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Abstract

Aim: Young patients with a brain tumour (BT) show neurocognitive alterations as both consequences of the tumour and of the treatments received. In this paper
we present the basal analysis of a patient’s series, correlating tumour localisation, symptoms, neurological/endocrinological impairments, surgery/ies �
chemotherapy, and cognitive assessments at the time of enrolment before focal-radiotherapy (RT).
Methods: Sixty-six children eligible for focal RT underwent a neurocognitive assessment. The demographic, pathological and clinical variables with MRI
morphological scans, where different kinds of damage scores were defined, were analysed.
Results: The patientssmedian age was 8 years; the most frequent tumour was ependymoma (41%), and supratentorial (71%) was the prevalent site. All but 2
children (with germ cell tumours), had received surgery and 32 chemotherapy courses before irradiation. Ad-hoc scores for neurological deficits, endocrine
alterations and structural abnormalities were created and applied. Patients with infratentorial tumours locations showed the highest score of neurological
damage while endocrine alterations were more serious in patients with craniopharyngioma and germ cell tumours of the sellar region and ventricular system.
The median number of damaged areas was equal to 2 for each child. Neurological deficit scores were not associated with hydrocephalus and surgery/ies
received, unlike endocrine deficits. Tumour site, length of symptoms and endocrine alterations were found to be associated with cognitive impairment.
Conclusion: The pre-radiation evaluations highlighted that damages develop already prior to focal-RT. Specific scores may quantify damages that are generated
by multiple factors that need to be considered over time after irradiation.
� 2025 The Royal College of Radiologists. Published by Elsevier Ltd. All rights are reserved, including those for text and data mining, AI training, and similar
technologies.

Key words: Brain tumours; children; neuro-cognitive disabilities; neurosurgery; radiotherapy
Abbreviations: BT, brain tumours; RT, radiotherapy; MRI, magnetic resonance
imaging; FSIQ, full scale intelligence quotient; VIQ, verbal intelligence quotient; PIQ,
performance intelligence quotient; PSI, processing speed index; WM, working
memory; L, left hemisphere; R, right hemisphere; IQR, interquartile range.

Author for correspondence: M. Massimino, Pediatrics Unit, Fondazione
IRCCS Istituto Nazionale dei Tumori, Via Venezian 1, 20133 Milano, Italy.

E-mail address: maura.massimino@istitutotumori.mi.it (M. Massimino).

https://doi.org/10.1016/j.clon.2025.103872
0936-6555/� 2025 The Royal College of Radiologists. Published by Elsevier Ltd. A
and similar technologies.
Introduction

A wide range of risk factors associated with late-onset
neurocognitive sequelae in survivors of childhood brain tu-
mours (BTs) has been highlighted, including the tumour itself
and its effects on surrounding tissues through infiltration and
pressure, whichmay lead to hydrocephalus [1e6]. Additional
factors include younger age at diagnosis, extent, number and
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complications of surgical resections, duration of follow-up,
and radiation therapy (RT) treatments, particularly the field
sizes and doses used [7,8]. More recently, outcome has also
been correlated with returns to school, rehabilitation, and
sport activities [9e11]. RT is an indispensable tool for treat-
ment of the vast majority of paediatric BT, and radiation-
induced brain injuries have been described more frequently
in the last twenty years due to the efficacy of treatment pro-
tocols with improvement in life expectancy [12].

In order to assess the unwanted effects of RT over time, a
longitudinal study was conducted focusing on its specific
role, if possible distinguishing its effects from those caused
by the tumour itself, surgery/ies, chemotherapy and any
other contributor to the final results.

A complete picture of the patients’ basal situation could
in fact contribute to clarifying the role of each source of
damage and to studying their inter-relationship. This effort
will allow an improved understanding of the future results
in longitudinal analyses.

Specific indicators of deficits according to different clin-
ical aspects, morphological, neurological and endocrino-
logical, were created and standardised to introduce
sharable scores in paediatric oncology literature.

It is extremely well known in fact how endocrine and
metabolic disabilities can be acquired and evolve during
time after adjuvant treatments [13], with nearly 50% of
patients suffering from one or several abnormal hormonal
secretion and function, but less is reported about a patient’s
situation at diagnosis or after surgery � chemotherapy
alone [14,15].

The location of the tumour and the extent of the surgical
cavity [16] are other risk factors for neurocognitive decline
and neuropsychological morbidity, as damage to different
parts of the brain is associated with diverse types and levels
of cognitive impairment [2e6,17].

