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ABSTRACT ARTICLE HISTORY
Survivors of Pediatric Brain Tumors (PBTs) treated with cranial Received 18 March 2022
radiation therapy (CRT) often experience a decline in neurocogni- Accepted 18 January 2023

tive test scores. Less is known about the neurocognitive develop- KEYWORDS
ment of non-irradiated survivors of PBTs. The aim of this study was Pediatric brain tumor:
to statistically model neurocognitive development after PBT in both neurocognition; survivorship;
irradiated and non-irradiated survivors and to find clinical variables late complications;
associated with the rate of decline in neurocognitive scores. A total longitudinal

of 151 survivors were included in the study. Inclusion criteria:

Diagnosis of PBT between 2001 and 2013 or earlier diagnosis of

PBT and turning 18 years of age between 2006 and 2013. Exclusion

criteria: Death within a year from diagnosis, neurocutaneous syn-

dromes, severe intellectual disability. Clinical neurocognitive data

were collected retrospectively from medical records. Multilevel lin-

ear modeling was used to evaluate the rate of decline in neurocog-

nitive measures and factors associated with the same. A decline was

found in most measures for both irradiated and non-irradiated

survivors. Ventriculo-peritoneal (VP) shunting and treatment with

whole-brain radiation therapy (WBRT) were associated with a faster

decline in neurocognitive scores. Male sex and supratentorial lateral

tumor were associated with lower scores. Verbal learning measures

were either stable or improving. Survivors of PBTs show a pattern of

decline in neurocognitive scores irrespective of treatment received,

which suggests the need for routine screening for neurocognitive

rehabilitation. However, survivors treated with WBRT and/or a VP

shunt declined at a faster rate and appear to be at the highest risk of

negative neurocognitive outcomes and to have the greatest need

for neurocognitive rehabilitation.

Children treated for Pediatric Brain Tumors (PBTs) are at increased risk for impairment
in neurocognitive functioning (de Ruiter et al., 2013; Stavinoha et al., 2018) e.g., sequelae
in cognitive processing speed, attention, working memory, and executive functions
(Kahalley et al., 2013). The vast majority of studies examining neurocognitive function
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in survivors of brain tumors are cross-sectional and have shown several factors to be
associated with a less favorable neurocognitive outcome: demographic factors (low socio-
economic status (Oprandi et al., 2022; Patel et al., 2015) young age at diagnosis (de Ruiter
etal., 2013; Schreiber et al., 2014), clinical factors (type, grade, size, and location of tumor
(Fraley et al., 2019; Tonning Olsson et al., 2014), and treatment factors (cranial radiation
therapy (CRT) (de Ruiter et al., 2013; Robinson et al., 2013), chemotherapy (Riva et al,,
2002), surgical complications (Ater et al., 1996). Also, post-treatment factors have been
associated with worse neurocognitive outcomes, e.g., chronic health conditions
(Williams et al., 2021), health behaviors (Tonorezos et al., 2019), and pain (Krull et al.,
2018; Tonning Olsson et al., 2021). Longer time since diagnosis have been associated with
worse neurocognitive outcomes in cross-sectional studies (de Ruiter et al., 2013), which
might indicate exacerbation of neurocognitive sequelae over time. Longitudinal studies
are few, almost exclusively North American, and focus on survivors treated with CRT
and/or chemotherapy (de Ruiter et al.,, 2013). Less is known about the longitudinal
development of survivors treated with surgery only and survivors treated outside
North America.

The existing longitudinal studies of survivors of PBTs find different neurocognitive
trajectories depending on treatment modality: 1) whole-brain radiation therapy
(WBRT), 2) focal radiation therapy (RT), or 3) surgery only.

(1) Studies examining survivors treated with WBRT (the majority of longitudinal
studies) suggest a significant decline over time with Full Scale IQ (FSIQ) scores
drops ranging from 1 to 4.3 standard scores (SS; m =100, sd =15) per year
(Kieffer-Renaux et al., 2005; Knight et al., 2014; Moxon-Emre et al., 2014;
Mulhern et al., 2005; Palmer et al., 2013; Ris et al., 2001, 2013). Data from
a longitudinal study (Palmer et al., 2001), examining both raw data and standar-
dized IQ scores in 44 survivors of medulloblastoma, suggest that the decline may
reflect slower development rather than deterioration of intellectual capacity. It is
not known for how long this decline in neurocognitive scores continues. A few
studies, fitting quadratic statistical models to their data, as compared to linear
ones, have found a steep decline in IQ immediately following treatment, then
plateauing over several years (Mabbott et al., 2005; Palmer et al., 2003; Spiegler
et al., 2004). Factors associated with a faster decline in neurocognitive scores in
survivors treated with WBRT are higher radiation dose (Merchant et al., 2014;
Moxon-Emre et al., 2014) younger age at diagnosis (Merchant et al., 2014;
Mulhern et al., 2005; Palmer et al., 2003; Ris et al., 2001, 2013), treatment with
ventriculo-peritoneal (VP) shunting (Moxon-Emre et al., 2014), higher baseline
IQ (Palmer et al., 2013; Ris et al., 2001, 2013), and posterior fossa syndrome
(Moxon-Emre et al., 2014). Some studies have shown females to have a steeper
decline in neurocognitive scores (Ris et al., 2001), while others have found no sex
differences (Mulhern et al., 2005).

(2) Few longitudinal studies have examined neurocognitive development after focal
cranial radiation therapy (CRT) and the results are mixed. In an early longitudinal
study of 43 survivors, Ellenberg et al. found WBRT, but no other type of treat-
ment, to be related to a decline in neurocognitive scores (Ellenberg et al., 1987).
Netson et al. (2012) found no decline in IQ scores in a study including 123
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survivors of childhood ependymoma, and similar results in another study includ-
ing 139 survivors of craniopharyngiomas and low-grade gliomas (Netson et al.,
2013). However, in a re-analysis of these data, also including survivors of high-
grade gliomas and using person-oriented statistical methods, the authors found
38% of the 350 survivors to improve slightly over the first years post-diagnosis,
followed by a decline in neurocognitive scores from 4 years post-diagnosis
(Willard et al., 2019). Survivors showing this pattern were more likely to be
younger at diagnosis, to have been treated with more surgeries before CRT and
to have hydrocephalus requiring ventriculo-peritoneal shunting (Willard et al.,
2019). Few longitudinal studies have found, or even explored, sex differences in
survivors treated with focal RT. One study examining processing speed in a mixed
group of survivors of PBT found females to outperform males after stratifying
survivors on age, but found no differences in rate of decline in scores (Jacobson
et al., 2019). Even if tumor location might be thought of as an important factor
when examining neurocognition in survivors treated with focal radiation, quite
few studies have explored this and findings are inconclusive. In a large study
including 194 survivors of brain tumors treated with and without WBRT and/or
focal RT, hemispheric location of tumor (as compared to midline location) was
associated with a faster decline in IQ scores (Fouladi et al., 2005). In contrast,
another study found infratentorial location to be associated with worse neurocog-
nitive performance (Weusthof et al., 2021) and yet another study found no
significant associations (Jacobson et al., 2019).

