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Simple Summary: Through synthesizing studies regarding neurobehavioral impairment of pediatric
brain tumor survivors (PBTS) in the past decade, this meta-analysis found that PBTS are at higher
risk of attention problems, emotional difficulties and psychosocial problems compared to the healthy
population. Future studies should focus on exploring potential interventions for PBTS at risk of
neurobehavioral impairment to improve the long-term psychological outcomes.

Abstract: Purpose: The neurocognitive outcomes of pediatric brain tumor survivors have been
extensively studied but the risk and predictors for neurobehavioral impairment are less clearly
defined. We systematically analyzed the rates of emotional, psychosocial, and attention problems
in pediatric brain tumor survivors. Methods: PubMed, Web of Science, Embase, Scopus, and
Cochrane were searched for articles published between January 2012 to April 2022. Eligible studies
reported neurobehavioral outcomes for PBTS aged 2 to <23 years with a brain tumor diagnosis before
18 years of age. A random-effect meta-analysis was performed in R. Results: The search yielded
1187 unique publications, of which 50 were included in the quantitative analysis. The estimated risk
of having emotional, psychosocial, and attention problems were 15% (95%CI 10-20%), 12% (95%CI
9-16%), and 12% (95%CI 9-16%), respectively. PBTS were more likely to have emotional difficulties
(Hedge’s g = 0.43 [95%CI 0.34-0.52]), psychosocial problems (Hedge’s g = 0.46 [95%CI 0.33-0.58]),
and attention problems (Hedge’s g = 0.48 [95%CI 0.34-0.63]) compared to normal/healthy control
subjects. There was no significant difference in the rates of neurobehavioral impairment between
children with and without history of cranial radiotherapy. Conclusions: PBTS are at elevated risk of
neurobehavioral impairment. Neurobehavioral monitoring should be considered as the standard of
care for PBTS.

Keywords: pediatric brain tumor survivors; neurobehavioral impairment; meta-analysis

1. Introduction

Brain tumors are the most common solid tumors affecting children and adoles-
cents, accounting for approximately 27% of pediatric cancers and affecting approximately
3000 children per year in the United States [1]. The prognosis of pediatric malignancies
has improved dramatically over the past decades, with 70% of children diagnosed with
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cancers in developed countries surviving their illness [2]. Because of the improved survival,
there are new challenges in the long-term management of childhood cancer survivors,
who often require multi-disciplinary care, particularly for their medical and psychosocial
sequalae that might adversely impact their quality of life [3]. Moreover, pediatric brain
tumor survivors (PBTS) typically also have neurocognitive and behavioral problems [4-9].
Given that cranial radiotherapy (RT) is associated with a high risk of neurotoxicity in PBTS,
many survivorship studies have focused on the cognitive outcomes of PBTS [8-14], but
very few studies have investigated the neurobehavioral outcomes.

Neurobehavioral disorders are very common in children and adolescents, affecting
4.4-9.8% of the general pediatric population [15]. However, children with acquired brain in-
jury [16] that can significantly affect the developing brain such as PBTS have a much higher
risk of neurobehavioral disorders. Earlier research on the neurobehavioral outcomes of
PBTS showed that the majority of PBTS did not exhibit clinically significant psychopathol-
ogy [17]. However, recent studies have shown that PBTS are more prone to emotional and
behavioral difficulties and poorer psychosocial well-being that necessitate psychiatric sup-
port and rehabilitation services [18-21]. Besides emotional problems, studies also showed
that PBTS are at risk of internalizing problems such as anxiety and depression [22], whereas
a small number of PBTS might also exhibit externalizing behaviours [23]. Moreover, PBTS
were also more likely to have fewer friendships, with more social problems and social
isolation, and display less leadership compared to their peers and children with other
cancers [19-21]. In addition, adolescents and young adult survivors often have weaksocial
skills and experience difficulties in pursuing education and employment [18]. Another
common late effect seen in PBTS are attention problems that are often associated with
psychosocial and academic difficulties [24]. Earlier studies showed conflicting findings
on neurobehavioral outcomes in PBTS, which might be due to the different tumor types
or treatment modalities across these studies [25]. Some studies found that PBTS with a
history of cranial irradiation or intrathecal chemotherapy had a higher risk of behavioral
and emotional problems [23,26,27]. Despite the importance of neurobehavioral function in
PTBS, it remains unclear whether PBTS have a higher risk of neurobehavioral problems
compared to healthy children, particularly specific neurobehavioral impairments that affect
emotional and psychosocial functioning.

Given the increased survival in PBTS, there needs to be more efforts to understand and
improve the long-term outcomes [28], particularly the risk of neurobehavioral impairments
such as emotional, psychosocial, and attention problems. Such information will be useful
to ensure that PBTS at risk of neurobehavioral impairment can receive early diagnosis
and interventions. This study aims to investigate the rates of emotional, psychosocial,
and attention problems based on survivor-reported or proxy-reported outcomes using
validated assessment scales. As PBTS might not have received detailed neuropsychological
assessment at follow-up, survivor-reported or proxy-reported questionnaires might serve
as good screening tools for PBTS at risk of neurobehavioral problems.

This meta-analysis was conducted to examine the risk of emotional, psychosocial, and
attention problems in PBTS by focusing on studies in the past decade. The study also aimed
to identify the risk factors pre-disposing PBTS to poorer neurobehavioral outcomes.