Moreover, children with BT have an increased risk of
sensorineural damage, including compromised visual,
auditory, sensory and motor function, as well as seizures,
correlated to injuries from the tumour [18]. Tumours arising
in the cerebral hemispheres may result in a wide range of
higher-order cognitive difficulties, while infratentorial tu-
mours have been associated with procedural memory and
motor deficits [19]. The cerebellum is, however, not only
constituted by wide associative areas mainly involved in
motor coordination and execution, but is an integrative
centre for higher emotional and cognitive functions,
including language, also in the developing brain [20]. The
bilateral cerebellar participation in the linguistic system has
been confirmed by studies on children with cerebellar tu-
mours (either side), showing impairment in several cogni-
tive functions such as verbal fluency and expressive
language [21].

Magnetic resonance imaging (MRI) was only used to
determine structural abnormalities and abnormal signal
intensities in the tumour regions in a small number of pa-
pers [22,23], but a more precise tumour region description
has not yet consistently been found to predict neuropsy-
chological outcomes.
Shortman et al. [24] suggested that hydrocephalus is
associated with early cognitive impairment, a finding in
keeping with data from recent long-term follow-up
studies [25e27]. A “basal” neurocognitive evaluation
before the commencement of focal RT, but after surgery,
when performed, may be a starting point for dis-
tinguishing subsequent abnormalities due to RT and for
highlighting original brain disabilities as a result of the
tumour itself, surgery, chemotherapy, and child develop-
mental processes.

This work reports on: i) the identification of the existing
prefocal RT alterations (neurological, endocrine, morpho-
logical, and neurocognitive) and their relationship with the
patients’ demographical and medical history; ii) the rela-
tionship between neurocognitive outcome and morpho-
logical alterations of different brain areas. The aim was to
highlight those areas more likely to play a crucial role in
cognitive problems after having taken into account the pre-
existing damage and individual variability. We initially
developed three distinct ad-hoc scoresdtargeting endo-
crine, neurological, and morphological alterationsdthat
can be quickly adopted and validated in future cohort
descriptions.
Materials and Methods

Sixty-six consecutive children with BT who were candi-
dates to receive focal RT (including whole ventricular system
when indicated) in our Institute were enrolled between 2014
and 2021. The institutional Review Board of Fondazione
IRCCS Istituto Nazionale dei Tumori approved the study on
December 17, 2017, andwritten consentswere obtained from
all participants and their legal guardians. Patients with high-
grade gliomawere excluded from this protocol, as their poor
prognosis would have hindered the possibility of subsequent
assessments. Before RT (Interquartile range (IQR): 23 days
before or 8 days after the start of RT), each patient under-
went a neurocognitive assessment based on standardised
age-appropriate tests (Supplemental Table S1). A database
including demographical and clinical variables, gender, age
at the time of diagnosis, at the time of RT, and at the time of
neurocognitive testing, surgery, hydrocephalus, duration of
symptoms, intensive rehabilitation if performed, MRI diffu-
sion tensor imaging (DTI) exam, tumour site, histology, fields
and total RT prescribed doses, chemotherapy regimen con-
taining � neurotoxic drugs, endocrine disabilities, and
neurological deficits, was implemented. Specifically, infor-
mation about any neurological deficits and any endocrine
alterations at baseline such as hypocorticism, hypothyroid-
ism, growth hormone (GH) deficiency, panhypopituitarism,
electrolyte alterations, polyuria, polydipsia and premature
puberty, metabolic, alterations, and hyponutrition or obesity
was collected for each patient.

In evaluating the chemotherapy regimens administered
prior to radiation therapy, we classified platinum de-
rivatives, vincristine, methotrexate, bevacizumab, and high-
dose thiotepa as neurotoxic agents, as opposed to etoposide



Table 1 (continued )

Variable n (N¼66) %

Tumour site (i)
Infratentorial 19 28.79
Supratentorial 47 71.21
Tumour site (ii)
Infratentorial 19 28.79
Frontal lobes 13 19.70
Parietal lobes 6 9.09
Temporal lobes 2 3.03
Pineal region 3 4.55
Sellar region 10 15.15
Ventricular system 13 19.70
Tumour type
Craniopharyngioma 7 10.61
Ependymoma 28 42.42
Germinoma 15 22.73
High-grade gliomas 5 7.58
S-embryonal tumours 5 7.58
Pineal tumours 3 4.55
Other 3 4.55
Hydrocephalus
No 33 50.00
Yes 33 50.00
Surgery
Complete resection 29 43.94
Partial resection 32 48.48
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and temozolomide, which were considered to have a lower
neurotoxic potential [28].

