics are listed in Table 1. Appendix
Figure A4 (online only) shows baseline and follow-up vol-
umes, acquired 1-2 years from baseline. After accounting
for baseline volume, age, and sex, patients demonstrated
decreased annual growth in the first 2 years after therapy
across all brain substructures when compared with healthy
participants (Appendix Table A9, online only).
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DISCUSSION

Delivering RT without disrupting cognitive function repre-
sents a central dilemma in neuro-oncology. Historically,
strategies to mitigate neurocognitive impairment have in-
cluded reducing the craniospinal dose, reducing the boost
volume, and using conformal RT to reduce the dose to
normal brain.?2>33* There is increasing preclinical and
clinical evidence that brain substructures such as the
hippocampus, CC, and frontal WM are differentially sen-
sitive to RT injury.?#3537 To investigate the relation between
brain substructure doses and specific neurocognitive
outcomes, we used data from SIMBO03. We made four
important discoveries: (1) mean substructure dose varied
greatly among patients, even within average-risk patients;
(2) Dnean to certain brain substructures was correlated with
longitudinal change of specific neurocognitive functions; (3)
substructure DVHs were shifted to the right for patients who
experienced clinically meaningful decline, as compared
with those who did not; and (4) brain substructure growth
was impaired in patients, as compared with healthy par-
ticipants. Patients also had reduced baseline substructure
volumes, potentially explained by hydrocephalus.383°
Overall, these data highlight the possibility of cognitively
optimizing RT plans, shifting the RT planning paradigm
from one that is substructure-naive to the one that is
substructure-informed. This work is particularly timely be-
cause hippocampal dose reduction is feasible in the era of
proton therapy and tumor bed boosts if the hippocampus is
contoured as an organ at risk and proton beam angles are
carefully chosen to minimize both hippocampal irradiation
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and beam path length. Coupling such technological ad-
vances with substructure-informed RT planning may pro-
vide the best neurocognitive outcomes.

Declining associative memory performance correlated with
increasing hippocampal dose for patients without PFS. The
odds of a meaningful decline in associative memory in-
creased by 23%-26% for every 1-Gy increase in hippo-
campal Diean. For patients with PFS, associative memory
performance did not correlate with hippocampal dose and
the presence of PFS was associated with improvement in
scores over time. This improvement probably reflects the
timeline of PFS recovery. The severity of symptoms such as
mutism, ataxia, and emotional lability*® is greatest in the
immediate postoperative period; however, symptoms may
improve in subsequent months.*! Unlike associative
memory, working memory did not correlate with hippo-
campal dose after accounting for age and sex. Working
memory is highly dependent on the prefrontal cortex,* in
addition to the hippocampus, and entails short-term active
manipulation of information. Associative memory requires
learning and recall of information and is more dependent
on encoding supported by the hippocampus.

Declining processing speed performance correlated with
increasing dose to the CC and frontal WM. The odds of a
meaningful decline in composite processing speed and
perceptual speed increased by 10%-15% and 8%-12%,
respectively, for every 1-Gy increase in CC or frontal WM
Dmean. Reducing dose to these regions will be difficult
without considering new targeting approaches that carve
out deep frontal WM from the craniospinal target or reduce
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APPENDIX

SJMBO03 patients treated at St Jude
assessed for eligibility
(N = 155)

Excluded patients (n=231)
Did not have a baseline MRI scan of acceptable quality (n=5)
Could not retrieve composite RT plans (CSI and boost) (n=14)

Did not participate in at least two neurocognitive evaluations (n = 12)

Included patients®
(n=124)

