1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Ann Neurol. Author manuscript; available in PMC 2022 March 01.

-, HHS Public Access
«

Published in final edited form as:
Ann Neurol. 2021 March ; 89(3): 534-545. doi:10.1002/ana.25981.

Childhood Neurotoxicity and Brain Resilience to Adverse Events
During Adulthood

AnnaLynn M. Williams, PhD1, Yin Ting Cheung, PhD?, Geehong Hyun, PhD?, Wei Liu, PhD3,

Kirsten K. Ness, PhD1, Matthew J. Ehrhardt, MD1:4, Daniel A. Mulrooney, MD1:4, Nickhill
Bhakta, MD1>, Pia Banerjee, PhD1, Tara M. Brinkman, PhD1-6, Daniel M. Green, MD14,
Wassim Chemaitilly, MDY.7, I-Chan Huang, PhD1, Deokumar Srivastava, PhD3, Melissa M.
Hudson, MD14, Leslie L. Robison, PhD?, Kevin R. Krull, PhD16

1Department of Epidemiology and Cancer Control, St. Jude Children’s Research Hospital
2School of Pharmacy, Faculty of Medicine, The Chinese University of Hong Kong
3Department of Biostatistics, St. Jude Children’s Research Hospital

4Department of Oncology, St. Jude Children’s Research Hospital

SDepartment of Global Pediatric Medicine, St. Jude Children’s Research Hospital
6Department of Psychology, St. Jude Children’s Research Hospital

"Department of Pediatric Medicine, St. Jude Children’s Research Hospital

Abstract

Objective: To use childhood cancer survivors as a novel model to study whether children who
experience central nervous system (CNS) injury are at higher risk for neurocognitive impairment
associated with subsequent late onset chronic health conditions (CHC).

Methods: Adult survivors of childhood cancer (n=2,859, 210 years from diagnosis, =18 years
old) completed a comprehensive neurocognitive battery and clinical exam. Neurocognitive
impairment was defined as age-adjusted Z-score <10 percentile. Participants impaired on >3 tests
had global impairment. CHC were graded using the Common Terminology Criteria for Adverse
Events v4.3 (grade 1:mild, 2:moderate, 3:severe/disabling), 4:life-threatening), and were combined
into a severity/burden score by frequency and grade (none/low, medium, high, and very high).
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1,598 survivors received CNS directed therapy including cranial radiation, intrathecal
methotrexate, or neurosurgery. Logistic regression estimated the odds of neurocognitive
impairment associated with severity/burden score and grade 2—4 conditions, stratified by CNS
treatment.

Results: CNS-treated survivors performed worse than non-CNS-treated survivors on all
neurocognitive tests and were more likely to have global neurocognitive impairment (46.9% vs
35.3%, p<0.001). After adjusting for demographic and treatment factors, there was a dose-
response association between severity/burden score and global neurocognitive impairment, but
only among CNS-treated survivors (high OR=2.24, 95%CI 1.42-3.53; very high OR=4.07, 95%ClI
2.30-7.17). Cardiovascular and pulmonary conditions were associated with processing speed,
executive function, and memory impairments in CNS-treated but not non-CNS-treated survivors,
who were impacted by neurologic conditions.

Interpretation: Reduced cognitive/brain reserve associated with CNS-directed therapy during
childhood may make survivors vulnerable to adverse cognitive effects of cardiopulmonary
conditions during adulthood.

Introduction

There is significant variability in the onset and severity of dementia that can be influenced
by premorbid environmental and health related experiences. Cognitive/brain reserve is one
process proposed to explain these differences and refers to the individual cognitive variation
that influences our ability to compensate for injury/pathology. Higher education and
occupational attainment have been used as surrogates for cognitive/brain reserve in adult
populations, demonstrating lower risk for dementia and less severe clinical courses in
traumatic brain injury, Parkinson’s, and multiple sclerosis.2=® However, when examining the
impact of childhood neurologic injury on adult neurocognitive function, these constructs are
not useful because childhood injury directly influences educational and occupational
attainment. We propose here to use childhood cancer survivors to demonstrate how
diminished brain plasticity and cognitive/brain reserve after cancer therapy may weaken the
brain’s ability to compensate for additional stress/damage in mid-life such as that from
chronic health conditions.”-10

Neurocognitive dysfunction in childhood cancer survivors is frequently associated with
central nervous system (CNS) tumors and CNS-directed therapies including cranial
radiation, neurosurgery, and intrathecal chemotherapy.1! The impact of these therapies is
immediate and may alter brain development, functional integrity, and cognitive/brain
reserve.’~10 Childhood cancer patients are also exposed to systemic therapies that are
associated with high rates of adult-onset physical morbidity, including cardiovascular,
pulmonary, and endocrine chronic health conditions.12 Sixty-eight percent of adult survivors
of childhood cancer have at least one serious, life-threatening, or disabling condition.12
Many of the chronic health conditions childhood cancer survivors experience, such as
diabetes, pulmonary dysfunction, and heart failure, have been associated with
neurocognitive impairment in non-cancer populations.13-15 We propose that the impact of
childhood cancer therapy is progressive and may only become fully apparent as other stress/
damage is placed on the brain, such as that from various chronic health conditions, and that
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those with diminished cognitive/brain reserve from CNS-directed therapy will be more
vulnerable.16