MRI data were acquired on a Philips Achieva 3T with a
32-channel head coil. MRI scans included T1- and T2-
weighted images. Starting from information collected in
the dataset or MRI morphological scans, ad-hoc original
scores were created in order to better describe each pa-
tient’s status regarding neurological deficits, endocrine, and
structural alterations.

Batteries of tests were administered to the children by
two trained pediatric clinical psychologists (MCO and PG).
Depending on the children’s age, a different number of
completed tests could be administered to patients (see
Supplemental material). Neurocognitive assessments were
based on standardised tests with well-defined means and
standard deviations indicating the level of impairment and
enabling a comparison of performances at different ages. In
accordance with the standardised scores present in each
test manual, raw scores were corrected according to patient
age and classified in a binary outcome (“impaired”/“non-
impaired”) for the purposes of the analyses. An additional
dataset was created with the values obtained as the
outcome of each neurocognitive test submitted to the pa-
tients. Statistical methods are reported in the Supplemental
material.
Biopsy 3 4.55
No surgery 2 3.03
Number of surgeries
0 2 3.03
1 33 50.00
2 16 24.24
3: (>2) 15 22.73
Chemotherapy pre-RT
No 34 51.52
Yes 32 48.48
Prescribed dose (Gy)
30.6 7 10.61
36 8 12.12
50.4 1 1.52
54 22 33.33
59.4 22 33.33
67.4 6 9.09
Radiotherapy technique
Conformal 2 3.03
Results

Patients Characteristics

The patients’ clinical status is shown in Table 1. Of the 66
patients, 42% were female, the median age was 8.4 years
(IQR: 4.8e13.5 years), 27% were under 5 years old. The IQR
of patients’ symptoms duration ranged from 2 to 12
months, with a median of 3 months.

The longest median time to diagnosis was observed for
suprasellar tumours (30 months, IQR 12e60) compared to
tumours originating in the supratentorial ventricular sys-
tem (12 months, IQR 2e35), and temporal lobes or pineal
regions (2 months, IQR 1e2). The longest median time to
diagnosis was reported in patients aged 12e18 years (6
months, IQR: 2e10).
Table 1
Characteristics of patients included in the study

Variable n (N¼66) %

Sex
Female 28 42.42
Male 38 57.58
Age, years
0e5 18 27.27
5e10 20 30.30
10e15 16 24.24
15e20 7 10.61
�20 5 7.58

(continued on next page)

Proton 3 4.55
VMAT 60 90.91
VMAT þ Boost 1 1.52
Neurotoxic drugs
Bevacizumab 1 1.52
Platinum derivatives � others 32 48.48
Vincristine 2 3.03
None 31 46.97
Intensive rehabilitation
No 54 81.82
Yes 12 18.18

Median IQR

Duration of symptoms (months) 3 2e12
Age (years) 8.4 4.8e13.5
Time interval from 1st surgery to RT 4.1 2.5e7.1

IQR: Interquartile range.
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Overall, the most frequent tumour site was supra-
tentorial (71.2%), represented by frontal lobes and ventric-
ular system in 19.7%; infratentorial tumours accounted for
28.79 %. As far as histological subtypes, ependymoma, and
germinoma represented more than 65% of all the tumours.

Fifty per cent of the patients had hydrocephalus, 43.9% (n
¼ 24) had undergone a complete surgical removal, while
only two had not undergone any surgery and 31 patients had
more than one excision. Supplemental Figure S1 depicts the
relationship between surgical outcome and hydrocephalus.