(3) Several cross-sectional studies have found significant neurocognitive impair-
ment in survivors treated with surgery only (Aarsen et al., 2004; Beebe et al.,
2005; Ris et al., 2008). Longitudinal studies on this group of survivors are few.
Existing studies are typically small, including survivors treated with surgery only
as a control group. Results from these studies are inconclusive, most of them
showing no decline in neurocognitive scores over time (Fraley et al., 2019;
Heitzer et al., 2019; Kahalley et al., 2019; Packer et al., 1989; Stargatt et al,,
2007). Fouladi et al. (2004) even found improved neurocognitive performance in
a subsample of survivors of PBTs, treated with surgery only (n = 37). However,
in this study 20% of the subsample treated with surgery only had “severe mental
retardation” (a much higher rate than expected in the general population).
A more recent study (Weusthof et al., 2021), including 47 survivors treated
with surgery only, found declining scores from baseline to 42 months post-
diagnosis, for measures of non-verbal reasoning and processing speed. In sum,
previous studies, longitudinal and cross-sectional, suggest that survivors treated
with surgery only are at risk for negative neurocognitive sequelae, albeit to
a lesser extent than survivors treated with chemotherapy and CRT (Brinkman
et al., 2016; Ris & Beebe, 2008) but more research is needed on long-term
neurocognitive development.

The aim of this retrospective longitudinal cohort study was twofold: (1) to analyze the
rate of decline in neurocognitive scores in a large European population-based, hetero-
geneous sample of survivors of PBTs and (2) to examine the influence of clinical variables
on the rate of decline in neurocognitive scores.
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Materials and methods
Participants

Skane University Hospital supplies cancer treatment to all patients diagnosed with PBT's
and living in the southern part of Sweden. In 2006, a neuropsychological follow-up
screening program for all survivors of PBTs was started at our institution with
a neuropsychological assessment scheduled at baseline (i.e., before surgery if possible,
or directly after surgery when the child had recovered), one, three, and five years after
diagnosis, and at 18 years of age before transfer to adult healthcare. The goal of the
program was to identify and offer rehabilitation to survivors with neurocognitive seque-
lae and to learn more about risk factors and neurocognitive trajectories. The study period
was 2006-2013, and all survivors included in the neuropsychological follow-up program
during these years were included in the study, i.e., all survivors diagnosed with a PBT
between year 2001 and 2013 (n=199), together with survivors diagnosed 1993-2001,
turning 18 years of age between year 2006 and 2013 (n =25), see Figure 1. Exclusion
criteria were death within a year of diagnosis (n =20), presence of a neurocutaneous
syndrome affecting cognitive performance (n = 30), (De Winter et al., 1999; Winterkorn
et al., 2007) or severe intellectual disability, i.e., at a neurocognitive level where neurop-
sychological assessment was not feasible (n = 3).

Of the 171 survivors eligible for the study, 20 did not undergo neuropsychological
screening and were excluded from the study. The main reasons for these survivors not
entering the neuropsychological follow-up program were as follows: unclear diagnosis,
older age (soon to be transferred to adult healthcare), and caregivers opting out of the
program because the survivor did not report any cognitive difficulties. This left 151
survivors in the study (88.3% participation rate).

Measures

All data were collected retrospectively from medical and neuropsychological records. All
neurocognitive assessments were recorded, including those done outside the fixed inter-
vals of the neuropsychological assessment program. The neuropsychological assessment
program included a test battery designed to measure cognitive abilities commonly
affected in survivors of PBTs (J. A. Limond et al., 2015; J. Limond et al., 2020) i.e,,
measures of general intelligence, verbal and non-verbal reasoning, cognitive processing
speed, working memory (auditory and visual), verbal learning, sustained attention, and
executive function. Unfortunately, measures of visual working memory, sustained atten-
tion, and executive function were collected for a minority of survivors and were therefore
excluded from further analyses. Measures of general intelligence (full scale IQ) were
excluded in the final analyses as many participants’ neurocognitive profiles were uneven
and their ability considered to be better represented by sub-scales. During the course of
the study, different neuropsychological measures (or versions) were used, and data from
similar tests were collapsed. Data were collected within five different domains:

(1) Verbal reasoning: a full Verbal Comprehension Index from an age-appropriate
Wechsler test (Wechsler, 2003) or an estimation from administered subtests
(Information, Similarities, Vocabulary, and Comprehension; for children younger
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Diagnosis of PBT year 2001-2013 n=199

Diagnosis 1993-2000, turning 18 years of
age year 2006-2013 n=25

Death within a year after
diagnosis n=20

Neurocutaneous syndromes
n=30

Severe intellectual disability
n=3

Eligible survivors n=171
(Diagnosis 2001-2013 n=150

Diagnosis <2001 n=21)

No neuropsychological
assessment, n=20

Survivors included in the study n=151
(Diagnosis 2001-2013 n=133
Diagnosis <2001 n=18)

Participation rate: 88.3%

Figure 1. Flowchart participants, PBT=pediatric brain tumor.

than 4 years of age also Receptive Vocabulary and Picture Naming). For children
younger than 2.5 years of age: Bayley Scales of Infant and Toddler Development
III (Bayley, 2006) language subscale.

(2) Non-verbal reasoning: a full Wechsler Perceptual Organization Index, an estima-
tion from administered subtests (Picture Completion, Picture Arrangement, Block
Design, Object Assembly), or Raven’s Standard or Colored Matrices (Raven et al.,
2000) (in a few cases when a Wechsler test was not administered).
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(3) Auditory working memory: A full Wechsler Freedom from Distractibility Index
(subtests Digit Span and Arithmetic) or a single result on Wechsler Digit Span.

(4) Cognitive processing speed: a full Wechsler Processing Speed Index (subtests
Coding and Symbol Search) or a single result on Wechsler Coding.

(5) Verbal learning: Nepsy Wordlist Memory (Korkman, 2000) or Rey Auditory
Verbal Learning Test (total score for 5 presentations), (Schmidt, 1996) or, for
children younger than 8 years of age, Nepsy Narrative Memory (Korkman, 2000).

Most neuropsychological evaluations were carried out by neuropsychologists working in
the Pediatric Neuropsychology Service at Skdne University Hospital, with an order of
subtests and administration routines optimized to reduce fatigue and increase rapport.
All raw scores were converted to standard scores (SS) with an average of 100 and
a standard deviation of 15, using age- and culture-appropriate norms; higher scores
reflecting better performance. Norms given in percentile intervals were converted to
standard scores using the exact location within the interval.