The aim of this study was to characterize the risk of neurocognitive impairment associated
with chronic health conditions in adult survivors of childhood cancers who did or did not
received CNS-directed therapy. We hypothesized that survivors treated with CNS-directed
therapies will be more susceptible to the impact of chronic health conditions on
neurocognitive function compared to those treated without CNS-directed therapies due to
diminished cognitive/brain reserve. These findings may inform on the impact of injury
during brain development from cancer treatment, traumatic brain injury, and other life-
threatening health conditions, on the brain’s ability to compensate for additional aging-
related pathophysiologic injury and stress.

Participants were survivors of childhood cancer treated at St. Jude Children’s Research
Hospital (SJCRH) enrolled in the St. Jude Lifetime Cohort Study (SJLIFE), a dynamic
cohort established to facilitate prospective assessment of health outcomes among long-term
childhood cancer survivors.1” For the current analyses, survivors were followed through July
2017 and must have been treated at SICRH, be at least ten years from diagnosis, and at least
18 years of age. Survivors who were non-English speaking, had a genetic or
neurodevelopmental syndrome associated with cognitive impairment, or neurologic injury
unrelated to cancer treatment (e.g. traumatic brain injury) were excluded. Hematopoietic
stem cell transplantation survivors (n=219) were excluded because of unknown exposure to
the CNS from varying intensity of conditioning regimens and immunologic changes
associated with the transplantation. Of 3,181 potentially eligible survivors, 2,859 (89.9%)
were eligible and included in the analyses (Figure 1). All participants provided written
informed consent and the study was approved by the institutional review board.

Treatment history including chemotherapy (cumulative doses), surgical procedures, and
radiation therapy (fields and doses) were abstracted from medical records. We were
specifically interested in characterizing participants who received cancer treatment
physically directed to the CNS. Therefore, any participant who received cranial radiation
therapy, intrathecal methotrexate, or underwent neurosurgery was classified as having
received CNS-directed therapy (CNS-treated survivor). Along with neurosurgery, cumulative
doses of cranial radiation and intrathecal methotrexate were adjusted for in multivariate
analyses to account for the variability in these exposures as well as their known impact on
neurocognitive function.18 Other treatments that are not directed to the CNS but are risk
factors for neurocognitive impairment in childhood cancer survivors (e.g. intravenous
methotrexate and cytarabine) were also adjusted for in multivariable analyses.

Participants underwent a comprehensive neurocognitive assessment that included tests of
intelligence/academics,19: 20 attention, 2l 22 processing speed,23 24 memory,25 and executive
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function.22: 24, 25 Testing was completed in standardized order and administered by certified
neurocognitive examiners under the supervision of a board-certified clinical
neuropsychologist. Neurocognitive examiners were not blinded to cancer treatment
exposures; however, they were blind to the study hypothesis and any chronic health
conditions the participant may have had. Scores were referenced to national normative data
to generate age-adjusted Z-scores for each neurocognitive outcome. As previously done in
studies using this cohort, neurocognitive impairment was defined as a Z-score below -1.28
(10™ percentile).10: 26 |f a participant was impaired on three or more neurocognitive tests
they were classified as having global neurocognitive impairment.. Results are discussed in
the text for global impairment and one test representative of each cognitive domain; results
from the entire battery are available in the tables and supplementary materials.

Participants also underwent a comprehensive health assessment, including a complete
medical history, physical examination (including resting heart rate, blood pressure, and
electrocardiography), laboratory evaluation (including complete blood count, comprehensive
metabolic panel, fasting lipid profile, insulin, and hemoglobin Alc), physical performance
assessment (including body composition measurement), echocardiography and pulmonary
function tests.1’

Chronic health conditions (CHC) were graded using the SILIFE-modified version of the
National Cancer Institute’s Common Terminology Criteria for Adverse Events (CTCAE)
version 4.3 (Grade 1 = mild, Grade 2 = moderate, Grade 3 = severe or disabling, Grade 4 =
life-threatening).2” Consent for external medical record review was obtained to validate
CHC diagnosed prior to the SJLIFE visit. CHCs could have occurred anytime between
diagnosis and the date of the neurocognitive exam. Thirty-eight different composite groups
of CHC?28 were included in this analysis due to their potential to influence neurocognitive
functioning. These groups were then classified by organ system (cardiovascular, pulmonary,
endocrine, neurologic, or other). For multiple cases of CHC, the highest-grade within a
group or organ system was used. To estimate the impact of multiple CHC of varying
severity, a severity/burden score was calculated according to previously published methods
that take into account the frequency and grade of conditions.2? Survivors were grouped into
hierarchical categories of none/low, medium, high, and very high severity/burden score.
Categories were defined as “none/low” being grade 1 conditions only; “medium” being =1
grade 2 and/or 1 grade 3 condition(s); “high” being =2 grade 3, or 1 grade 4 and 1 grade 3
conditions; and “very high” being =2 grade 4 or =2 grade 3 and 1 grade 4 condition(s).