Of the 66 total patients, 32 underwent chemotherapy
before RT, and the percentages receiving the neurotoxic
agents vs those with a lower neurotoxic potential were
similar (48.5% and 47.0%, respectively). Less than 20% pa-
tients had undergone intensive rehabilitation therapy in a
specific unit after surgery and before receiving adjuvant
treatment.
Morphological Damage Score

To quantify the structural alterations, an expert neuro-
radiologist (AE) evaluated the severity of gross anatomical
and signal abnormality of the cortical and subcortical re-
gions in both hemispheres, blind to patients’ diagnosis,
using a qualitative scale. Structural abnormalities were
assessed across supratentorial regions (bilateral frontal,
temporal, parietal, occipital, insular, cingulate), using the
USCLobes atlas [29] as a reference for guidance, and in the
brainstem, basal nuclei, and cerebellum. The morphological
damage score was assigned as follows: score 0 (normal
appearance), score 1 (mild anatomical damage and signal
abnormality), score 2 (moderate anatomical damage and/or
signal abnormality), score 3 (recognisable but distorted
morphology and/or severe signal abnormality) and score 4
(severe anatomical damage, and intense, pervasive hyper-
intensity) [30,31]. A score for each hemisphere was
assigned for symmetrical brain regions. Coherently, the
ventricular system was evaluated as score 0 (normal size),
score 1 (mild enlargement), score 2 (moderate enlarge-
ment) and score 3 (severe enlargement). Figure 1A reports
morphological damage scores within a patient for each re-
gion. The median number of damaged areas in each child
was 2 (IQR: 2e3), and no child had a score of 4. The duration
of symptoms did not correlate with the number of damaged
areas. In each patient, the maximum number of regions
with a score of 2 or 3 was 5 and 3, respectively. There were
nineteen scores of 3 counted among 13 patients. Only one
child had more than 50% (n¼ 13/18) of areas with damages,
whereas 7 patients had all scores equal to 0.

Each region was considered non-normal (score >0) in at
least one patient, whereas 10 regions were scored as 3 in at
least one patient (Figure 1B). Quantitatively, the most
frequently damaged areas were ventricular, with enlarge-
ment (n ¼ 17), brainstem (n ¼ 17), and right (R) frontal lobe
(n ¼ 16), while qualitatively, it was the left (L) temporal
(75.0% of score 3) and L frontal (41.7% with score 3) lobes.
On the contrary, the least quantitatively damaged areas
were the R insula (n ¼ 3), R occipital, L temporal, and L
occipital regions (n ¼ 4), although 33.3% of R insula has a
score of 3.
Neurological Deficit Score

Each patient received a neurological score based on the
number of concomitant deficits: score 0 (no deficit), score 1
(one cranial nerve deficit or ataxia or pyramidal syndrome),
score 2 (i.e. two cranial nerve deficits or one nerve plus
ataxia), score 3 (multiple deficits), score 4 (coma or psy-
chosis without clear neurological deficits or posterior fossa
syndrome) and score 5 (multiple deficits plus coma or
psychosis).

In addition, a qualitative classification considered the
type of impaired activity, whereby each patient belonged to
one of these classes: no deficits, visual or ocular motility
deficits, sensory and motor deficits � epilepsy, cerebellar
deficits, life-threatening complex deficits, or mental
deficits.

Figure 2A illustrates the distribution of neurological
deficit scores across the various activity impairment cate-
gories in the 66 children studied. Among the participants,
19 (28.8%) exhibited no deficits, while 21 (31.8%) were
classified with a score of 1, with 67% of these patients
experiencing visual acuity or ocular motility impairments.
Additionally, 15 patients (22.7%) received a score of 3, nearly
all of whom (93.3%) had sensory and motor deficits, often
accompanied by epilepsy. Four patients with a score of four
or more had life-threatening complex deficits.

The highest scores were observed in the youngest chil-
dren, particularly in the 0e5 age group, where 50% of the
patients had a score of at least 3 (Figure 2B).

By focussing on the tumour sites (Figure 2C), we
observed that all the patients with a pineal tumour had a
score of 1 (3/3), while the highest percentage of patients
with scores >1 had posterior fossa tumours (68.4%). The 4
patients with the highest scores (4 or 5) had tumours in the
posterior fossa, in the sellar region, or in temporal lobes; all
of them had hydrocephalus. Patients with symptoms
duration shorter than 12 months showed higher percent-
ages of severe neurological deficits (Figure 2D). The number
of patients with neurological deficits appeared to be inde-
pendent by hydrocephalus, as well as surgery and chemo-
therapy administered (Figure 2EeG).
Endocrine Alterations Score

To quantify the endocrine alterations, an expert paedi-
atric oncologist (MM) harmonised the data and categorised
them according to the type and the amount of alterations:
(i) score 1 for only one deficit present at the time of patient
referral, (ii) score 2 for two deficits, (iii) score 3 for three