2. Materials and Methods
2.1. Searching Strategy

We searched PubMed, Scopus Embase, Web of Science, and Cochrane in April 2022
for articles published from 1 January 2012 to 20 April 2022. The following string was used
to search the databases [“CNS tumor” OR “brain tumor” OR “brain Oncology” or neuro-
oncology OR medulloblastomas OR “pilocytic astrocytoma” OR craniopharyngiomas OR
“germ cell tumors” OR glioma OR ependymal OR glioneuronal OR embryonal in Title
Abstract Keyword] AND [children OR pediatric OR adolescent OR toddler OR preschool
OR teen OR teenager OR childhood in Title Abstract Keyword] AND [“social difficulties”
OR “social outcome” OR “social problems” OR “social deficits” OR “emotional difficulties”
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OR “emotional problems” OR “attention deficits” OR “attention problems” OR ADHD OR
“attention deficit hyperactivity disorder” OR “autism spectrum disorder” OR autism OR
“developmental outcomes” OR “behavioral difficulties” OR neurobehavior OR neuropsy-
chological OR psychiatric OR psychosocial OR depression OR anxiety OR internalizing OR
externalizing in Title Abstract Keyword]. Word variations were also searched. References
from the identified studies and relevant reviews were also retrieved and searched. See File
51 for the specific search strings used in each database.

2.2. Study Selection

Assessed articles are screened by two independent reviewers according to the follow-
ing inclusion and exclusion criteria:

2.2.1. Inclusion Criteria

The inclusion criteria were as follows: (1) participants diagnosed with brain tumor
before the age of 18 years; (2) assessed participants between the age of two and 23; (3) as-
sessed at least one of the three aspects of neurobehavioral impairment by validated standard
scales: (a) autistic features/psychosocial problems/psychosocial outcomes; (b) emotional
problems/internalizing problem/externalizing problem; (c) attention deficits/attention
problems; (4) reported original research data; and (5) studies published in English.

2.2.2. Exclusion Criteria

The exclusion criteria were as follows: (1) case study, conference abstract and papers;
(2) no validated standard scales measuring neurobehavioral impairment; (3) norm/clinical
cut-off or healthy control scores were not provided for the scale; (4) data not retriev-
able for calculating either the absolute risk or the standard mean difference (compared
to the population norm or healthy control) of the psychosocial/emotion/attention prob-
lems in PBT participants; (5) researched on paediatric cancer survivor cohort while CNS
paediatric cancer survivor’s data are not provided separately; (6) assessed overall psycho-
logical /neurobehavioral impairment while psychosocial /emotion/attention scores are not
provided separately.

2.2.3. Selection Procedure

Titles and abstracts of assessed papers were first screened by the two reviewers (YW
and WWYT) for potentially eligible studies. Those identified studies were then reviewed in
full text. In each step, disagreement was solved through consensus by the two reviewers.
The inter-rater reliability is calculated in the inclusion process.

2.3. Data Extraction and Quality Assessment

Data (mean, standard deviation, sample size, clinical cut-offs, etc.) required to cal-
culate the standard mean difference and absolute risk for neurobehavioral impairments
in PBTS were retrieved from each study. The assessment results at baseline and at all
follow-up time points were also retrieved from the studies. For studies containing more
than one independent cohort, the data of these cohorts were recorded separately. For
studies reporting more than one measurement in one aspect of the neurobehavioral im-
pairment (psychosocial /emotional/attention), the pooled standard mean difference was
calculated [29]. The risk of methodological bias in each study was rated by the three
independent reviewers (YW, LKL and WWYT) according to the STROBE checklist (method
section) for observational studies [30]. The overall risk of bias was rated as ‘low’, ‘medium’
and ‘high’. Discrepancies in the ratings were resolved by consensus.

2.4. Statistical Methods

A meta-analysis was conducted to synthesize the findings on the risk of neurobehav-
ioral problems in PBTS in the following two aspects: (1) the absolute risk: the proportion of
PBTS who were below the clinical cut-offs for psychosocial, emotional, and attention prob-
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lems from each identified study; and (2) the standard mean difference: the psychosocial,
emotional, and attention problems in PBTS compared to the population norm and healthy
controls. A random-effect model was used to pool the results from the different studies. The
standard mean difference was measured by Hedge’s g. The heterogeneity across studies
was evaluated by I? statistics, with I> > 50% indicating substantial heterogeneity; and the
significance of heterogeneity was examined by an x? test. For pooling the absolute risk and
standard mean differences, self-reported data was used for children aged 12 and above,
whereas parent-reported data was used for children below the age of 12. Subgroup analysis
was conducted to examine categorical moderating factors, including reporting methods
(self-report, parent-report, and teacher-report), comparison groups (healthy control vs.
population norm), and treatments (with or without a history of radio therapy). Peters’
Regression Test [31] and Egger’s test [32] were used to determine the publication bias in
binary meta-analytical outcomes (absolute risk) and standard mean differences (Hedges’
g), respectively. Meta-regression was used to examine moderating factors, including age at
assessment, age at diagnosis, and follow-up time. A p-value < 0.05 was considered to be
statistically significant. All analyses were conducted in R 4.1.1 using the ‘meta’ and ‘esc’
packages [33].

This meta-analysis follows the PRISMA guidelines [34] and is registered in PROSPERO
(ID CRD42022328593).

3. Results

The database searches yielded 3360 results, of which 1387 unique publications were
further reviewed, and 50 studies were included in the final meta-analysis (see Figure 1). The
Cohen’s kappa for the inter-rater reliability of the two independent reviewers throughout
the screening process was 0.82, indicating good agreement. Any disagreements in study
eligibility were discussed and resolved by consensus.