Statistical Analysis

A prioriwe hypothesized that neurocognitive function of survivors treated with CNS-
directed therapies would be differentially affected by CHC. Therefore, analyses were
stratified by whether or not survivors received CNS-directed therapies. Descriptive
characteristics for demographic and treatment variables as well as CHC were calculated.
One-sample t-tests compared mean age-adjusted Z-scores to the normative mean (mean=0
and SD=1) for each neurocognitive test. Neurocognitive test scores were compared between
CNS- and non-CNS-treated survivors using generalized linear models adjusted for age at
diagnosis, sex, and race. For multiple hypothesis testing adjustment, the FDR-controlling p-
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values with linear step-up method are reported (MULTTEST procedure in SAS).30
Associations with CHC were examined for any neurocognitive test that met the following
criteria for either the CNS- or non-CNS-treated survivors: 1) more than 10% of survivors
were impaired; and, 2) survivors performed statistically significantly worse than population
mean.

Logistic regression was used to estimate the odds of global neurocognitive impairment
associated with the CHC severity/burden score. An interaction term between severity/burden
score and CNS group was added to the model in order to test if the association between
severity/burden score and global impairment differed in CNS- and non-CNS-treated
survivors. Logistic regression also estimated the odds of impairment on each neurocognitive
test associated with associated with any grade 2—4 condition within each system
(cardiovascular, respiratory, endocrine, and neurologic). In exploratory analyses, we also
estimated the odds of impairment associated with any specific CHC that has been previously
associated with neurocognitive impairment in the general population.13-15.31-33 Al models
were adjusted for a priori defined confounders: age at diagnosis, sex, race, time since
diagnosis, cumulative dose of high-dose intravenous cytarabine and high-dose intravenous
methotrexate.18 Models in CNS-treated survivors were further adjusted for neurosurgery,
cumulative cranial radiation dose, and cumulative intrathecal methotrexate dose.18 All p-
values and confidence intervals were corrected for false discovery rate.30: 34

Path analysis was used to explore associations between treatment factors, mediated by CHC
(grade 2—-4, by system), with impairment in a neurocognitive domain (processing speed,
memory, executive function, and attention). A hypothesized a priori model was generated
based on existing literature and findings of our primary analysis for CNS- and non-CNS-
treated survivors. The model was expanded by adding clinically meaningful paths, one at a
time, with a modification index of 3.6 or greater, beginning with the largest index value. The
model was then reduced by removing paths with non-significant coefficients, beginning with
the largest p-value. This process was iterative until the best model-fitting criteria were
achieved; a good fitting model includes a comparative fit index (CFI) and Tucker Lewis
Index (TLI) =0.95, and the Root Mean Square Error of Approximation (RMSEA) <0.05.3°
Analyses were again stratified by whether or not participants received CNS-directed therapy.

There were no missing data for independent variables. Some participants did not complete a
neurocognitive test based on sensory limitations (e.g. vision impairment) or refusal of a
specific test. Missingness for neurocognitive outcomes ranged from 1.6% to 5.6% except for
the TOMAL-2 Visual Selective Reminding test of visual memory (14.7%) because this test
was added to the battery after the study was underway. Missing neurocognitive outcomes
were not imputed and the sample was not restricted to survivors with complete testing as to
not bias the overall findings. All hypotheses testing was 2-sided and considered statistically
significant with an FDR adjusted p-value <0.05. All analyses were completed using SAS 9.4
(SAS Institute, Cary, N.C.) and MPLUS version 7.11.
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Demographic and clinical data for survivors treated with and without CNS-directed therapy
are presented in Table 1. CHC severity/burden scores were similar among CNS-treated
(8.0% none/low, 48.6% medium, 32.3% high, 11.4% very high) and non-CNS-treated (6.8%
none/low, 50.5% medium, 32.9% high, 9.8% very high) survivors (Table 1). Non-CNS-
treated survivors experienced grade 2—4 cardiovascular (47.9% vs. 40.2%, p<0.001) and
pulmonary (34.7% vs. 21.4 %, p<0.001) CHC more frequently than CNS-treated survivors
(Table 2, Supplemental Table 1).

As expected, CNS-treated survivors were more likely to experience global neurocognitive
impairment (46.9% vs. 35.3%, p<0.001). A significant proportion of both non-CNS- and
CNS-treated survivors were impaired on each neurocognitive test (Table 3). Additionally,
CNS-treated survivors performed significantly worse on all neurocognitive tests compared to
non-CNS-treated survivors (Table 3).