The following clinical variables were extracted from medical records retrospectively,
i.e., after year 2013, and included in the multivariate analyses: sex, age at first diagnosis,
localization of tumor, size of tumor (largest diameter in cm at any timepoint before the
end of year 2013), cancer treatment, increased intracranial pressure (IICP) at diagnosis,
placement of ventriculo-peritoneal (VP) shunt (including ventriculostomy), and relapse
at any point before the end of year 2013. Tumor localization was coded at first diagnosis
as infratentorial, supratentorial lateral, or supratentorial midline. Treatments were cate-
gorized into five mutually exclusive groups: 1) no treatment or surgery only, 2) che-
motherapy with or without surgery, 3) focal RT with or without surgery, 4) Focal RT,
chemotherapy, and surgery, 5) Focal RT, WBRT, chemotherapy, and surgery. Treatment
was coded as yes if administered at any time before the end of year 2013. Over time,
radio- and chemotherapy protocols for this patient cohort were altered. All survivors
were treated with photon RT. The study period encompasses several major technological
radiotherapy advances including CT- (during the 1990’s) and MR-simulation (routine
from 2012-), introduction of intensity modulated radiotherapy (from about 2006-), as
well as image-guided radiotherapy (gradual improvements from 2005-). Technological
advances have allowed for gradual improvements in the precision and consequently the
conformality of the radiation-dose distribution around the target.

Statistical methods

Opverall neurocognitive performance was compared to national norms using one-sample
T-tests with assessments grouped according to time since diagnosis (pre-surgery assess-
ment within 1 year from diagnosis, post-surgery assessment within a year from diagnosis,
assessments one to six years post-diagnosis, and assessments more than six years post-
diagnosis). For descriptive purposes, the frequency of impaired test results was calculated
with impairment defined as results below the 10™ percentile compared to national
normative data. Drop-out analyses were done in four steps using Chi’-tests for catego-
rical variables and independent sample T-tests for continuous variables (Table S1). At
each step survivors undergoing less than n assessments were compared to survivors
undergoing n or more assessments. Drop-out analyses were performed for all clinical
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variables (sex, age at diagnosis, tumor localization and size, IICP at diagnosis, VP shunt,
relapse, and treatment). Drop-out analyses were also performed for neurocognitive
outcome variables using Student’s T-tests (Table S2), comparing results on test n with
results on test n+ 1, i.e., if results at a specific timepoint predicted receiving or not
receiving further assessments.

Multilevel Linear Models (MLM) were used to evaluate changes over time. Only linear
trends were explored. Each of the eight clinical variables was added one at a time in
separate models, as well as an interaction variable (e.g., time since diagnosis, VP shunt
placement, and time since diagnosis*VP shunt placement). An unstructured covariance
matrix was chosen to evaluate both random slopes and random intercepts. Following the
multivariate analyses, three different explorative analyses were performed on 1) sex
differences, 2) the association between IICP and cognitive processing speed, and 3)
a possible bias in verbal learning scores. The explorative analyses were performed
using Chi’-tests, student’s T-tests, and Pearson correlations, and by rerunning the
MLM for cognitive processing speed excluding survivors with IICP at diagnosis treated
with VP shunting.

A significance level of p =.05 was used with no correction for multiple analyses since
the focus of this study was to explore the overarching tendencies in the data. All analyses
were carried out using SPSS Version 27.0 (IBM C, 2020).

Results
Descriptives

One hundred and fifty-one survivors with a total of 387 neuropsychological examinations
were analyzed. Descriptive statistics for the 151 survivors are shown in Table 1. More than
half of the sample (55.6%) received surgery only (n = 82) or no treatment (n = 2). Nineteen
survivors (11%) were treated between 1992 and 1999 and the remainder during years 2000
2014. Participants were followed for an average of 4.2 years (range =0.8 to 13.6 years).
Seventy-one of the survivors (47%) underwent their first assessment at diagnosis before
surgery, and 36 (24%) underwent their first assessment post-surgery within a year after
diagnosis. Fifteen survivors (10%) underwent their first assessment one to two years post-
diagnosis, and the remaining 29 (19%) underwent their first assessment three to 13 years
post-diagnosis.

Neurocognitive performance assessed less than three years post-diagnosis did not
differ from a normative mean of 100 SS on measures of verbal and non-verbal reasoning
or verbal learning (Table 2). Measures of cognitive processing speed and working
memory were significantly lower compared to the normative mean at all timepoints,
both pre- and post-surgery (Table 2). At neurocognitive follow-ups more than 6 years
post-diagnosis, 28% and 38% of the survivors, respectively, scored in the impaired range
(<10%tile compared to national norms) on measures of verbal and non-verbal reasoning,
and 40% and 55%, respectively, fell in the impaired range on measures of cognitive
processing speed and working memory.

Forty-six survivors (26%) underwent one assessment, 43 (24%) underwent two assess-
ments, 50 (28%) three assessments, 27 (15%) four assessments, and 11 (6%) underwent
five or six assessments. Drop-out analyses showed few significant differences between
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Table 1. Study group, demographics and clinical characteristics, total group, and per sex.

Female,
Total, n =151 n=63 Male, n =88 p
N(% of total group)/  N(% of females)/  N(% of males)/
M (SD) M (SD) M (SD)
Average age at first diagnosis (years) 8.4 (4.9) 9.1(4.7) 8.0 (4.9) .14
Type of tumor, WHO ICCC-lIl * .58

Il a, Ependymomas and choroid plexus tumors 13 (8.6) 4 (6.3) 9(10.2)

Il b, Astrocytomas 64 (42.4) 29 (46.0) 35 (39.8)

Il ¢, Intracranial and intraspinal embryonal 21 (13.9) 6 (9.5) 15 (17.0)

tumors

Il d, Other gliomas 13 (8.6) 5(7.9) 8 (9.1)

Il e, Other specified intracranial neoplasms 35 (23.2) 16 (25.4) 19 (21.6)

IlIf, Unspecified neoplasms 3(2.0) 1(1.6) 2(2.3)

Xa, Germ cell tumors 1(0.7) 1(1.6) 0 (0.0)

Vllld, Other specified malignant bone tumors 1(0.7) 1(1.6) 0 (0.0)
Treatment given .80

Surgery only or no treatment 84 (55.6) 36 (57.1) 48 (54.5)

Chemotherapy with or without surgery 10 (6.6) 4 (6.3) 6 (6.8)

Focal RT with or without surgery 18 (11.9) 7(11.1) 11 (12.5)

Focal RT, chemotherapy, and surgery 15 (9.9) 8(12.7) 7 (8.0)

Focal and WBRT with chemotherapy and surgery 24 (15.9) 8(12.7) 16 (18.2)
Average size of tumor at diagnosis (widest diameter) 4.1cm (1.8) 3.9m (1.7) 4.2cm (1.9) A
Increased intracranial pressure at diagnosis 83 (55) 32 (50.8) 51 (58.0) 41
One or more relapses 43 (28.5) 21 (33.3) 22 (25.0) .28
Ventriculo-peritoneal shunt or ventriculostomy 29 (19.2) 11 (17.5) 18 (20.5) 68
Localization .78

Infratentorial 72 (47.7) 28 (44.4) 44 (50.0)