3.1. Study Characteristics

Table 1 gives a summary of the characteristics of the included studies. Among the
50 included studies, 37 (74%) included a heterogeneous sample of PBTS, 13 (26%) included
a cohort of children with a specific type of brain tumor, three (6%) included only participants
were not treated with radio therapy (RT), 10 (20%) included only participants treated with
RT, and 36 (72%) reported a heterogeneous sample of participants with or without RT
treatment. Of the reported neurobehavioral measures, 36 studies reported psychosocial
problems, 33 reported emotional difficulties, and 21 reported attention problems. The
sample size of all included studies was 3581 PBTS, ranging from seven to 665 across
individual studies. The mean age at diagnosis of brain tumor was 7.32 years (SD = 2.53)
and mean age at assessment was 11.73 years (SD = 3.69).

3.2. Absolute Risk of Neurobehavioral Problems in PBTS
3.2.1. Absolute Risk—Attention Problems

The proportion of PBTS whose attention problems were below the clinical cut-off was
reported in 14 studies (n = 1251) (Figure 2a). The pooled absolute risk of PBTS having
attention problems was 12% (95% CI 9-17%). There was a significant level of heterogeneity
across the different studies (I = 54%, p < 0.01) and no significant publication bias was
identified t (15) = 0.36, p = 0.72, Figure Sb5a.

3.2.2. Absolute Risk—FEmotional Difficulties

The proportion of PBTS whose emotional difficulties were below the clinical cut-
off was reported in 21 studies (n = 1257) (Figure 2b). The pooled absolute risk of PBTS
having emotional difficulties was 15% (95% CI 10-20%). There was a significant level of
heterogeneity across the different studies (I = 79%, p < 0.01). No significant publication
bias was observed t (22) = —0.47, p = 0.646 (Figure S5b).
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Table 1. Characteristics of the included studies.

Assessment Age at Age at As- Sample Psychosocial Emotion Attention Report Comparison Risk Radio

Study Tumor Type Tool Diagnosis sessment Size Measure Measure Measure Type Group of Bias Therapy Region
Aarsen 2014 [35] low grade CBCL & YSR 10.02 14.30 12 N Y N arent-& self-reports norm Low N EU
tectal tumor P P
Adduci 2012 [36] mix CBCL & VABS 6.76 9.47 64 Y Y Y parent-report norm Low mix EU
scale adapted
Ait Khelifa-Gallois pilocytic from CBCL, g
2015 [37] astrocytoma SDQ and 6.80 15.10 18 Y Y Y parent-report HC Low N EU
Conners Scale
Albee 2022 [38] mix SSIS 8.87 10.62 51 Y N N parent-report norm Low mix NA
Alias 2020 [39] mix CBCL 7.20 12.50 38 Y Y Y parent-report HC Low mix Asia
Brinkman 2012 [40] embryonal CBCL 1070 11.00 169 Y Y N parent-report norm Low Y NA
Cheung 2019 [41] mix CES-DC 9.70 11.70 77 N Y N self-report norm Medium  mix Asia
Cousino 2017 [42] mix BASC 6.16 14.30 65 N Y N parent- report norm Low mix NA
De Lande 2019 [43] log‘l’i'grrj:e VABS 7.16 12.08 56 Y N N parent- report norm Low mix EU
De Vries 2018 [44] mix BRIEF 6.90 13.80 73 N Y Y parent-report norm Low mix EU
Desjardins 2018 [45] mix CBCL 9.79 10.79 20 N Y Y parent-report norm Medium  mix NA
Desjardins 2019a [46] mix SSRS & BRIEF 5.87 10.41 32 Y Y N parent-report norm Low mix NA
Desjardins 2019b [47] mix SSRS & BRIEF 5.22 11.21 91 Y Y N parent-report norm Low mix NA
Desjardins 2021 [48] mix CBCL 6.09 14.00 26 Y N N parent-report norm Low mix NA
Dessens 2016 [49] mix CBCL 5.80 11.70 13 Y Y Y child- & parent-reports norm Low mix EU
Emond 2016 [50] mix SSI3, SRS & 6.71 12.59 33 Y Y N self-, parent- & HC Medium  mix EU
: SDQ ’ ’ teacher-reports
Gordon 2022 [51 mix SPPC & NTEM 4.14 10.59 65 Y N N self- & parent-reports norm Low mix NA
p g P
Hardy 2018 [24] mix ADHD-RS-IV 6.20 12.00 105 N N Y teagféff;e'ports norm Low mix NA
Heitzer 2019 [52] logi'g:;:e CBCL 0.51 9.90 19 N Y Y parent-report norm Low mix NA
Hocking 2017 [53] mix SSIS 5.66 14.46 36 Y N N parent-report norm Low mix NA
Hocking 2021 [54] mix SRS 6.10 13.72 54 Y N N parent-report HC Low mix NA
Holland 2018 [55] medulloblastoma CBCL 8.02 13.96 33 Y N Y parent-report norm Low Y NA
Hoskinson 2018 [56] mix ABBAA‘SSéI L 10.72 12.76 40 Y Y N parent-report norm Low mix NA
Jurbergs 2019 [57] mix ABAS-II CBCL 2.39 4.52 67 Y Y Y parent-report norm High mix NA
King 2016 [58] medulloblastoma BSI 9.00 NR 198 N Y N self-report Siblings Low mix NA
Kok 2020 [59] mix CBCL 9.17 8.33 21 Y N N teaf}ferf_r;:p&;rts HC Medium N EU
Kristiansen 2019 [60] low-grade BYI, BDI, BAI 8.70 20.8 7 Y Y N self-report norm Medium  mix EU
astrocytoma
Levitch 2021 [61] mix BASC 2.98 10.23 10 N Y N parent-report norm Low mix NA
intracranial
Liang 2013 [62] germ cell ABAS 11.90 17.70 56 Y N N parent-report norm Low Y Asia
. tumor
Moitra & Armstrong mix SCARED-C 6.56 11.40 91 N Y N self-report norm Medium N/A  NA
2013 [63] _ P
Nelson 2021 [64] postenior rf;’(ffa CBCL 1132 5.00 28 Y Y N parent-report norm Low mix NA
Oh 2017 [65] mix K-PRC 10.06 10.33 51 Y Y Y parent-report norm High Y Asia
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Assessment Age at Age at As- Sample Psychosocial Emotion Attention Report Comparison Risk Radio .
Study Tumor Type Tool Diagnosis sessment Size Measure Measure Measure Type Group of Bias Therapy Region
intracranial
Park 2017 [66] germ cell CBCL 12.30 12.60 27 Y Y Y parent-report norm Medium Y Asia
tumor
Puhr 2021 [67] mix CBCL & YSR 6.80 15.70 43 Y Y Y parent- & self-report HC Low mix EU
Raghubar 2018 [68] mix BASC 9.12 11.54 29 N N Y parent-report norm Low mix NA
Raghbar 2019 [69] mix ABAS-IT 6.39 13.37 114 Y N N parent-report norm Low Y NA
Robinson 2015a [70] mix ABAS-II 10.67 10.72 47 Y Y N parent-report norm Low Y NA
Robinson 2015b [71] mix YSR &CBCL 6.94 12.60 17 Y Y Y self- & parent-reports HC Low mix NA
Sands 2012 [72] mix NFI 8.80 23.60 35 N Y Y P ;j}fgg & norm Low Y NA
Schulte 2018 [73] mix CBCL N/A 15.00 665 Y N N parent-report norm * Low mix NA
Shabason 2019 [74] mix dﬁgﬂg . 8.15 1550 528 N N Y clinical diagnosis norm Low mix NA
Sharkey 2021 [75] mix CBCL 6.57 12.60 89 Y Y N parent-report norm Low mix NA
Wier 2019 [76] mix CBCL N/A 12.83 11 Y N N parent-report HC Low mix NA
Willard 2015 [77] log‘l’i'g;f‘:e CBCL 6.80 8.90 80 Y Y Y parent-report norm Low Y NA
Willard 2017 [78] mix CBCL 5.19 11.79 10 Y N Y parent-report HC Low mix NA
Willard 2019 [79] mix SEARS 8.53 1470 20 Y N N self, parent-& norm Low mix NA
teacher-reports