High and very high severity/burden scores were significantly associated with higher risk of
global neurocognitive impairment in both groups, with a dose response effect observed
among CNS-treated survivors (high OR=2.11, 95%CI 1.33-3.33; very high OR=4.22,
95%CI 2.40-7.43; Figure 2). The risk of global neurocognitive impairment associated with a
very-high severity/burden score was significantly greater among CNS compared to non-
CNS-treated survivors (OR 1.78, 95%CI 1.01,3.11) while the risk associated with high (OR
0.85, 95%CI 0.61,1.2) and moderate (1.01, 95%CI 0.74, 1.37) severity/burden score was
similar. When specific CNS exposures were examined, survivors who received >30 Gy of
cranial radiation were at highest risk for global impairment associated with a very high
severity burden score (OR 12. 73, 95%CI 2.74,59.18; Figure 2).

Among CNS-treated survivors, any moderate, severe, disabling, or life-threatening (grade
2+) cardiovascular condition was associated with a higher risk of impairment on tests of
verbal reasoning, mathematics, motor-processing speed, and cognitive flexibility, however
only motor-processing speed was statistically significant among non-CNS-treated survivors
(Figure 3, Supplemental Table 2). These associations appeared to be driven by hypertension
and dyslipidemia in both groups. In both groups, hypertension was associated with impaired
motor-processing speed (CNS OR 1.49, 95%CI 1.13-1.96, non-CNS OR 2.16 95%CI 1.52—
3.08) and cognitive flexibility (CNS OR 1.57 95%CI 1.15-2.14, non-CNS OR 1.54 95%ClI
1.04-2.28) while dyslipidemia was associated with impaired motor-processing speed (CNS
OR 1.85 95%CIl 1.36-2.52, non-CNS OR 1.70 95%Cl 1.12-2.57).

Among CNS-treated survivors, grade 2+ pulmonary conditions were associated with a
higher risk of impairment on tests of verbal reasoning, mathematics, attention, motor
processing speed, and visual memory (Figure 3, Supplemental Table 2), and appeared to be
attributable to functional pulmonary deficits rather than chronic respiratory disease.
Functional pulmonary deficits were associated with an increased risk of impairment in
verbal reasoning (OR=2.26, 95%ClI 1.62-3.13), mathematics (OR=1.98 95%CI 1.42-2.74),
attention (OR=1.93, 95%CI 1.23-3.02), motor processing speed (OR=1.56, 95%CI 1.13-
2.15), and visual memory (OR=1.79, 95%CI 1.22-2.53) among CNS-treated survivors but

Ann Neurol. Author manuscript; available in PMC 2022 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Williams et al.

Page 7

not among non-CNS-treated survivors. No statistically significant associations with chronic
respiratory disease were observed.

Although no statistically significant associations with grade 2+ endocrine conditions were
noted in either group (Figure 3, Supplemental Table 2), abnormal glucose metabolism was
associated with impaired motor processing speed among CNS-treated (OR=2.09, 95%ClI
1.48-2.95) and non CNS-treated survivors (OR=1.79, 95%CI 1.05-3.05). Among CNS-
treated survivors abnormal glucose metabolism was also associated with impaired cognitive
flexibility (OR=1.56, 95%CI 1.06-2.31) and hypothyroidism was associated with increased
risk of impairment on mathematics (OR=1.44, 95%CI 1.02-2.03) and cognitive flexibility
(OR=1.51, 95%CI 1.10-2.08). Interestingly, hypothyroidism appeared protective for
impairment on cognitive flexibility among non-CNS-treated survivors (OR=0.59, 95%Cl
0.36-0.96).

Any grade 2+ neurologic condition was associated with an increased risk of neurocognitive
impairment on all neurocognitive tests in both non-CNS- and CNS-treated survivors (Figure
3, Supplemental Table 2). Among CNS-treated survivors, cerebrovascular disease and
peripheral neuropathy contributed similarly to risk of neurocognitive impairment (Figure 4).
Notably, among non-CNS-treated survivors, peripheral neuropathy was significantly
associated with neurocognitive impairment in all domains (Figure 4, all p<0.001).

Exploratory path analyses revealed cranial radiation dose had significant indirect effects
through neurologic conditions on attention and executive function, as well as through
pulmonary conditions for a higher risk of memory impairment (Figure 5). Significant
indirect associations of neurosurgery through neurologic conditions on impairment in
memory, attention, processing speed, and executive function were also observed. Among
survivors treated without CNS therapy, anthracycline dose and chest radiation dose had an
indirect effect on processing speed through cardiovascular conditions (Figure 5).