Supratentorial lateral 44 (29.1) 20 (31.7) 24 (27.3)

Supratentorial midline 35(23.2) 15 (23.8) 20 (22.7)

Abbreviations: WHO ICCC-III: World Health organization: International Classification of Childhood Cancer, third edition, (WB)
RT: (whole brain) radiation therapy, ICP: intracranial pressure. P-values indicate difference between males and females,
Chi*-tests for categorical variables and Student’s T-tests for continuous variables.

survivors undergoing fewer assessments as compared to survivors undergoing more
assessments (Supplemental Table S1). Compared to those with two or fewer assessments,
survivors undergoing three or more assessments were younger at diagnosis (7.3 years vs
9.6 years, p = 0.004) and were more likely to have experienced a relapse (36.4% vs 20.3%,
p=0.03). A borderline significant trend was found for verbal learning scores, with
survivors undergoing two or fewer assessments achieving higher scores compared to
survivors undergoing three or more assessments (p=103.8 vs 98.0, p=0.057,
Supplemental Table S2). No statistically significant differences were found for neurocog-
nitive scores for survivors receiving vs not receiving a follow-up assessment at any
timepoint (Supplemental Table S2).

Multilevel linear models

Most models showed a significant negative one-way association between neurocognitive
outcomes and time since diagnosis (Table 3), with scores declining 0.8 to 1.8 SS per year.
No decline in neurocognitive scores was shown for verbal learning, and two models,
controlling for treatment with VP shunt and relapse, respectively, showed a positive
development (VP shunt: =0.8SS/year, p =.01, relapse: p =0.9SS/year, p =.03). Since
different measures were used for children younger vs older than 8 years of age Nepsy



CHILD NEUROPSYCHOLOGY (&) 9

"Jujodawiy dy123ds siy} 1 paisal SIOAIAINS Jo pasiedwl 95 JUIsIdal sabeIusdIag
"SWIOU [eUOIIRU JO 3IuIRd YigL> Synsai=3uawliedw] "50°0>d S31eJIpUl 3X3) P|Og "PIPI0II 3I9M SIOAIAINS |G| JO SIUSWISSISSE /8€ JO (10} i/ "SIUDWISSISSE [IDAIS SeY [enpIAIpUI
yoes “3'1 ‘syujod-eiep Jo Jaquinu sa)edIpul 313y U @30 ‘(359)-] d|dWes-auo) Q| JO UBSW SAIRWLIOUR WOJ) 3duedyiubis [ednsnels saedipul d *(SL=ps ‘00L=W) S301S pIepuels Ul SAINSeI|N

(9o1)s s€ Ly (oSl L'zol (o€ T 6T (091)9Z6 (So)z  sS 6L (SvL)ocoL (8oL v 99 LE (¥¥l) LLOL Buuiea| jeqiap
(r'sS) LE 10> 9S (0°SL) €8 (S'vE)OL L0> 6T (€9L)698 (082)L LO° ST (9'9L) 806 (0's€)vL L0> O (€9L) 068 frowaw Bupiom
(rov) Lz 10> TS (0°9L) L'6L (L'9€)LL LO> OE (v'8L)6'v8 (8'0€)8 LO> 9T (68L) ¥'88 (0'L¥) 9L LO"> 6€ (9°6L) ¥'88  paads bBuissadoid aamubo)
(s'£€) Lz L0> 9S (8'8L)0'88 (L9L)S TO 0 (69L)TT6 (LSE)0L  L00 8T (900)LT6 (S6l)8 L0 Ly (S'SL)9°€6 Buiuoseas [eqan-uoN

(%S L 10> LS (09L) L'68 (9T2)L TO LE (%TLL)ST6 (S8L)S TO LT (LvL)LTe (0Ta)é  vO° Ly (T9L) S'v6 Buuoseas |eqiap

(%) u (%) u (%) u (%) u

pasiedw) d u  (gS)uealy  pasedw d u (@s)uesay paJtedu) d u  (gs)uealy  pasedw d u (@s)uespy
sisoubeip-1sod sieak 9< sisoubelp-1sod sieak 95 sieak < sisoubelp-1sod sieak S sieak p< sisoubelp-1sod sieak ¢S sieak €<
(£9)T 66" 0¢ (8€L)000L (¥S)€ 99" 95 (L'€l) 800l (€9) T €L te (8ri)ree  (s0L)9 S9 LS (V'Tl) T66 Buuiea| jeqiap

(scL)y 100 zE (60L)8Yv6 (0'ET)vL LO> L9 (9°SL)9'L6 (STL)S O OF (9vL) 0's6 (S'ZL)OL L0> LS (T'EL)T’€E6 fiowaw Bupiom

(0s7)8 +0° TE (Y9L)6'€6 (T9T)9L 10> L9 (z9L)L16e (0'sT)OL +0° oOv (L'6L)S'€6 (000Z)ZL 10> 09 (v'TL)6°L6  Ppaads Buissadoid annubo)

@)y T ve (@SlLee (€vl)e 8 €9 (L91) 186 (€6) ¥ 9, € (L9u)gool (sTL)8 L& v9  (L'SL) ZLOL Bujuoseas |egian-uoN

(0oL T sE€ (S8lL)SL6  (8€l)6  T6 S99  (€91) TOOL (o6l)8 Cl° cr (€9L)096 (L'€EL)8 L6 19 (L'9l) L'00L Buiuoseas |eqiap

(%) u (%) u (%) u (%) u
paJiedw) d u (gs)uesyy  pasedwy d u (@s)ueay paJiedw) d u (@s)ueapy  paJiedw) d u (@s)uespy

sisoubelp-1sod sieaf €5 sieak z<

sisoubeip-isod sieak zs Jeak | <

sisoubelp-1sod Jeak | s A19bins-1s04

sisoubelp-1sod 1eak | s A1abins-aid

jui0d BWIY JUBWISSASSY

"SISOUBRIP 9DUIS S|EAISIUL SWIIY JUSISMIP 1B sainseaw aAMubo) 7 a|qel



(panunuo)d)