FIG A1. Flow diagram. “There were no statistically significant differences in age, sex, and risk group when
comparing SJIMBO3 patients excluded from this study with those included in this study (age, P = .107; sex,
P = .942; risk group, P = .872). CSI, craniospinal irradiation; MRI, magnetic resonance imaging; RT,
radiation.
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FIG A2. Raw individual patient data for (A) associative memory, (B) associative memory for patients without PFS, (C)
associative memory for patients with PFS, (D) working memory, (E) composite processing speed, and (F) perceptual

speed. PFS, posterior fossa syndrome.
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FIG A3. Median population DVHSs for patients exhibiting no decline (solid line, blue) compared with patients exhibiting decline (dotted line, red) in
perceptual speed for the following brain substructures: (A) the CC genu, (B) the CC body, (C) the CC splenium, (D) the left frontal WM, and (E) the right
frontal WM. The shaded region represents the 25th-75th percentile. CC, corpus callosum; DVH, dose-volume histogram; WM, white matter.
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TABLE A1. No. of Patients With Neurocognitive Testing at Each Time Point
Months
Neurocognitive Measure Baseline 12 24 36 48 60
Associative memory 98 102 88 93 86 80
Working memory 88 95 85 93 84 79
Visual matching 108 101 88 93 84 80
108 99 86 90 84 78

Processing speed

© 2021 by American Society of Clinical Oncology
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TABLE A2. Association Between Substructure Dpean @and Risk Group

Substructure Average Risk (median, range [Gy]) High Risk (median, range [Gy]) P
Left frontal WM Dpean 27.76, 24.25-55.93 42.21, 37.85-50 < .001
Right frontal WM Dpean 27.79, 24.28-55.37 42.37, 38.3-46.74 < .001
Left hippocampus Drean 45.26, 29.78-59.02 52.66, 39.83-61.4 < .001
Right hippocampus Dmean 43.89, 26.32-58.89 51.92, 40.89-57.54 < .001
CC genu Dean 25.96, 23.77-62.34 42.26, 37.62-56.04 < .001
CC body Diean 31.79, 24-63.29 43.36, 37.65-48.81 < .001
CC splenium Dpean 41.44, 25.16-60.29 49.56, 38.19-60.23 < .001
Abbreviations: CC, corpus callosum; Dyean, mean dose; WM, white matter.
2Wilcoxon rank-sum test.
TABLE A3. Parameter Estimates of Univariable Linear Mixed Models of Associative Memory Over Time
Variable No. of Patients No. of Observations Estimate SE P
Associative memory 121 547
Left hippocampus
Intercept 89.530 11.305 < .001
Time 5.342 2.087 011
Left Dmean 0.051 0.238 829
Left Dimean X time -0.090 0.044 .043
Right hippocampus
Intercept 92.952 9.768 < .001
Time 5.479 1.927 .005
Right Drmean -0.023 0.212 915
Right Dnean X time -0.096 0.042 .024
Age
Intercept 92.450 3.616 < .001
Time -0.617 0.708 .384
Age -0.051 0.332 877
Age X time 0.171 0.063 .007
Sex
Intercept 88.415 1.823 < .001
Time 1.664 0.354 < .001
Sex 9.246 2.989 .002
Sex X time -1.388 0.579 .017
PFS
Intercept 94.645 1.548 < .001
Time 0.862 0.303 .005
PFS -17.291 3.827 < .001
PFS X time 2.126 0.783 .007

NOTE. Only models with significant time interactions are shown. For dose variables, only Dynean models are shown.
Abbreviations: Dmean, mean dose; PFS, posterior fossa syndrome.
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TABLE A4. Parameter Estimates of Univariable Linear Mixed Models of Associative Memory Over Time in Patients Without PFS

Variable No. of Patients No. of Observations Estimate SE P
Associative memory (no PFS) 99 453
Left hippocampus
Intercept 73.156 11.143 < .001
Time 6.939 2.113 .001
Left Dmean 0.462 0.237 .053
Left Dimean X time -0.132 0.046 .004
Right hippocampus
Intercept 83.158 9.759 < .001
Time 6.839 1.957 .001
Right Drmean 0.255 0.214 234
Right Dinean X time -0.134 0.043 .002
Age
Intercept 99.020 3.695 < .001
Time -1.404 0.745 .060
Age -0.417 0.329 .207
Age X time 0.212 0.064 .001
Sex
Intercept 90.390 1.871 < .001
Time 1.346 0.381 < .001
Sex 10.698 2.968 < .001
Sex X time -1.235 0.605 .042

NOTE. Only models with significant time interactions are shown. For dose variables, only Dynean models are shown.