Willard 2021 [80] mix NTEM &BASC 3.61 5.46 23 Y Y N parent-report norm Low mix NA
Wochos 2014 [81] mix BRIEF 4.68 5.81 62 N Y Y parent-report HC Low mix NA
Wolfe 2013 [82] mix SSIS & BRIEF 4.50 9.10 24 Y N N parent-& self-reports norm Low mix NA
Youn 2021 [83] mix CBCL 9.30 0.60 33 Y Y Y parent-report norm Low Y Asia

CBCL: Child Behavior Checklist; YSR: Youth Self-Report; VABS: Vineland Adaptive Behavior Scales; SDQ: Strengths and Difficulties Questionnaire; SSIS: Psychosocial Skills Improvement
System; CES-DC: Center for Epidemiological Studies Depression Scale for Children; BASC: Behavior Assessment System for Children; BRIEF: Behavior Ratings of Executive Function;
SSRS: Psychosocial Skills Rating System; SPPC: Self-Perception Profile for Children; NTEM: NIH Toolbox—Emotion Measures; ADHD-RS-IV: ADHD Rating Scale-IV; SRS: The
Psychosocial Responsiveness Scale; ABAS-II: Adaptive Behavior Assessment System-Second Edition; BSI: Brief Symptom Inventory-18; BAI: Beck Anxiety Inventory; BDI: Beck
Depression Inventory; SCARED-C: Screen for Child Anxiety Related Emotional Disorders—Child version; BYI: Beck Youth Inventories; K-PRC: Korean Personality Rating scale for
Children; NFI: Neuropsychological Functioning Inventory; SEARS: Psychosocial-Emotional Assets and Resilience Scales; CPRS: Psychosocial-Emotional Assets and Resilience Scales; Y:
yes; N:no; HC: healthy control; NA: North America; EU: Europe. N/A: not available. * Solid tumor was used as the comparison group in the study to better synthesize the result,
whereas population norm was used in the meta-analysis.
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3.2.3. Absolute Risk—Psychosocial Problems

The proportion of PBTS whose psychosocial problems were below the clinical cut-
off was reported in 19 studies (n = 1699) (Figure 2c). The pooled absolute risk of PBTS
having psychosocial problems was 12% (95% CI 9-16%). There was a significant level of
heterogeneity across the different studies (I12 = 61%, p < 0.01). Publication bias was not
significant t (20) = 0.12, p = 0.908 (Figure S5c).