10 I. TONNING OLSSON ET AL.

90-£L'l- S¢ S0— L0-€1l—- ¥ €0—- Lo-¥T—- €0 €Ll- cL=Cl- L6°  C00— 80—¥1l—- LY €0 Xp WlL xXp 3e dDI|
Levs— o 80— 08-6'l— € O0¢ v¢-68—- 9C & SC-L8— 8T L'e= 09-9S— V6 4 sisoubelp 3e ¢D||
L1-¥00— 90 80 L'0-£L'Ll- T 60— l'l=£0—- S9° ¢0 09— €l L0— €0-1'T- Lo - Xp awil
€'T0L-L'S6 LO™> 066 8'S6-S'88 10> L'T6 6'96—L'88 LO> 8T6 v'+vOL-T'96 LO> €00L 9°€0L-0'S6 LO> €66 SLEMEIT]
(s1soubeip 3e ¢dj| ou 03 pasedwod se) sisoubelp 1e (dD][) 4nssaid |elueidRIIUl PISEIIIU| 9 [9POI|
6'0-0C— S¥ 90— L1-80— LV S0 LI'¢-0'l— ¥ S0 £0-0C— 9¢ 90— L'0-9T- €0 ri- Xp dWi] 4 dul[piuw [euojudlesdng
80-6'L— ¥ S0— ¥L-0'l- 0L T0 ¥e=90- 8L° 01 y'o-€¢— Sl 0l= L'o-¢c¢— L0 L= Xp awi] , [es3)e] [eLojualeidng
L8-l'¢— P& 8T €9-C9— 66" L0 €0L-0v— 8€ C¢€ 6'6-CY— & 6C €0L-0v— 6¢ [43 aulpiw |euojudleidng
€o-Ll'l— ¢l L'y €0-S'LL—- v0° 6'S— 88-Lv— LV VT ¥'9-9'9— L6 10— L'v—€6— ¥ 9C— [esa3e| [eOIURIRIANG
L1-10— 90 80 9°0-L'¢— 10> €1l- ¥00-8'L—- +0° 60— S0-L'L— i €0— co-v'l— LI 90— Xp awi|
0'00L-6'C6 LO> 196 S'66-L'C6 LO™> 8S6 8'€6-'S8 10> 968 L'TOL-6'€6 LO'> 086 S€OL-8%6 10> 66 SERIEMT]]
(Jown} [eloludlelUl 0) pasedwod Se) uolez|ed07 *G [9POW
¥0-€0— L6° 100 1'0-50— ¥l ¢C0- ¢0-90— ST TO0- ¥'0-€'0— 68 €00 ¥0-C0— LV 1’0 (WD) 9z1s Jown] 4 Xp swi|
60-9L— 95  v0- 90— 9 80 ¥0-87— ' Tl- vi-gl- 9  T0— 80-€7—- € 80— (wd) 9z1s Jown]
0Z-0l— 09 S0 [ R R A Al 0¢-€l— 99 10 L0-¥'C— Lc 60— v'o-ce- L0 8'L- Xp awi|
TSOL-TY6 LO> L'66 S'96-€¥8 L0> 06 t'TOL-L'88 LO> 9'S6 S'90L-¥'T6 LO> 66 6'80L-€'S6 L0> L°TOL 1dadsau|
3z|s Jown]  [9POW
€0-¥00— vl L0 cco-1'o— T 10 €°0-20°0 €00 TO0 €0-700— Sl 1’0 ¥0'0-C0— 8L’ L'0— sisoubelp 1e a6y , xp awi|
60-10— LLI° t0 L00-L'Ll— SO°  S0- 90-£0—- /8 L0- 0L-€0—- 6T €0 ¥'0-80—- €5  TO0- sisoubelp je aby
cL=Cl- 66 00— L'0-8C— 00 ['L- t'0-8C L0 9'L— L0-St'e- €0 €Ll- co6'Ll— €l 80— Xp awi|
9°66-9'88 L0™> L6 €v0OL-1'€6 10> L'86 L°L6-0°S8 LO™> €°'L6 S'LOL-L'68 L0*> €'S6 €L0L-€S6 L0> €°L0L ALERIEIT]
sisoubelp 1e aby ‘¢ [9pow
VL-0l- €L 70 €0-L1- LU L0~  L0-9l- O S0-  8L-S0- 8T 90 €06'l— 9" 80— Xp BWIL 43[ewa]
V6-¥'0 €0 6V 6'LL-¥C 10> ¢ 8LL-VL 10> 97l 6LV €~ & €T 9LL-€00 60 89 olews4
clL-€0- LT 0 L'0—¥'1— €0° 80— ¥0-0'l— O €0— C0-8l- L0’ ol= €0-8'1l— 1O L'L= Xp awi|
7'66-v'€6 L0> 196 L'€6-¥'(8 10> 906 1'68-C'¢8 10> [£'S8 +'LOL-0'V6 0> ['/6 £00l-€€6  L0> 0L6 A ERIEM]]
(9]ew 01 pasedwiod se) djewd} X3S “Z [9POW
L'L-1'0— 60 S0 90-9'L— 10> Ll'l-= 100-Cl- SO 90— 1'0—€1— [40) A 80-6'l— 10> ¢V¥l— Xp awi|
8'00L-€96 10> 986 C9%-€l6 L0O> 8¢ 6¢6-€88 10> L'l6 P'LOL-8'S6 0> 986 €70L-596 L0> V66 SEMEIT]
sisoubelp aduls awil 'L [SPON
1D%S6 d g 1D%S6 da 4 1D%S6 a 9 1D%S6 d g 12%S6 d g
Buluses| [eqiap Kiowaw Bupopm paads Bujuoseas |eqlan-uoN Bujuoseas jeqiap

buissadoud aanubod

"S3WO02IN0 dAIUB0D 01 Pale[a) S3|geUeA [RIIUID “€ 3|qel



CHILD NEUROPSYCHOLOGY 11

"sa110631ed 93udI9)al se ,Ajuo A1abIns/iuawieas) ou, pue ,uolledo| [eLoulely

UM Papod-AWwnp 2I9m (JUaWleal} pue uoledo|

lowny) s3|qelieA ea110631ed SnowoloydIp-UoN ‘500 > d sa1edipul 1xa) pjog ‘suoloyd yum Adesayloipey “Adesaylolpes uieiq sajoym :4gm ‘Adessyroipe=]y Junys |eauoisad-ojndLiusA=1unys
dA sisoubelp 1e ainssaid [elueideIUI PISEAUI=AD]| "sIeak Ul sisoubelp aduls SwN=Xxp awi] (Sl =PS Q0L = W) $2I01S PIePUR]S Ul SIILWIISS Pazipiepuels-uou=g ‘Mo dol sy ul sa|qeuea
3W021N0 dAIUHOD pue UWN[Od Y3| dY} Ul PIISI| dJe S|PPOW Y3 Ul S3|qelieA Juspuadapul "3|gelieA [ed1ul]d Yoes Joj pue awod1no aAIubod Ydes 1oy sjopow a1eiedas "s|9pow Jeaul| [2A3]I N

Adesayrowayd
I'L=-SC—- L0- Vo0-Tv- T €T €0-L¢— oL L= L'0-8'¢— €0 0T +1HaM+ LY [0}, Xp swi]

Adesayrowayd +]Yy |ed0y
I'L=¢cz— 1S 90— cl=L'c— v L0- 9L-t¥'C— 69’ ¥0— 6'Ll-L1— 6 1’0 «XP oWl