Fig 1. Morphological damage scores in each brain region.
A, Heatmap displaying the morphological damage scores across patients and brain regions. The x-axis shows the brain regions (L: left or R: right)
according to the atlas, and each row represents one patient. Each cell is coloured based on the morphological damage score, with a gradient
ranging from white (score ¼ 0, no damage) to dark red (score ¼ 3, severe damage). The legend indicates the colour scale corresponding to the
damage scores.
B, Stacked bar plot showing the frequency of patients with a specific damage score in each brain region of the atlas. The x-axis shows the brain
regions (L: left or R: right) according to the atlas. The bars are colour-coded to represent the severity of the damage, with a gradient from white
(score ¼ 0, no damage) to dark red (score ¼ 3, severe damage). Each bar reflects the distribution of damage levels for each region across the
patient cohort.
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Fig 2. Neurological deficits score evaluation.
A, Bar plot showing the distribution of patients by neurological deficits score and type of deficit. The x-axis represents the scores, while the y-
axis indicates the number of patients with each score. Bars are coloured to represent different types of deficits. The numbers within the bars
indicate the frequency of patients in each category.
B-G, Bar plots showing the frequency of patients across different categories of the investigated clinical variable (B, ages in years, C, tumour site, D,
months of symptoms, E, hydrocephalus, F, surgery, G, chemotherapy). The y-axis represents the number of patients in each category. The colours
of the bars represent the different neurological deficit scores: 0 (green, no deficit), 1 (yellow), 2 (light orange), 3 (dark orange), 4 (red), and 5
(purple). The numbers within the bars indicate the frequency of patients in each category.
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deficits, (iv) score 4 for panhypopituitarism, (v) score 5 for
pan hypopituitarism and other deficits (i.e. salt-wasting
syndrome, obesity, hyperprolactinemia, osteopenia, etc).
Score 0 was assigned to patients with no endocrine
alterations.
Figure 3A represents the distribution of the endocrine
alterations score. The majority of patients had no endocrine
alterations (68.2%), and about 26% of patients had a score of
4 or 5. Panhypopituitarism was the most prevalent
alteration.



Fig 3. Endocrine alterations score evaluation.
A, Bar plot showing the distribution of patients by endocrine alterations score and type of alteration. The x-axis represents the scores, while the
y-axis indicates the number of patients with each score. Bar colour represents different types of alterations. The numbers within the bars
indicate the frequency of patients in each category.
BeG, Bar plot showing the frequency of patients across different categories of the investigated clinical variables (B, ages in years, C, tumour site,
D, months of symptoms, E, hydrocephalus, F, surgery, G, chemotherapy). The y-axis represents the number of patients in each category. The
colours of the bars represent the different endocrine alterations scores: 0 (green, no deficit), 1 (yellow), 2 (light orange), 3 (dark orange), 4 (red),
and 5 (purple). The numbers within the bars indicate the frequency of patients in each category.
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The age of the patients was associated with the endo-
crine alterations score (p ¼ 0.027), the most severe endo-
crine disruptions were found in children of school age,
where they were observed for 35% or more of patients (35%
in 5e10 years, 37.5% in 10e15 years, 42% in 15e20 years),
Figure 3B.

With regard to the relationship between endocrine al-
terations and tumour sites (p� 0.001), Figure 3C shows that
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all patients with a tumour in the sellar region had an
alteration (score >0 in 10/10). Moreover, the sellar region
and ventricular system were the only two tumour sites
including patients with endocrine alterations score >2. In
patients who reported symptoms lasting more than one
year, less than 1% showed no signs of endocrine disruption
(Figure 3D).

Almost 88% and 48% of patients had no endocrine alter-
ations among those with and without hydrocephalus,
respectively (p ¼ 0.001, Figure 3E). The 6 patients with the
maximum score of 5, however, were equally represented in
the two groups. Only one patient of the 29 who underwent
a complete surgical resection had a score other than zero, as
shown in Figure 3F. The presence of endocrinopathies was
not associated with the use of chemotherapy (p ¼ 0.064,
Figure 3G).
Inter-rater Reliability of Neurological and Endocrinological
Scores

As regards the inter-rater reliability of the endocrino-
logical alteration and neurological deficit scores, repro-
ducibility between other two paediatric oncologists and the
reference values according to the proposed scores classifi-
cation criteria by MM were evaluated as described in sta-
tistical analysis (see Supplemental material). Weighted
Kappa (Kw) values for endocrine alterations score were
slightly higher in comparison to those related to the
neurological ones, but all were satisfactory Kw > 0.9
(Supplemental Table S2).
Neurocognitive Damage