3.3. The Standard Mean Difference of Neurobehavioral Impairment in PBTS Compared to the
Population Norm or Healthy Control

3.3.1. Standard Mean Difference—Attention Problems

The level of attention problems in PBTS was reported in 18 studies based on standard
validated scales, with valid comparison groups. Among the studies, 12 compared PBTS to
the population norm and six compared PBTS to healthy controls. There was no significant
difference between the two comparison methods. The analysis revealed increased atten-
tion problems in PBTS compared to the population norm and healthy controls (Hedge’s
g = 0.48 [95%ClI 0.34-0.63], Figure 3a). There was a significant level of heterogeneity across
the different studies (I> = 67%, p < 0.01). The publication bias was not significant, as
revealed by Egger’s test t (18) = 0.92, p = 0.369 (Figure S6a).

3.3.2. Standard Mean Difference—Emotional Difficulties

The level of emotional difficulties in PBTS was reported in 29 studies based on standard
validated scales, with valid comparison groups. Among the studies, 21 compared PBTS to
the population norm, seven compared PBTS to healthy controls, and one study compared
PBTS to their siblings. There were no significant differences between the comparison meth-
ods. The analysis revealed increased emotional difficulties in PBTS compared to the popu-
lation norm and control groups (Hedge’s g = 0.43 [95%CI 0.34-0.52], Figure 3b). There was
a significant level of heterogeneity across the different studies (I? = 63%, p < 0.01). Notably,
there was insignificant heterogeneity in the comparison with healthy controls (1> = 31%),
whereas the heterogeneity remained high in the subgroup that was compared with the
population norm (I? = 69%). No significant publication bias was observed, t (29) = —0.16,
p = 0.877 (Figure Séb).

3.3.3. Standard Mean Difference—Psychosocial Problems

The level of psychosocial problems in PBTS was reported in 32 studies based on
standard validated scales. Among the studies, 25 compared PBTS to the population norm
and seven studies compared PBTS to healthy controls. There was no significant difference
between the two comparison methods. The analysis revealed an elevated level of psy-
chosocial problems in PBTS compared to the population norm and control groups (Hedge’s
g = 0.46 [95%CI 0.33-0.58], Figure 3c). There was a significant level of heterogeneity across
the different studies (I> = 79%, p < 0.01). No significant publication bias was identified
t (31) = 0.35, p = 0.730 (Figure Séc).

3.4. Subgroup Analysis
3.4.1. Reporting Method

The included studies were separated into subgroups according to the reporting method
(self-report, parent-report, and teacher report). No significant differences were observed for
attention problems and emotional difficulties regarding both their absolute risk and stan-
dard mean difference (Figure Sla—d). For psychosocial problems, the self-report subgroup
showed lower absolute risk (3%) compared with the parent-report (13%) and teacher-report
(40%) subgroups (x> = 9.58, p < 0.01), Figure Sle. There were no significant differences
when comparing the standard mean differences of PBTS having psychosocial problems
compared to population norms or healthy controls, among different reporting methods
(Figure S1f). Significant high heterogeneity was observed in the parent-report subgroup
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across all measures. Low heterogeneity was only found in the self-report subgroup in
the absolute risk/standard mean difference of attention problems, the standard mean
difference of emotional difficulties, and absolute risk of psychosocial problems. How-
ever, heterogeneity remained high in other measures in subgroup analysis (Studies with
neurobehavior measures based on more than one reporting method were separated into
different categories as multiple subsamples. Thus, the pooled result in Figure Sla—f could
be different from that in Figures 2 and 3, as the same sample could be counted for multiple
entries (e.g., self-report + parent-report) in this subgroup analysis).
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Study Events Total GLMM, Random, 95% CI GLMM, Random, 95% ClI
Adduci 2012 10 64 0.16[0.08; 0.27] ——

Ait Khelifa-Gallois 2015 18 0.28[0.10; 0.53] i |

Brinkman 2012 169 0.02 [0.00; 0.05] |

de Lande 2019 56 0.16 [0.08; 0.28 .
Desjardins 2019a 32 0.19[0.07; 0.36 —
Desjardins 2019b 91 0.05[0.02; 0.12 -

Dessens 2016_1 29 0.14[0.04; 0.32 ——

]
]
]
]
Dessens 2016_2 0.09[0.02; 0.23] ——
]
]
]

W O N WWWRMDWLWD
[ 5]
(]

Holland 2018 33 0.09[0.02; 0.24 ——
Hoskinson 2018 40 0.07 [0.02; 0.20 ———
Jurbergs 2019 2 67 0.33[0.22; 0.45 ——
Kristiansen 2019 T 0.00 [0.00; 0.41] |

Nelson 2021 28 0.11[0.02; 0.28] —H—

Park 2017 27 0.22[0.09; 0.42] —il
Robinson 2015a 47 0.13[0.05; 0.26] ——
Schulte 2018 108 665 0.16 [0.14: 0.19] il

Sharkey 2021 24 89 0.27[0.18; 0.37] P ——
Willard 2015 10 80 0.12[0.06; 0.22] ——

Wolfe 2013 4 24 0.17 [0.05; 0.37) ——
Youn 2021 _1 0 33 000[0.00;0.11]  H—

Youn 2021 2 8 52 0.15[0.07; 0.28] —F—
Youn 2021_3 113 0.08 [0.00; 0.36] —
Total (95% Cl) 1699 0.12 [0.09; 0.16] -

Heterogeneity: Tau® = 0.4372; Chi® = 53.28, df = 21 (P < 0.01) F=61% | ' ' ' ' !
0 01 02 03 04 05

(©)

Figure 2. (a—c) Absolute risk of pediatric brain tumor survivors having neurobehavioral impairment.
Dessens et al. (2016) [49] and Youn et al. (2021) [83] reported more than one independent cohort
in their study [24,30,36,37,39,40,42,43,45-47,49,55-58,60,61,63-66,70-75,77,81-83]. (a) Abso-lute risk
—attention problems; (b) Absolute risk—emotional; (c) Absolute risk—psychosocial problems.