14 |e504
8'L-90— LE 90 €l-9l—- € 10— 9L-Cl- L 0 0L-8'1— Y ¥'0- «Xp awiL

Adesayrowayd
8L-LT— 89 S0 €e-re— 96 L0 0'L-v'v— e L'L— gl-€e—  S¥ 60— *Xp dwIL
L'l=£7l— oL° 86— 0v-8ll— €€ 6¢ §e-cel- LT V- €8-€8— 66 €00— Adesayroways+ [HGM+1Y 8204
SY-Ctl— LE  8¢- 89-v'tl— 95 8- 98-90l— ¥8 0l= 9€L-59— 6V %3 Adesayrowayd + 1y 104
€L[-8/[— G6 CT0— L'e=¢vl— 1T 95— Vo-€ll—- 69 v'e- LT1-€9— LS 4 1Y |e504
L'ee-ce— vl vé6 SSl-¥'8l— 98 G- LeEL-E€Yl— L6 €0— 0LL—-¢€8— 09 134 Adesayroway)
S'0—-6°'L— L0> TL- 90-l'l— ¢ €0— €0-¥'l— [44 S'0— €0-8'L—- LO | A Xp swiL
pansiyde Jou dUabIRAUO)  £'86-8°L6 LO> 0°S6 9°96-L'68 LO> 6'T6 8°€0L-T°96 L0°> 0'00L ¥'TOL-9'V6 LO> S°86 SEMEIT]

(Ajuo A196.ns 10 JusWIL3I] OU 0} pasedwod Se) JUsWIedl] 6 [SPOW
¥o-L¢— 9l 60— 6'0-Cl— v, CTO0— §'1-6'0— 65 €0 eLrl- 98 1’0 80-G'l— 9% €0~ Xp awi| 4asdejdy
9/-TTt- 6T LT  v¥8-0T- TC TE 00L-L1- 9L T¥ O06—vIT- 9T €€ SOL-Sl— ¥l S¥ asdeay
9°L-L'0 €0 60 ro-L'L—- L0*> 0°'L— ¥0'0¥'L— 90" /[0— LO0-¥'L— 9t0 L°0—- 9°0-0'C— L0"> €L- Xp awiL
v'ooL-S'v6 LO> +'L6 L'S6—9'68 LO> L'T6 TE6—€98 LO> L'68 600L-L't6 LO> S°L6 v'LoLEY6 LO™> 6°L6 1dadsaly|
pouad Apnis jo pus a10j3q julod Aue e asdejay ‘g [SPOW
r’o—€€— L0 6'L— gL-l'l— ¥, T0 L0-€C— 9C 80— L'0-0°€— 14 L L'0-8'c—- 0 S'L- AWO0}SO[NJLIIUBA 1O JUNYS dALXP dWI]
€€ 9L 0L I'8—6v— +9° 91 ceoel— 9t v's— 1'8-6'9— 88" 90 6'L-0/— L6 0 AWO01S0[NJLIUBA 10 JUNYS dA
’'L-T0 L0 8'0 9°0—-L'L—- Lo> L'L- I'o-t'i— 11 90— ¢0-0'L— s 70— S'0-L'L- 10> L'L— Xp swip
0°LOL-1L'96 LO> S8 T'96-8'06 LO> S'€6 TS6-1L'68 LO> L'T6 9°LOL-S'S6 10> 9'86 S'TOLL'96 LO™> €66 ALERIEI]
(AwoysojndLuaA 4o Juswade|d Junys gA ou 01 pasedwod se) AWoISOJNJLIIUSA 1O JUNYs dA "/ [9POW
1D%S6 d g 1D%56 a 4 1D%S6 a 94 1D%S6 d g 1D%S6 d g
bujuies| [equap Klowaw Buppiopm paads Bujuoseas |eqian-uoN Bujuoseas jeqiap

Buissadoad aaniubod)

‘(penunuod) "€ 3qeL



12 (&) I TONNING OLSSON ET AL.

Narrative Memory (Korkman, 2000) vs Nepsy Wordlist memory (Korkman, 2000)/Rey
Auditory Verbal Learning Test (Schmidt, 1996), an explorative analysis was done com-
paring Nepsy Narrative Memory results with word list results. Seventy-one of 307 (23%)
assessments of verbal learning were performed with children <8 years of age, i.e., with
Nepsy Narrative Memory. Results were slightly higher on list learning measures as
compared to Narrative Memory (M(sd) 101.1SS(14.2) vs 97.6SS (11.8), p =0.04).
Removing those assessments from the analysis impeded further multivariate analyses
due to low N. However, a correlation analysis, not controlling for repeated measures,
showed no correlation between time since diagnosis and results on measures of verbal
learning (Pearson p = 0.07, p = .29). That is, a change of assessment method at 8 years of
age might have inflated the positive association, but has probably not shadowed
a negative association.

Female sex was associated with significantly higher scores on most neurocognitive
measures (verbal reasoning B = 5.8SS, p = .049; cognitive processing speed p = 12.6SS, p
<.01; working memory P =7.2SS, p <.01; verbal learning B = 4.90SS, p =.03) but was
not associated with rate of decline. There were no significant sex differences in clinical
or demographic variables (Table 1). However, there were non-significant trends, such
that males compared to females tended to be younger at diagnosis (p = 8.0 years vs 9.1
years, p =.14), to have a higher prevalence of embryonal tumors (17.0% vs 9.5%, p
=.58), and to have received WBRT (18.2% vs 12.7%, p =.80). Supratentorial lateral
localization of tumor (as compared to infratentorial localization) was associated with
significantly lower scores on measures of working memory (p = -5.9SS, p =.04).

Treatment with VP shunt placement (or ventriculostomy) was associated with a faster
decline over time (i.e., a statistically significant interaction effect) in measures of verbal
(B = -1.5SS/year, p =.04) and non-verbal reasoning (B = -1.5SS/year, p =.04) and verbal
learning (B = -1.9SS/year, p=.01), see Table 3. For verbal learning, the same model
showed a positive one-way association (P =0.8SS/year; p=.01), resulting in a total
decline of —1.1 SS/year for survivors treated with VP shunt placement.

Older age at diagnosis was associated with a slower rate of decline in measures of
cognitive processing speed (B = -0.2SS/year of age at diagnosis, p=.03). Increased
intracranial pressure (IICP) at diagnosis was associated with a faster rate of decline in
measures of cognitive processing speed (p = -1.3SS/year, p =.03). Since the majority of
survivors receiving a VP shunt also had IICP at diagnosis (exceptions being three
survivors receiving VP shunt years after first diagnosis) an explorative analysis was
done removing survivors receiving a VP shunt. In doing so, the association was still
present, however statistically non-significant (p = -0.9SS/year; p =.13).

Treatment with WBRT together with focal RT, chemotherapy, and surgery (as com-
pared to no treatment/surgery only) was associated with a faster decline in measures of
verbal reasoning (B = -2.0SS/year; p =.03) and cognitive processing speed (p = -2.3SS/
year; p =.02), i.e., scores for those survivors declined 2.3 standard scores more per year,
adding to a total decline of 3.3 standard scores per year for measures of verbal reasoning.