Discussion

This large prospective cohort of clinically evaluated survivors of childhood cancer provides
novel data on the potential susceptibility of children who experience brain injury during
childhood to future adverse effects of CHC on neurocognitive functioning during adulthood.
While both groups experienced an increased risk of neurocognitive impairment associated
with high and very high severity/burden CHC scores, a dose response relationship was in
CNS-treated survivors only. Further, the risk global neurocognitive impairment associated
with a very-high severity/burden score was greater among CNS-survivors compared to non-
CNS-treated survivors. Among CNS-treated survivors, those with cardiovascular or
pulmonary CHC were at significantly higher risk of neurocognitive impairment compared to
CNS-treated survivors without these CHC. Among non-CNS-treated survivors, primarily
neurologic conditions were associated with a significantly higher risk of domain specific
neurocognitive impairment. These compelling data suggest that survivors treated with
therapy directly affecting the CNS may be more vulnerable to the effects of accumulating
CHC on neurocognitive functioning as they age.
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Childhood cancer survivors experience significantly greater morbidity from CHC as they
age. We demonstrate that increasing number and severity of CHC conditions is associated
with an increased risk of neurocognitive impairment, which appeared greater in magnitude
among CNS-treated survivors. The accumulation of co-existing CHC is a second neurologic
insult, added in aggregate to the initial insult to cognitive/brain reserve and plasticity from
direct therapy to the CNS during childhood.?: 3¢ Similar “double hit” hypotheses have been
proposed to explain slower recovery after traumatic brain injury in children with attention
deficit hyperactivity disorder or worse neurocognitive function in IV drug users who are
seropositive for HIV.37-39 The dose response effect of chronic health burden suggests an
aggregating pathology that accumulates over time resulting in premature or exacerbated
neurocognitive dysfunction. These effects are more pronounced in CNS-treated survivors,
suggesting that the CHC are a second hit in CNS-treated survivors that produces greater
neurocognitive functional impairment. Non-CNS-treated survivors, who presumably have
greater cognitive/brain reserve following treatment and experience their first “hit” to
cognitive/brain reserve with the development of chronic health conditions, are able to remain
above the threshold for functional neurocognitive impairment, which may help to explain
why some estimates were similar in magnitude to estimates from the CNS-treated group but
did not reach statistical significance.4? Differences in the age at treatment and brain
plasticity may influence how the child’s brain rebuilds and responds after treatment and how
susceptible they may be to the second hit of CHCs. Similarly, evidence suggest changes in
connectivity after childhood cancer that may have differing ability to compensate for the
original and subsequent injuries.*! Future research is warranted to examine the
neuropathological effects of chronic health conditions in this population.

Similar to our findings, a study from the Childhood Cancer Survivor Study found that
cardiopulmonary conditions were associated with an increased risk of impairment in self-
reported task efficiency and memory.31 We have expanded on these findings using
prospectively collected, objective data that permitted evaluation of the independent effects of
cardiovascular and pulmonary events and as well as specific health conditions in survivors
who did and did not receive CNS-directed therapy. We have demonstrated that the risk of
objective neurocognitive impairment associated with cardiopulmonary conditions is more
frequently associated with pulmonary dysfunction and that magnitude of these effects
appeared larger, and more often statistically significant, in CNS-treated survivors.
Pulmonary function deficits may result in neurocognitive impairment through altered
cerebral perfusion, reduced blood oxygenation, and altered neurotransmitter metabolism.
42-44 |mpaired lung function and cardiovascular disease are also associated with increased
oxidative stress, inflammation, and a pro-coagulant state that places patients at risk for
cerebrovascular disease which was significantly associated with neurocognitive impairment
in this study.*4-46 We also report that hypertension, another risk factor for cerebrovascular
disease and decreased cerebral perfusion, was associated with impairment in executive
function and processing speed domains. Hypertension has long been recognized as a
common risk factor for cognitive decline and dementia as well as cerebrovascular disease
across various age groups in the general population.?” Hypertension and cerebrovascular
disease are preventable and treatable risk factors that childhood cancer survivors experience
at rates higher than expected in their peers with increasing risk the further they are from
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treatment.*8: 49 Thus, future research is warranted to examine how interventions tailored to
childhood cancer survivors that improve cardiovascular, pulmonary, and cerebrovascular
health impact neurocognitive functioning.

In both CNS and non-CNS-treated survivors, neurologic conditions were associated with a
greater risk of neurocognitive impairment in all domains. The magnitude of the effect
appeared greater among non-CNS-treated survivors for tests of memory. In CNS-treated
survivors neurologic conditions mediated the effects of cranial radiation and neurosurgery
on neurocognitive function, which suggests that prevention or improved management of
these conditions (e.g., seizures) may maintain or improve neurocognitive functioning. Large
effect sizes were seen in both groups for peripheral neuropathy (which includes both motor
and sensory neuropathy). Previous studies have associated pain with memory impairments>®
and animal models suggest that peripheral nerve injury increases the concentration of tumor
necrosis factor-alpha in peripheral blood, cerebrospinal fluid, and the hippocampus
suggesting that peripheral neuropathy may contribute to neuroinflammation and subsequent
neurocognitive impairment.®! Additional research is needed to understand the
biopsychosocial components of peripheral neuropathy and its effects on neurocognitive
functioning in this population.