3.4.2. Treatment

Ten studies exclusively reported PBTS with a history of RT (RT-only) and three studies
exclusively reported PBTS without a history of RT (no-RT). Thirty-seven studies reported a
heterogenous sample including participants that both underwent RT and those that did
not (mix-RT). Figures S2a—c and S3a—c demonstrated the subgroup analysis based on RT
status, and there was no significant difference between the RT-only studies, no-RT studies,
and mix-RT studies across different measures. To increase statistical power, we also pooled
the standard mean difference of aspects of neurobehavioral impairment (social, emotional,
attention) to examine the difference between RT-only and the no-RT group. However, there
was no significant differences between those two groups regarding the standard mean
difference of neurobehavioral impairment (Figure S4).

3.4.3. Meta-Regression

A meta-regression was conducted with the standard mean difference and absolute
risk as the criteria, and age at assessment, age at diagnosis, and follow-up time as the
predictors, respectively. Three different aspects of neurobehavioral impairment (social,
emotional, and attention) were pooled together to increase the standard mean difference.
Age at assessment and age at diagnosis were not significant predictors of either absolute
risk or standard mean difference of neurobehavioral impairment in PBTS (p > 0.3 in all
regression models). A trend was identified whereby the follow-up time was associated
with the standard mean difference ($ = 0.17, p = 0.106), although it did not reach the
significant level.
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3.4.4. Sensitivity Analysis

A sensitivity analysis was conducted through excluding studies with small sample
size (n < 30) and/or were rated as having a "high’ risk of bias. The result revealed that there
was no significant difference compared to the main analysis, see Figure S7a—f.

Study or Std. Mean Difference Std. Mean Difference
Subgroup TE SE Weight IV, Random, 95% CI IV, Random, 95% CI
Adduci 2012 071 01257 64%  0.71[0486;0.096] -
De Vries 2018 017 01175  66% 017 [-0.06;0.40]
Desjardins 2018 08502236 47% 085[041;129] il
Heitzer 2019 116 02186  47% 1.16[073;1.59] ——
Holland 2018 008 01844 54% 008[-028 044]
Jurbergs_2019 063 01112 67% 063[041;085] . 3
0Oh 2017 014 01404 62% 0.14[014;041]
Park 2017 0.38 0.6091 13% 0.38[082;1.57] =
Raghubar 2018 029 01860 53% 0.29[0.08;0659] i
Sands 2012 053 01670 57%  0.53[0.21;0.86] -
Willard 2015 040 01122 67% 040[0.18;062] L3
Youn 2021_1 005 01732 56% 0.05[-0.29; 0.39] —-
Youn 2021_2 055 01389 62% 055[0.28;,082] —.—
Youn 2021_3 088 02775 38% 088[0.34;142] —I—

-
Ait Khelifa-Gallois 2015 070 03606 28% 070[-001;141] -
Alias 2020 070 01612 58% 070[038;102] -
Puhr 2021 044 01879 53% 044[007,081] ——
Robinson 2015b 037 03503 29% 037[032,1.09] —1
Willard 2017 1.30 03701 27%  1.30[057;2.03] —
Wochos 2014 000 01918 52% 0.00[0.38;0.38] +

-
Total (95% CI) 100.0%  0.48[0.34; 0.63] -+
Heterogeneity: Tau” = 0.0737; Chi” = 58.25, df = 19 (P < 0.01); P =67% | ' ‘ '
Test for subgroup differences: Chi® = 0.10,df =1 (P =0.75) -2 -1 0 1 2
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Study or Std. Mean Difference Std. Mean Difference
Subgroup TE SE Weight IV, Random, 95% CI IV, Random, 95% CI
Adduci 2012 1.00 0.1257 36% 1.00[0.75; 1.24]
Albee 2022 -0.16 0.1404  35% -0.16[-0.44;0.12]
Brinkman 2012 036 02786 23%  0.36[-0.19;0.90]
de Lande 2019 051 02000 3.0% 051[0.11;0.90]
Desjardins 2019a 0.14 01772 3.2%  0.14[-0.21;0.49]
Desjardins 2019b 0.04 0.1049  3.7%  0.04[-0.17;0.25]
Desjardins 2021 0.66 0.1965 3.0% 0.66[0.27;1.04]
Gordon 2022 039 01288 35% 0.39[0.14; 0.64]
Hocking 2017 0.10 0.1670  32%  0.10[-0.23;0.42]
Holland 2018 0.88 01844 31% 088[0.51;1.24]
Hoskinson 2018 002 01584 33%  0.02[-0.29;0.33]
Jurbergs_2019 0.79 01229  3.6% 0.79[0.55; 1.03]
Liang 2013 0.53 0.1342  35% 0.53[0.27;0.79]
Oh 2017 0.14 0.1404 35%  0.14[-0.13;0.42]
Park 2017 061 01924 30% 061[0.23;0.98]
Raghbar 2019 097 02298 27% 097[0.52; 1.42]
Robinson 2015a 008 01342 35%  0.08[-0.19;0.34]
Sharkey 2021 085 01063 37% 0.85[065; 1.06]
Willard 2015 0.36 0.1122  3.7%  0.36[0.14; 0.58]
Willard 2019 075 02238 28% 075[0.31;1.19]
Willard 2021 061 02088 29% 061[0.20; 1.02]
Wolfe 2013 005 01926 3.0%  0.05[-0.33;042]
Youn 2021_1 049 01732 32% 049[0.15;0.83]
Youn 2021_2 046 01378 35% 046[0.19;0.73]
Youn 2021_3 0.26 0.2775 2.3%  0.26 [-0.28;0.80]
Ait Khelifa-Gallois 2015 0.00 0.3543  1.8%  0.00 [-0.69; 0.69]
Alias 2020 085 01612 33% 085[0.53;1.17]
Emond 2016 -0.17 0.2466  2.6% -0.17 [0.65; 0.31] —i—
Hocking 2021 127 02236 28% 1.27[0.83;1.71]
Kok 2020 024 02447 26% 024[-0.23,072] —
Puhr 2021 050 0.1887 3.1% 050[0.13;0.87]
Robinson 2015b 061 0.3629 18%  061[-0.10; 1.33] b
Willard 2017 1.16 0.3661 1.8%  1.16[0.44; 1.87]
Total (95% CI) 100.0%  0.46 [ 0.33; 0.58]
Heterogeneity: Tau® = 0.1018; Chi® = 155.91, df = 32 (P < 0.01); I = 79%
Test for subgroup differences: Chi® = 047, df = 1 (P = 0.49) -15 1050 05 1 156
()
Figure 3. (a—c) Standard mean difference of pediatric brain tumor survivors hav-