Discussion

This is one of the first larger European studies examining longitudinal outcome in
survivors of PBT. In a heterogeneous sample of survivors, longitudinal



CHILD NEUROPSYCHOLOGY 13

neuropsychological assessments revealed a pattern of general decline in age-related
neurocognitive test scores, following diagnosis and treatment of PBT. This pattern was
present regardless of treatment received and clinical variables, which is a new finding
since most previous studies have shown neurocognitive development after treatment
with surgery only to be either stable or improving (Fouladi et al., 2004; Fraley et al., 2019;
Heitzer et al., 2019; Kahalley et al., 2019; Packer et al., 1989; Stargatt et al., 2007). Scores
for survivors treated with WBRT together with focal RT and chemotherapy declined at
a faster rate, as did scores for survivors treated with ventriculo-peritoneal shunting. On
measures of cognitive processing speed, the rate of decline was faster for younger
survivors and for survivors with IICP at diagnosis. Demographic and clinical variables
associated with lower neurocognitive scores but not affecting rate of decline were male
sex and having a supratentorial lateral tumor. Verbal learning scores did not decline over
time, except for survivors treated with VP shunting or ventriculostomy. Factors not
associated with neurocognitive outcomes were relapse and tumor size.

The observed decline in neurocognitive scores after treatment with WBRT is in line
with previous research reporting a decline of 2-3 standard scores per year in survivors
receiving WBRT (Knight et al., 2014; Moxon-Emre et al., 2014; Mulhern et al., 2005;
Palmer et al., 2013; Ris et al., 2013). Importantly, the survivors in this study were treated
with photon WBRT. A 2015 study reported promising results regarding neurocognitive
outcomes following proton radiation therapy for PBT (Pulsifer et al., 2015). However,
a more recent study, comparing focal versus whole-brain proton RT, found WBRT to be
associated with declining neurocognitive scores, but at a slower pace (Kahalley et al.,
2019). Thus, survivors treated with WBRT continue to be at high risk for a less favorable
neurocognitive outcome and should be offered continuous neuropsychological
rehabilitation.

We found declining neurocognitive scores also for survivors not receiving WBRT,
irrespective of other treatments received (focal irradiation, chemotherapy, and surgery).
In fact, we found the percentage of survivors scoring within the impaired range on all
measures except verbal learning, to be very high (28-55% impaired as compared to 10%
in national norms) at assessments performed more than 6 years post-diagnosis. Results
from previous studies regarding survivors treated with focal irradiation are inconclusive,
with some reporting a decline in neurocognitive scores (Willard et al., 2019), while others
do not (Ellenberg et al., 1987; Netson et al., 2012, 2013). Previous longitudinal studies on
survivors treated with surgery alone are very few and small, and typically report neuro-
cognitive deficits, but no further decline in cognitive scores (Fouladi et al., 2005; Fraley
et al., 2019; Kahalley et al., 2019; Packer et al., 1989; Stargatt et al., 2007). However, our
results are in line with one previous study, showing declines in measures of non-verbal
reasoning and cognitive processing speed in survivors of PBT's treated with surgery alone
(Weusthof et al., 2021). In this study, we included pre-surgical evaluations for 42% of the
survivors, which might contribute to the findings regarding an overall decline, since
some survivors suffer quite extensive sequelae as a result of surgery, e.g., following
posterior fossa syndrome (Armstrong et al., 2011; Schmahmann, 2020). Still, scores for
verbal and non-verbal reasoning were in the normal range during the first three years
post-diagnosis (Table 2), indicating a stagnation/decline in this aspect of neurocognitive
functioning several years after diagnosis.
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It could be argued that declining neurocognitive scores should be evident in all
survivors treated for brain tumors, especially in children younger at diagnosis, since
tumor and surgery may produce memory and attention deficits, which in turn may
impede further acquisition of skills and knowledge (Dennis et al., 1998; J. Limond &
Leeke, 2005). In addition, deficits in certain skills, such as those associated with
executive functioning and working memory, may be present at a younger age, but
become more evident as the child ages, i.e., the child “grows into the injury.” Clearly,
more research is needed to understand longitudinal development in survivors
not treated with WBRT. These survivors need personalized neuropsychological fol-
low-up, since some survivors require extensive rehabilitation, and others do not
experience any neurocognitive late complications. Cost-efficient health-care strate-
gies are needed to allocate neuropsychological resources to those survivors who need
it the most.

Consistent with previous studies, examining survivors treated with WBRT (Ellenberg
et al., 1987) or focal CRT (Willard et al., 2019) we found placement of a VP shunt to be
associated with a faster decline in neurocognitive scores. As noted above, longitudinal
studies of survivors of PBT's treated with surgery are only scarce and, to our knowledge,
no previous study has been able to identify any risk factors for decline in neurocognitive
scores or, in most studies, any decline in cognitive scores at all (Fraley et al., 2019;
Kahalley et al., 2019; Packer et al., 1989; Stargatt et al., 2007). Nevertheless, cross-
sectional studies have found placement of a VP shunt to be associated with worse
neurocognitive outcome (Reimers et al., 2003). Ventriculo-peritoneal shunt placement
could be regarded as a proxy for the level of brain damage, as it is most often needed
when circulation of cerebrospinal fluid (CSF) cannot be restored even after the tumor is
removed. In the present study, 55% of the study group (n = 83) had IICP at diagnosis, but
only 19% (n =29) of the total group needed VP shunting or a ventriculostomy, i.e., CSF
circulation was restored in most cases. For measures of cognitive processing speed, IICP
at diagnosis (but not placement of VP shunt) was associated with a faster rate of decline,
while further explorative analysis showed this association to be non-significant (n =.12)
when removing survivors treated with VP shunt from the analysis. It is therefore not
clear if this association between IICP at diagnosis and a faster decline in scores of
cognitive processing speed is a “true” association or a statistical artifact caused by
collinearity between IICP and treatment with VP shunting. However, measures of
cognitive processing speed were already lowered at pre-surgery assessments, which
might be interpreted as IICP before and at diagnosis having a negative impact on
processing speed. If so, early detection and treatment of brain tumors involving IICP
might be associated with less negative neurocognitive outcomes in survivors. Further
studies are needed to explore these hypotheses.

Male sex was associated with lower neurocognitive scores, but sex was not related
to the rate of decline in neurocognitive scores. There were no statistically significant
sex differences regarding clinical or demographic variables, however, there was
a tendency toward males receiving more treatment and being younger at diagnosis,
which might account for the lower scores in males. We could not replicate the findings
of earlier longitudinal studies showing female survivors to experience a steeper
decline in neurocognitive measures after treatment with WBRT (Netson et al., 2013;
Ris et al., 2001). Since this study includes survivors treated with surgery only, another
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hypothesis might be that females are more vulnerable to neurocognitive sequelae after
PBT treatment with chemotherapy and/or radiation, while males are more vulnerable
to sequelae related to the PBT itself, e.g., surgery and hydrocephalus. This hypothesis
is further supported by previous research showing female sex to be a risk factor for
neurocognitive impairment in survivors of acute lymphoblastic leukemia (ALL)
treated with WBRT, while the same findings have not been consistently reported in
survivors of brain tumors (Armstrong et al., 2007). Clearly, more studies on sex
differences in survivors of PBTs are needed in both irradiated and non-irradiated
survivors, and variables like hydrocephalus, tumor size, and incidence and survival
rates need to be taken into account, since both incidence and survival rates show sex
differences (Lannering et al., 2009; Weil et al., 1998).