This study has several notable strengths including objective systematically and prospectively
collected clinical data on neurocognitive functioning and 38 different CHC. We were also
able to examine effect modification by CNS-directed treatment history, a surrogate for
damage to cognitive/brain reserve, and examine both organ system level and specific CHC.
An important limitation of this study is the lack of neurocognitive data on survivors
immediately after the completion of treatment. However, in sensitivity analyses that
excluded patients with CNS tumors, arguably those most immediately affected by treatment,
results were similar. Further, in path analyses the effects of both cranial radiation and
neurosurgery were mediated by neurologic conditions for each neurocognitive domain.
Nonetheless, while our data were collected prospectively, in our sample the frequency of
incident chronic health conditions between two subsequent neurocognitive exams was too
small to evaluate a true longitudinal effect. There were 22 survivors of CNS tumors who did
not receive CNS-directed treatments included in the non-CNS-treated group. Recognizing
the potential for the tumor itself to influence cognitive/brain reserve, we conducted a
sensitivity analyses omitting these survivors which yielded very similar results. Additionally,
there may be residual confounding by factors related to diagnosis group that influenced
treatment choices and subsequent outcomes, chronic health conditions, and neurocognitive
function that we were unable to account for. Lastly, some of the modified CTCAE grading
criteria utilized to classify CHC do consider treatment of the CHC, however, we were not
able to fully characterize all potential medications/lifestyle interventions that may have
influenced these associations. We will continue to follow these patients in order to examine
the effects of incident CHC and medical or lifestyle intervention on neurocognitive
improvement/decline over time.

In summary, we demonstrate that increased severity and burden of CHC is associated with
an increased risk for global neurocognitive impairment and that survivors treated with direct
therapy to the CNS during childhood and adolescence appear more vulnerable to the effects
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of very-high severity/burden of CHC on neurocognitive function during adulthood. These
findings may be considered as a model to examine the potential chronic health condition-
related exacerbation of neurocognitive impairment in other populations with early life brain
injury, such as traumatic brain injury, organ failure/transplant, hydrocephalus, epilepsy, and
other neurodevelopmental disorders. Future research is warranted to examine how
interventions tailored to childhood cancer survivors that improve cardiopulmonary and
neurologic health impact neurocognitive functioning. In addition, modification of treatment
paradigms, tailored to those patients who have had direct therapy or injury to the CNS, that
decrease the risk for cardiopulmonary and neurologic conditions, may also improve
neurocognitive functioning and should be considered.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:

Participant enrollment and completion flowchart
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Figure 2: Risk of Global Neurocognitive Impairment Associated with Severity/Burden Score
Among A) CNS Treated Survivors and Non-CNS-Treated survivors and B) Specific CNS
Exposures.

The bars and error bars below represent odds ratios and 95% confidence intervals for the risk
of global neurocognitive impairment (age adjusted Z-score <10t percentile on >3 tests)
associated with severity/burden score. The black dotted line represents the null reference
association (OR=1, none/low burden score). In both CNS- and non-CNS-treated survivors, a
high or very high severity/burden score was associated with an increased risk of global
neurocognitive impairment compared to those with no conditions or a low burden score. A
dose response relationship between burden score and risk of global neurocognitive
impairment exists among CNS-treated survivors. Those with a low severity/burden score
have only grade 1 condition, those with a medium score have =1 grade 2 and/or 1 grade 3
condition, those with a high score have = 2 grade 3 conditions or 1 grade 4 and 1 grade 3
conditions, those with a very high score have > 2 grade 4 events or = 2 grade 3 conditions
and a grade 4 condition. Logistic regression models are adjusted for age at diagnosis, gender,
race, time since diagnosis, any high-dose cytarabine and cumulative dose of high-dose
methotrexate. The CNS model is further adjusted for neurosurgery, cumulative cranial
radiation dose, and intrathecal methotrexate dose.
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Figure 3: Risk of Neurocognitive Impairment Associated with A)Cardiovascular or Pulmonary
Conditions and B) Endocrine or Neurologic Conditions.

The bars and error bars below represent odds ratios (OR) and 95% confidence intervals for
the risk of neurocognitive impairment associated with any grade 2 or higher condition. The
black dotted line represents the null reference association (OR=1, no grade 2 or higher
condition). Logistic regression models are adjusted for age at diagnosis, gender, race, time
since diagnosis, any high-dose cytarabine and cumulative dose of high-dose methotrexate.
Central nervous system (CNS) models are further adjusted for neurosurgery, cumulative
cranial radiation dose, and intrathecal methotrexate dose.
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Figure 4: Risk of Neurocognitive Impairment Associated with Cerebrovascular Conditions or
Peripheral Neuropathy.

The bars and error bars below represent odds ratios (OR) and 95% confidence intervals for
the risk of neurocognitive impairment associated with any grade 2 or higher cerebrovascular
conditions (red) or peripheral neuropathy (blue) condition among A) CNS-treated and B)
non-CNS-treated survivors. Cerebrovascular conditions included cerebrovascular disease or
accidents and intracranial hemorrhage. The black dotted line represents the null reference
association (OR=1, no grade 2 or higher condition). Logistic regression models are adjusted
for age at diagnosis, gender, race, time since diagnosis, any high-dose cytarabine and
cumulative dose of high-dose methotrexate. CNS models are further adjusted for
neurosurgery, cumulative cranial radiation dose, and intrathecal methotrexate dose.
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Figure 5: Structural Paths for the Mediation of Treatment Effects on Neurocognitive Function.
Final path models are presented for each outcome. Models are adjusted for sex, age at

diagnosis, and time since diagnosis. Model fit indices are represented by the comparative fit
index (CFI), Tucker-Lewis index (TLI), and the root mean square error of approximation
(RMSEA). Each model includes only significant paths and is labeled with a standardized
beta. Curved lines with double arrows indicate covariances between chronic health
conditions. Neurologic, pulmonary, cardiovascular, and endocrine conditions were
significantly associated with one another and allowed to covary.
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Table 1:

Demographic, clinical and treatment characteristics.