FSIQ, verbal intelligent quotient (VIQ), and performance
intelligent quotient (PIQ) were computed in more than 70%
of patients. Figure 4A shows the number of patients with an
impaired/nonimpaired score according to the standardised
threshold for each cognitive subtest (Supplemental Table
S1). Full-Scale Intelligence Quotient (FSQI) had the higher
percentage of impaired results (35.7%) while the PIQ the
lowest (22.6%). With regard to the derived indexes, pro-
cessing speed index (PSI) had higher impaired results than
working memory (WM) (40.9% vs 28.2%). In particular, the
cognitive index results are shown in Supplemental
Figure S2 in conjunction with the patients’ clinical vari-
ables. No significant differences were found in patient’ ages
between those with or without impaired scores; however,
we observed a higher proportion of patients with infra-
tentorial tumours among those with impaired verbal IQ (p
¼ 0.048, Figure 4B). Patients who achieved better results in
the FSIQ reported having symptoms that lasted less than 12
months (p¼ 0.003) and a similar trendwas observed for the
PIQ (p ¼ 0.060, Figure 4C). All patients with an endocrine
alteration score of 5 belonged to the impaired FSIQ group,
while most patients with a non-impaired FSIQ did not have
endocrine alterations (p ¼ 0.038, Figure 4D). The distribu-
tions of hydrocephalus, extent of surgery, chemotherapy,
and neurological deficit scores did not show any clear
differences among the patients with and without impaired
results (Supplemental Figure S2).

Neurocognitive Damage and Structural Alterations

Neurocognitive damage in each patient was analysed
alongside the morphological damage scores across cortical
and subcortical regions. The left basal ganglia and left
frontal regions were the areas with the proportion of pa-
tients with structural damage that differed between those
who obtained impaired and nonimpaired results, as high-
lighted by themost relevant cases in Figure 4E. For example,
only 2 out of 34 patients (<10%) with nonimpaired FSIQ had
damage in the left basal ganglia region, while 7 out of 19
patients (37%) with impaired FSIQ had damage in this re-
gion (p ¼ 0.007).
Discussion

Neurotoxic effects due to RT typically become fully
apparent between 2 and 5 years after treatment completion
and are often associated with significant and chronic im-
pairments in various domains, including physical, medical,
social, emotional, behavioural, and neurocognitive func-
tioning. Notably, it is estimated that 40%e100% of paediatric
brain tumour survivors experience cognitive deficits related
to the tumour and/or its treatment [32e34].

The primary objective of this research, at the time it was
conceived, was to investigate late radiation damage
following focal RT for childhood BT, establishing the rela-
tionship between brain tissue damage, radiation dose
levels, and neurocognitive outcomes, and to determine the
tolerance doses for the most sensitive areas of the devel-
oping brain, which could then be used as dose constraints in
RT treatment planning..

For these complex aims, an initial description of the basal
situation of the 66 patients recruited in this observational
trial was required and is reported here as a first step of this
complex project.

Besides the administered batteries of neurocognitive
tests, new parameters were introduced in this study in or-
der to create reproducible scores.

A score of endocrinological alterations and neurological
deficits already present at diagnosis and correlated to the
tumour damage and/or to the necessary surgical proced-
ures, were defined. Similarly, the morphological damage
also received a score. These semiquantitative measures
allowed the correlations at baseline (i.e. before RT) and will
be used in the follow-up after RT. The development of
neurocognitive dysfunction influenced by a variety of host
and treatment factors, in fact, often increases over time.

By examining 54/66 cases treated with heterogeneous
surgical approaches, the infratentorial site was found to be
associated with VIQ impairment [35], and higher FIQ
correlated with a shorter symptoms history. A similar trend
was also observed for PIQ, despite a similar neurological
deficit score. Additionally, endocrinological status was a
significant factor in IQ impairment: all patients with a