ing neurobehavioral impairment compared to the population norm and healthy controls.
Youn etal. (2021) [83] reported more than one independent cohort in their study. HC:
healthy control [35-48,50-58,61,62,65-72,75-78,80-83].  (a) Standard mean difference—attention
problems; (b) Standard mean difference—emotional difficulties; (c) Standard mean difference
—psychosocial problems.

4. Discussion

As the survival of children with brain tumors has improved with advancements in
cancer treatment, it becomes essential for healthcare professionals and childcare workers
to have a better understanding of the long-term neurobehavioral sequelae of PBTS. This
meta-analysis is one of the first to synthesize the recent evidence on the prevalence of
neurobehavioral impairment in PBTS. The analysis showed that PBTS have a higher risk
of neurobehavioral impairments compared to healthy subjects or the population norm.
18.9% and 15% of PBTS were found to have emotional difficulties and attention problems,
respectively, when compared to a rate of 5.1% and 4.4% of the pediatric population with
emotional problems and symptoms of inattention/hyperactivity according to a recent U.S.
National Health Interview Survey [84].14.4% of PBTS were found to have psychosocial
problems, compared to only 10.4% of children who were reported to have psychosocial
problems according to a community sample of Dutch children [85].

Despite the well-reported detrimental effects of cranial radiotherapy on cognition and
memory in PBTS, our study did not find significant differences in the rates of neurobe-
havioral impairments between children with or without cranial radiotherapy treatment,
although these inconsistent findings might be related to the small sample sizes and high
heterogeneity among studies. The impact of radiotherapy could vary due to irradiation
dosage [40], tumor location/type [68,70] and follow-up time [77]. It is plausible that the
neurobehavioral outcomes of PBTS are influenced primarily by the injury to the brain and
the treatments received, as well as psychosocial and environmental factors. Having cancer
in early childhood is an early unpleasant experience, as the presence of a life-threatening
disease and the repeated invasive medical procedures can be very traumatic. These early
childhood adversities might lead to neurobiological changes and increase the risk of emo-



Cancers 2022, 14, 3269

13 of 20

tional and behavioral impairments. Hence, it is essential to monitor the neurobehavioral
functioning of PBTS regardless of whether they receive cranial radiotherapy or not.

For the long-term monitoring of neurobehavioral function in PBTS, the screening of
attention problems and emotional difficulties could be achieved using self-reported and/or
parent/proxy-reported questionnaires [86], as our study demonstrated that these ques-
tionnaires showed comparable rates of neurobehavioral impairment. More importantly,
in older PBTS, self-report was found to be a valuable tool for psychosocial assessment,
particularly in adolescents who might not want to discuss their symptoms in a clinical
interview [87]. However, it is important to note that parent reporting is still an essential
method for screening their children’s psychosocial problems, as we found that children
tended to self-report lower rates of psychosocial problems. It is possible that PBTS with
weak psychosocial skills might not be aware of their psychosocial needs, leading to under-
reporting. To facilitate early identification of neurobehavioral impairment in long-term
PBTS, survivorship programs should utilize both self-report and parent/proxy-report
questionnaires for screening of those at risk of neurobehavioral problems. For specific
subgroups of PBTS with low follow-up or low attendance at survivorship clinics, such as
adolescents [88] or those from underprivileged families, clinicians should consider dis-
tributing questionnaires electronically. Although self-/parent-reports cannot be substitutes
for objective neuropsychological assessments, they can certainly be used as a screening tool
to enhance clinical care and better identify those in need of psychological and psychiatric
services and support.