CNS-Treated Survivors (N=1567)

Non-CNS-Treated Survivors (N=1292)

N (%) M (SD) N (%) M (SD)

Age at evaluation, years 33.0 (8.84) 36.2 (9.84)
Age at diagnosis, years 7.6 (4.80) 9.1(6.33)
Time since diagnosis, years 25.5 (9.05) 27.1(9.57)
Male 835 (53.30) 653 (50.54)
Race/Ethnicity

White, non-Hispanic 1345 (85.83) 1012 (78.33)

Black, non-Hispanic 185 (11.81) 258 (19.97)

Hispanic 20 (1.28) 14 (1.08)

Other 17 (1.08) 8(0.62)
Diagnosis

Acute lymphoblastic leukemia 977 (62.35) 1(0.08)

CNS tumor 324 (20.68) 22 (1.70)

Ewing sarcoma 6 (0.38) 72 (5.57)

Hodgkin lymphoma 6 (0.38) 330 (25.54)

Neuroblastoma 0 (0.00) 106 (8.20)

Non-Hodgkin lymphoma 162 (10.34) 43 (3.33)

Osteosarcoma 2(0.13) 119 (9.21)

Retinoblastoma 3(0.19) 101 (7.82)

Rhabdomyosarcoma 17 (1.08) 81 (6.27)

Soft tissue sarcoma 6 (0.38) 64 (4.95)

Wilms tumor 2(0.13) 183 (14.16)

Others? 62 (3.96) 170 (13.16)
Radiation

Any radiation treatment 867 (55.33) 749 (57.97)

Cranial radiation (Gy) (yes) 822 (52.46) 32.1(19.4)
<20 227 (27.53) 17.7 (2.0)
> 2010 30 321 (39.10) 24.2(1.2)
>30 274 (33.37) 53.2 (21.0)

Chest (Gy) (yes) 27 (1.72) 46.7 (3.5) 380 (29.40) 36.7(25.7)
<35 13 (48.15) 23.3(9.7) 243(63.95) 23.1(6.5)
>35 14 (51.85) 68.5 (35.2) 137(36.04) 61.1(28.6)

Chemotherapy (mg/m?)
High-dose IV cytarabineb 123 (7.85) 16053 (12945) 6 (0.46) 25647 (18394)
Standard-dose IV cytarabine 898 (57.31) 6284 (5157) 9(0.70) 1473 (720)
High-dose IV methotrexate? 721 (46.01) 14112 (9694) 101 (7.82) 86920 (40971)
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CNS-Treated Survivors (N=1567)

Non-CNS-Treated Survivors (N=1292)

N (%) M (SD) N (%) M (SD)

Standard-dose 1V methotrexate 642 (40.97) 2334 (1634) 136 (10.53) 278 (606)
Intrathecal methotrexate 1156 (73.77) 174 (112)
IV Vincristine 1256 (80.15) 36 (27) 716 (55.42) 26 (19)
Anthracycline 931 (59.41) 158 (116) 733 (56.73) 243 (111)
Cyclophosphami ded 902 (57.56) 9459 (6516) 732 (56.66) 10530 (7453)
Cisplatin 55 (3.51) 343 (216) 153 (11.84) 451 (205)
Corticosteroid (All) (Yes/No) 1132 (72.24) 249 (19.27)

Neurosurgery (yes) 370 (23.61)

Chronic Health Condition Severity/Burden Scoref
None/Low 126 (8.0) 88 (6.8)
Medium 762 (48.6) 652 (50.5)
High 506 (32.3) 425 (32.9)
Very High 173 (11.1) 127 (9.8)

CNS: central nervous system; M(SD): mean and standard deviation; I1V: intravenous; Gray empty cells are not applicable.

a . . . . . . . . . . . .
Acute myeloid leukemia, chronic myeloid leukemia, colon carcinoma, histiocytosis, germ cell tumors, liver malignancies, myelodysplastic

syndrome, nasopharyngeal carcinoma, other carcinoma, other leukemia, and other malignancy,

bhigh dose: 1g/m2 per treatment,

cbased on COG Long-Term Follow Up Guidelines 2018,

dGreen at al Pediatr Blood Cancer 2014 Jan; 6(61(1):53-67,

e . . .
methylprednisolone, prednisolone, and prednisone,

fLow: having only grade 1 conditions; Medium: having >1 grade 2 and/or 1 grade 3 condition; High: having = 2 grade 3 conditions or 1 grade 4
and 1 grade 3 conditions; Very High: =2 grade 4 events or = 2 grade 3 conditions and a grade 4 condition.
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Frequency of none, grade 1, and 2-4 chronic health conditions” in CNS- and non-CNS-treated survivors.