The present study revealed that some aspects of neurocognitive functioning remained
largely intact in the years after treatment for PBT. Verbal learning showed a positive or
stable trajectory. The positive trajectory might be due to utilization of different measures
for younger and older children, but the subsequent exploratory analysis did not indicate
declining scores but rather a stable development. This is consistent with two previous
longitudinal studies (DiPinto et al., 2012; Spiegler et al., 2004) finding stable performance
on word list learning, while several cross-sectional studies (Kieffer-Renaux et al., 2000;
Robinson et al., 2013) have found this aspect of functioning to be suppressed along with
other neurocognitive abilities (Carey et al., 2001). However, we found declining verbal
learning scores for survivors having received a VP shunt (or a ventriculostomy). A cross-
sectional study, examining 26 survivors of intracranial pediatric germ cell tumors, found
a high prevalence of memory deficits, more so in survivors diagnosed at an older age
(Wilkening et al., 2011). These deficits were not associated with general neurocognitive
ability or with IICP at diagnosis. The authors argued that these memory deficits may be
due to damage, caused by the tumor or treatment, to central structures associated with
memory performance (hippocampus, amygdala, fornix, thalamus, and, tentatively, also
the habenular nuclei) (Wilkening et al., 2011). The decline in verbal learning measures
for survivors with VP shunt in the present study might be associated with damage to
these structures in a subgroup of survivors. However, the absence of repeated structural
assessments, small sample size, and heterogeneity of this sample limit the inferences that
can be drawn about damage to brain structures and specific neurocognitive impairments
in survivors of PBTs. Further studies are needed.

The above findings must be viewed within the context of certain limitations. While
the sample was relatively large and drawn from a specialist center serving the entire
region of southern Sweden, these findings might not apply to other cohorts of survivors
of PBTs. While the participation rate was high with 88.3% of survivors diagnosed
undergoing at least one neurocognitive assessment, approximately half of the survivors
only had one or two assessments. Drop-out analyses showed very few differences in
clinical characteristics between survivors undergoing 1-2 versus 3 or more assess-
ments, except that the latter group were younger at diagnosis and had a higher rate
of relapses (Supplemental Table S1). Patients who entered the PBT clinic (and this
study) closer to their 18" birthday had fewer follow-up assessments as they were
transferred to adult health care at 18 years of age, thus the younger age at diagnosis
in survivors undergoing more assessments. Since younger age at diagnosis is associated
with a higher rate of neurocognitive sequelae (Oyefiade et al., 2021) and a decline in
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cognitive scores (Willard et al., 2019) this might inflate the rate of survivors showing
declining neurocognitive scores. There is also a risk that survivors experiencing more
severe neurocognitive sequelae might have been undergoing more assessments, since
clinical assessments outside the timepoints scheduled for the neuropsychological fol-
low-up program, were included in the study. This assumption was not confirmed in the
drop-out analyses, with no differences on neurocognitive test scores at any assessment
point, between survivors who did or did not undergo a subsequent assessment
(Supplemental Table S2). It is still possible though that survivors who experienced
a decline in neurocognitive scores were more likely to be offered and complete further
neurocognitive assessments, thereby inflating the finding of declining neurocognitive
scores for all survivors.

Another limitation is the heterogeneity in time since diagnosis at first assessment. While
the majority of survivors (81%) underwent a first assessment within two years post-
diagnosis, the remaining survivors underwent a first assessment three to 13 years post-
diagnosis (Figure 2). Assuming that neurocognitive sequelae in survivors of PBTs are the
result of multiple factors, whose influence may come at different time points before, during

a. Verbal reasoning b. Non-verbal reasoning

Standard Scores
Standard Scores

2 o 2 4 6 8 10 12 14 16 18 2 0 2 4 6 8 10 12 14 16 18
Years since diagnosis Years since diagnosis
c. Cognitive processing speed d. Working Memory

Years since diagnosis Years since diagnosis

e. Verbal learning

140

‘Standard Scores

60

40

Years since diagnosis

Figure 2. Spaghetti plots showing neurocognitive scores over time post-diagnosis. Each line repre-
sents one individual. All cognitive scores in standard scores (m=100, sd=15). Regression line unad-
justed for clinical factors.
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and after the PBT is diagnosed, the overall neurocognitive trajectory is likely to be highly
idiosyncratic and develop very different, e.g., from pre-surgery to five years post-diagnosis
compared to from 5 to 10 years post-diagnosis. For example, Stargatt et al. (Stargatt et al.,
2007) propose different neurocognitive trajectories following a PBT, with one timeline for
tumor/surgery-related injury (neurocognitive scores declining during the first year, then
stable) and another for chemotherapy and CRT-related injury (later decline in neurocogni-
tive scores). The heterogeneity in the present study might shadow declines in neurocognitive
scores as most studies exploring not only linear but quadratic changes, find declines in
neurocognitive scores to plateau several years post-diagnosis (Mabbott et al., 2005; Palmer
et al., 2003; Spiegler et al., 2004). As the statistical models used here depict not only early
development but also development several years post-diagnosis, declines in neurocognitive
scores might not be as apparent. However, this heterogeneity is also a strength since the
present data reflects a longer time span and survivorship in different post-treatment periods.
Also, the use of MLM:s makes it possible to account for heterogeneity in assessment time
points. Nevertheless, a related limitation is the fact that the size of the present sample limited
model fitting to linear trends, while the development of neurocognitive sequelae in survivors
of PBTs is likely to be non-linear. More studies are needed with larger samples, including
more pre-diagnosis/pre-treatment data on cognitive functioning, follow-up periods extend-
ing into adulthood, and multiple statistical approaches to capture the varying trajectories of
neurocognitive sequelae after a PBT is diagnosed and treated (Willard et al., 2019).

Overall, the present study finds that irrespective of treatment type, survivors of PBT's are
at increased risk of significant declines in neurocognitive scores over time, except for verbal
learning scores, which appeared to be stable or improving. Male sex and/or supra-tentorial
lateral localization of tumor were associated with lower overall cognitive performance, but
not with a faster decline in measures of neurocognitive functioning. Survivors who received
WBRT together with focal CRT, chemotherapy, and surgery, and/or a VP shunt experi-
enced the fastest rate of decline in neurocognitive scores. Further systematic, long-term
neuropsychological follow-up studies of survivors of PBTs are needed, whether they are
treated with CRT or not, to better identify individuals in need of neurocognitive rehabilita-
tion interventions and to identify cancer treatment protocols that yield fewer and less
severe neurocognitive sequelae, while maintaining high survival rates.
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