In order to monitor the trajectory of neurobehavioral problems among PBTS, we
propose that all children newly diagnosed with brain tumors should have comprehensive
neurocognitive and behavioral evaluation by healthcare professionals. The initial assess-
ment should include diagnostic interviews conducted by healthcare professionals as well
as using parent and self-report questionnaires. All PBTS should have regular monitoring
for neurobehavioral impairment using parent and self-report questionnaires (Figure 4).
For parent/proxy-report questionnaires, the Child Behavioral Checklist (CBCL) was most
frequently used among the studies included in this meta-analysis. Other parent/proxy-
report questionnaires included the Adaptive Behavior Assessment System-Second Edition
(ABAS-II), the Behavior Ratings of Executive Function (BRIEF) or the Behavior Assessment
System for Children (BASC). Self-report questionnaires such as the Youth self-report (YSR)
can be used for children aged 11 to 18 years (File S2). Children with abnormal scores should
be referred for detailed assessment and referral for psychiatric evaluation and interventions.
Timely interventions such as psychotherapy or problem-solving therapy were found to
be beneficial for PBTS with emotional difficulties or psychosocial problems [89,90]. Social
skills training was found to improve social competence in PBTS [91]. For childhood cancer
survivors with attention problems, psychostimulants such as methylphenidate was found
to significantly improve their sustained attention [92].

This study had several limitations that need to be considered. There was significant
heterogeneity among the included studies due to variations in patient characteristics and
types of treatments across studies. High heterogeneity was also reported by Schulte et al.,
2019 [21] in a systematic review that examined social attainment outcomes in survivors of
pediatric CNS tumors from 2011 to 2018. Some of the heterogeneity could be due to the
comparison group and reporting method. The healthy control subgroup and self-report
subgroup in our analysis appeared to show lower heterogeneity in some measures. How-
ever, that could be due to the small sample size in these subgroups (df < 10). Possible other
sources of heterogeneity include the type and severity of the brain tumor, the assessment
tools, and different treatments. Due to the high heterogeneity, the results from comparing
subgroups shall be interpreted with caution, as the grouping factors (e.g., RT status) could
be confounded by other variables. Although the asymmetry tests for funnel plots did not
reach the significant level in our analysis, publication bias is another inherent limitation
in this meta-analysis, as PBTS with neurobehavioral problems have a higher likelihood of
being reported than studies with negative findings. Our meta-analysis included parent-
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and self-reported data and clinical diagnoses of neurobehavioral impairment in PBTS using
different screening or diagnostic tools. However, we did not include studies using task-
based assessment of neurobehavioral outcome, as the majority of these assessments were
conducted for research purposes rather than in clinical practice. Therefore, our recruitment
strategy and inclusion criteria might be a potential source of selection bias. Longitudi-
nal studies with a larger sample size of PBTS using diagnostic interviews and detailed
behavioral assessments need to be conducted to validate our study findings.

PEDIATRIC
PATIENTS NEWLY
DIAGNOSED WITH

BRAIN TUMOR

Initial assessment prior to commencement of radiotherapy by:

(a) Developmental behavioral/ rehabilitation (DB/R) team* and
(b) Parent/proxy-report questionnaires and
(c) Self-report questionnaires for older children/ adolescents

Formulate rehabilitation plan + rehabilitation training
after initial assessment with interval assessment and
monitoring

Re-assessment 1 year

Refer to DB/R team for assessment Abnormal after initial

+/- interventions if suspected
neurobehavioral impairment

<
<

assessment - repeat
(a) to (c¢) as above

No active behavioral concerns :
review at 2 yearly intervals in
Oncology/ Survivorship Clinic

using (b) parent/proxy-report
or (c) self-report
questionnaires

Figure 4. Flow chart: Monitoring for neurobehavioral impairment in children with brain tumor.
* Developmental behavioral/rehabilitation (DB/R) team includes: developmental behavioral pedia-
trician or equivalent, clinical psychologist (preferably neuropsychologist), occupational therapist,
physiotherapist, speech therapist and medical social worker. The DB/R team is supported by the
child psychiatrist (on consultation basis) and works in close collaboration with the community
pediatricians and educators e.g., school social workers/educational psychologists.
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5. Conclusions

In conclusion, neurobehavioral impairments, including emotional, psychosocial, and
attention problems, are more common in PBTS. Survivor-reported or proxy-reported ques-
tionnaires might serve as good screening tools for PBTS at risk of neurobehavioral problems.
Survivorship programs should offer long-term monitoring of neurobehavioral function in
PBTS. Future studies should focus on exploring potential interventions for PBTS at risk of
neurobehavioral impairment.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cancers14133269/s1, File S1: Searching String for Each Database;
File S2: Assessment Tools Used in the Reviewed Studies; Figure S1: The absolute risk and standard
mean difference (as compared to population norm or healthy controls) of pediatric brain tumor
survivors having neurobehavioral impairment according to different reporting methods; Figure S2:
Absolute risk of neurobehavioral impairment in paediatric brain tumor survi-vors by different radio
therapy status. Figure S3: Standard mean differences of neurobehavioral impairment in paediatric
brain tumor survivors compared to healthy controls and population norm by different radio therapy
status; Figure S4: The pooled standard mean difference of pediatric brain tumor survivors having
neu-robehavioral impairment in patients with or without radiotherapy; Figure S5: Funnel plot of logit
transformation of absolute risk of neurobehavioral im-pairment in paediatric brain tumor survivors;
Figure S6: Funnel plot of standard mean differences of neurobehavioral impairment in paediatric
brain tumor survivors compared to population norm or healthy control; Figure S7: The absolute risk
and standard mean difference (as compared to population norm or healthy controls) of pediatric
brain tumor survivors having neurobehavioral impairment ac-cording to different reporting methods,
excluding studies with high risk of bias and low sample size (n < 30). References [91-114] are cited in
Supplementary Materials.
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