Table 2:

CNS-Treated | Non-CNS-Treated | p-value
Any Cardiovascular
None/Grade 1 937 (59.8) 6736 (52.1) <0.001
Grade 24 630 (40.2) 619 (47.9)
Any Respiratory
None/Grade 1 1231 (78.6) 843 (65.3) 0.001
Grade 2-4 336 (21.4) 449 (34.7)
Any Endocrine
None/Grade 1 295 (18.8) 289 (22.4) 0.020
Grade 24 1272 (81.2) 1003 (77.6)
Any Neurologic
None/Grade 1 942 (60.1) 932 (72.1) 0.001
Grade 2-4 625 (39.9) 360 (27.9)

JChronic health conditions classified based on Bhakta et al Lancet 2017{Bhakta, 2017 #340},

Zdyslipidemia includes hypertriglyceridemia or hypercholesterolemia,

functional pulmonary deficits include obstructive, restrictive or diffusion abnormalities on pulmonary function tests,

chronic respiratory disorder included asthma or chronic obstructive pulmonary disease.
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Table 3:

Comparison of CNS- and non-CNS-treated survivors on neurocognitive outcomes.
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Neurocognitive Outcomes” CNS-Treated (N=1597) Non-CNS-Treated (N=1292)

Global Cognition Mean (SD) | \mpairment! o6 (9506 c1y | Mean (SD) ImpairmeCnIt)l % (95% p?
Verbal reasoning -0.471 *(1.15) 21.64 (19.60, 23.68) -0.223 *(1.06) 15.04 (13.09,17.00) <0.001
Non-Verbal reasoning -0.116 (1.04) 12.03 (10.45, 13.75) 0.118 *(0.91) 7.12 (5.77,8.67) <0.001

Academics
Word reading -0.3947(0.77) 10.11 (8.63, 11.74) -0.2347(0.63) 4.31 (3.17,5.44) <0.001
Mathematics 0,697 *(1.10) 24.02 (21.88, 26.26) -0.445*(0.92) 14.95 (12.95,16.95) <0.001

Attention
Sustained Attention -0.327 *(1_40) 16.70 (14.86, 18.67) ~0.052 *(1_21) 10.33(8.70,12.14) <0.001
Variability -0.352 *(1_25) 17.74 (15.85,19.75) -0.268 (1.20) 15.51 (13.55,17.63) 0.023
Commissions -0.092 (1.11) 12.97 (11.32,14.76) 0.095* (1.04) 10.33 (8.70,12.14) <0.001
Focused attention ~0.252 *(1_44) 17.99 (16.12,20.00) 0.240 *(1.13) 8.95 (7.45,10.64) <0.001

Processing speed
;;izggl-motor processing —0.417 *(1'14) 26.08 (23.91,28.34) -0.018 (1.00) 12.13 (10.38,14.05) <0.001
Motor processing speed 10447 (1.52) 36.40 (34.01,38.85) ~0.5847(1.31) 23.24 (20.95,25.65) <0.001

Memory
Short-term memory -0.290*(1.03) 12.36 (10.77,14.10) -0.0427(0.994) 7.38 (6.01,8.94) <0.001
Verbal Learning ~0.192*(1.27) 17.31 (15.46,19.28) -0.005 (1.14) 12.68 (10.90,14.63) <0.001
Short-term verbal recall -0.236 " (1.27) 18.60 (16.69,20.62) -0.082 (1.10) 13.23 (11.42,15.22) <0.001
Long-term verbal recall 0.3417(1.30) 22.34 (20.29,24.50) 0.2017(1.16) 18.20 (16.11,20.43) <0.001
Visual memory® -05887(1.22) 31.16 (28.66,33.75) ~0251%(1.12) 21.60 (19.27,24.08) <0.001

Executive function
Perseveration 03547 (1.36) 18.53 (16.61,20.57) -0.1637(1.20) 14.61 (12.71, 16.69) <0.001
Working memory -0.318%(0.97) 9.80 (8.37,11.38) ~0.156 % (0.90) 4.20 (3.17,5.44) <0.001
Cognitive flexibility ~0.793*(1.71) 30.87 (28.58,33.23) ~0.262*(1.48) 20.34 (18.17,22.65) <0.001
Verbal fluency -0.418(1.16) 27.23 (25.03,29.51) -0.166 ¥ (1.10) 17.77 (15.72,19.96) <0.001

CNS: central nervous system.
A

Higher scores for these measures are indicative of better functioning,
*

indicates mean is statistically significantly (P<0.05) different from population mean of 0 (SD=1).

1 . . . . .
Impairment defined as having a Z-score below the 1oth percentile compared to national norms,

linear regression models to compare neurocognitive performance in survivors treated with and without direct CNS-targeted therapies adjusted for

age at diagnosis, sex, and race, corrected for the false discovery rate,
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315% of participants missing this test due to late addition to study protocol.
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