Abbreviations: Dmean, mean dose; PFS, posterior fossa syndrome.

© 2021 by American Society of Clinical Oncology
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TABLE AS5. Parameter Estimates of Univariable Linear Mixed Models of Working Memory Over Time

Variable No. of Patients No. of Observations Estimate SE P
Working memory 117 524
Right hippocampus
Intercept 97.886 9.528 < .001
Time 3.389 1.890 .074
Right Dmean -0.047 0.207 819
Right Dpean X time -0.087 0.041 .035
Age
Intercept 98.546 3.668 < .001
Time -3.083 0.720 < .001
Age -0.245 0.329 458
Age X time 0.237 0.063 < .001
Sex
Intercept 93.798 1.840 < .001
Time -0.060 0.349 .864
Sex 4.889 2.954 .100
Sex X time -1.300 0.561 .021

NOTE. Only models with significant time interactions are shown. For dose variables, only Dnean models are shown.
Abbreviation: Dyean, mean dose.
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TABLE A6. Parameter Estimates of Univariable Linear Mixed Models of Composite Processing Speed Over Time

Variable No. of Patients No. of Observations Estimate SE P
Processing speed 122 629
CC genu
Intercept 73.373 7.929 < .001
Time 7.013 0.937 < .001
Genu Drean 0.256 0.234 276
Genu Dpean X time -0.203 0.028 < .001
CC body
Intercept 74.658 9.547 < .001
Time 7.414 1.138 < .001
Body Dmean 0.201 0.265 451
Body Diean X time -0.200 0.032 < .001
CC splenium
Intercept 73.841 11.106 < .001
Time 6.265 1.322 < .001
Splenium Diean 0.186 0.255 467
Splenium Dpean X time -0.139 0.031 < .001
Left frontal WM
Intercept 69.096 8.688 < .001
Time 7.458 1.027 < .001
Left Dmean 0.386 0.259 139
Left Dmean X time -0.218 0.031 < .001
Right frontal WM
Intercept 69.515 8.732 < .001
Time 7.603 1.027 < .001
Right Dmean 0.376 0.262 163
Right Dpean X time -0.223 0.031 < .001
Age
Intercept 84915 4.458 < .001
Time —4.701 0.552 < .001
Age -0.291 0.414 484
Age X time 0.488 0.049 < .001
Hearing loss
Intercept 81.490 2.053 < .001
Time 0.679 0.263 .010
Hearing loss 1.381 4941 .780
Hearing loss X time -1.463 0.571 011
Hydrocephalus
Intercept 84.152 2.584 < .001
Time 1.266 0.334 < .001
Hydrocephalus -4.414 3.642 228
Hydrocephalus X time -1.726 0.465 < .001

NOTE. Only models with significant time interactions are shown. For dose variables, only Dynean models are shown.
Abbreviations: CC, corpus callosum; Dyean, mean dose; WM, white matter.
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TABLE A7. Parameter Estimates of Univariable Linear Mixed Models of Perceptual Speed Over Time

Variable No. of Patients No. of Observations Estimate SE P
Perceptual speed 122 644
CC genu
Intercept 68.884 7.828 < .001
Time 6.334 0.996 < .001
Genu Drean 0.389 0.232 .096
Genu Dpean X time -0.215 0.030 < .001
CC body
Intercept 69.981 9.443 < .001
Time 6.679 1.208 < .001
Body Dmean 0.329 0.263 212
Body Diean X time -0.209 0.034 < .001
CC splenium
Intercept 70.918 10.974 < .001
Time 5.553 1.403 < .001
Splenium Diean 0.250 0.252 322
Splenium Dpean X time -0.147 0.032 < .001
Left frontal WM
Intercept 64.711 8.560 < .001
Time 6.793 1.088 < .001
Left Dmean 0.516 0.255 .045
Left Dmean X time -0.230 0.033 < .001
Right frontal WM
Intercept 64.700 8.607 < .001
Time 6.985 1.088 < .001
Right Dmean 0.519 0.258 .046
Right Dpean X time -0.236 0.033 < .001
Age
Intercept 85.598 4.397 < .001
Time -5.828 0.587 < .001
Age -0.380 0.408 .354
Age X time 0.499 0.052 < .001
Hearing loss
Intercept 81.231 2.024 < .001
Time -0.404 0.278 146
Hearing loss 2.154 4.872 .659
Hearing loss X time -1.337 0.607 .028
Hydrocephalus
Intercept 83.791 2.559 < .001
Time 0.198 0.355 578
Hydrocephalus -4.029 3.610 .266
Hydrocephalus X time -1.670 0.492 .001

NOTE. Only models with significant time interactions are shown. For dose variables, only Dnean Models are shown.
Abbreviations: CC, corpus callosum; Dyean, mean dose; WM, white matter.
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TABLE A8. Patient Scores at Baseline and at Last Neurocognitive FU
Neurocognitive Measure No. of Patients (%) Median Score at Baseline (range) Median Score at Last FU (range) Median FU Time? (range)

Associative memory

Decline 11 (13) 115 (86-138) 87 (563-120) 59.6 (9.8-65.3)

No decline 76 (87) 93 (10-128) 100 (61-139) 58.9 (9.9-65.0)
Working memory

Decline 18 (22) 103 (80-125) 83 (53-105) 57.8 (24.2-65.3)

No decline 62 (78) 92 (62-138) 97.5 (65-135) 59.0 (9.8-65.0)
Composite processing speed

Decline 17 (18) 97 (55-110) 72 (29-94) 58.9 (35.0-65.3)

No decline 80 (82) 81 (32-119) 91 (31-125) 58.4 (9.7-65.0)
Perceptual speed

Decline 24 (24) 96.5 (59-113) 69.5 (27-93) 59.6 (10.4-65.3)

No decline 75 (76) 82 (26-124) 86 (26-127) 58.3 (9.7-65.0)

Abbreviations: FU, follow-up; RT, radiation.
aFU time is measured in months from the start of RT to the last neurocognitive test.
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TABLE A9. Parameter Estimates From Linear Models That Investigate the Association Between the Annual Volumetric Change From Baseline and Baseline
Volume, Age at Diagnosis, Sex, and Group (patients v healthy participants)

Variable No. of Patients/Healthy Participants No. of Observations Estimate SE P
Left hippocampus 101/82 183
Intercept 1.248 0.173 < .001
Baseline -0.310 0.044 < .001
Age 0.009 0.004 .020
Sex (female v male) -0.104 0.038 .007
Group (patients v healthy participants) -0.310 0.059 < .001
Right hippocampus 101/82 183
Intercept 1.038 0.186 < .001
Baseline -0.247 0.044 < .001
Age 0.009 0.004 .023
Sex (female v male) -0.061 0.038 .110
Group (patients v healthy participants) -0.219 0.067 .001
cE 101/82 183
Intercept 2.721 0.395 < .001
Baseline -0.248 0.034 < .001
Age 0.035 0.014 012
Sex (female v male) -0.521 0.129 < .001
Group (patients v healthy participants) -0.953 0.151 < .001
Left frontal WM 99/82 181
Intercept 17.965 2.191 < .001
Baseline -0.299 0.028 < .001
Age 0418 0.061 < .001
Sex (female v male) -3.525 0.594 < .001
Group (patients v healthy participants) -2.257 0.624 < .001
Right frontal WM 99/82 181
Intercept 15.588 2.250 < .001
Baseline -0.271 0.028 < .001
Age 0.446 0.062 < .001
Sex (female v male) —3:331 0.607 < .001
Group (patients v healthy participants) -1.919 0.643 .003

NOTE. Annual volumetric change is calculated using data from the first 2 years after the baseline MRI scan. For patients, the baseline MRI scan is defined
as the postoperative MRI before the start of RT therapy. For healthy participants, the baseline MRI scan is the first MRI scan to be acquired.
Abbreviations: CC, corpus callosum; MRI, magnetic resonance imaging; RT, radiation; WM, white matter.
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