Fig 4. Neurocognitive test evaluation.
A, Bar plot showing the frequency of patients across different cognitive aggregate indexes (see Supplemental Table S1). The colours of the bars
represent the different outcome of the indexes: nonimpaired (green) or impaired (red).
B-D, Bar plot showing the distributions (%) of clinical variables (B, months of symptoms, C, tumour site, D, endocrine alterations score) across
cognitive outcomes (‘impaired’ or ‘nonimpaired’) for the most relevant combinations of cognitive indexes and clinical variables.
E, Bubble plots representing the ROI’s morphological damage score and the outcomes of specific cognitive evaluation. The panels report the
structural damage score (from 0 to 4) into the left basal ganglia, left frontal region in relation to the outcome of arithmetic (ARIT) and infor-
mation (INF) subevaluations or the performance IQ (PIQ) and full scale IQ (FISQ) (see Supplemental Table S1). The numbers within the bubbles
indicate the frequency of patients for each combination.
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severe neurological deficit (score of 5) had IQ impairment,
while most patients with an endocrinological score
0 demonstrated normal IQ levels. Obviously, the majority of
patients with endocrinological alterations had tumours in
the suprasellar and third ventricular regions. The issue of
the correlation of cognitive impairment with endocrine risk
factors has already been reported and is considered an
important modifiable factor for preventing further deteri-
oration [36]. The long-term detrimental effect of hydro-
cephalus is already well known [37]. In our series, the
extent and number of surgeries, the presence of neurolog-
ical deficitsdobserved in over 70% of patientsdand the
effects of chemotherapy [38,39] did not significantly impact
on neurocognitive outcomes shortly after diagnosis. In
contrast, the morphological damage was correlated with
the neurocognitive outcome, as shown by the impact of the
basal ganglia on FSIQ. Among previous papers, all related to
presurgical status [2e6], not all authors found neuro-
cognitive alterations in the presurgical phase even when
comparing patients with a control group [4], thus partly
explaining what we have found as a cumulative effect of
tumours and surgical acts.

The most compromised areas were those of praxic skills
and memory, followed by the executive functions and
attention. The impairment of praxic skills is easily under-
standable as these abilities are strongly influenced by ex-
ecutive functions, which include planning, programming,
and other higher cognitive skills such as memory and
attention, as demonstrated by numerous authors
[2,4,6,40e44]; however, at the same time we cannot
exclude a possible impact of the tumour on the motor sys-
tems of the brain. Moreover, we found that the nondomi-
nant hand, assembly, and recall tasks from the Purdue
Pegboard and the Rey Complex Figure tests showed the
highest percentage of impaired scores, exceeding 40%. We
hypothesise that the decline in nondominant hand and
assembly test from the Purdue Pegboard suggests that the
subject’s cognitive resources are more intensively used to
exercise the dominant hand, renouncing the ability to
develop the skills related to the less important hand, just as
happens for other cognitive domains [1,45,46] and in
accordance with clinical practice, in which we observe a
great investment in the use of the dominant hand. It can be
assumed that the reason for the decline is not the loss of
skills, but the failure to learn and acquire new skills at the
age-appropriate rate, resulting in relatively lower func-
tioning compared to what is expected for age. Despite its
noteworthy findings, the present study has several limita-
tions. The sample is highly variable in terms of age, tumour
type and site, surgical approaches, length of symptoms,
neurological and endocrinological deficits already present,
making it challenging to interpret the specific relationships
between these factors and cognitive functioning. Addi-
tionally, the small sample size limited the ability to conduct
group comparisons of neurocognitive functioning based on
distinct demographic factors or tumour characteristics.
Future studies should involvemultiple sites to recruit larger,
more diverse samples, enabling systematic analysis of these
effects and providing more robust conclusions. The
hypothetical reversibility of certain conditions, such as
space-occupying lesions, hydrocephalus, visual loss, hear-
ing impairment, or neuroendocrine dysfunction, will needs
a future evaluation as the original project implied.

The original scores developed in the current study to
assess morphological, endocrinological, and neurological
deficits are a true novelty and could be easily reproduced in
other studies, as also shown by the results obtained from
the evaluation of inter-rater reliability among three paedi-
atric oncologists. In the upcoming report on this series,
which will include the effects of RT and the cumulative
impact of previously described factors over time, the utility
of these scores will be further validated.

A similar series carefully assessed prior to receiving focal
RT for various malignant BT was, however, never reported
by literature with so many details. Other papers have in fact
describe neuropsychological testing in BT patients before
surgical or subsequent treatments commence with corre-
lation of sites, symptoms and their duration, neurological
deficits and hydrocephalus, but never included specific
morphological, neurological and endocrine scores [47]. The
findings revealed an unexpectedly high incidence of im-
pairments across all examined areas.

In addition to monitoring these patients over time, all
available clinical and social resources must be leveraged
from the very beginning of each patient’s journey to
significantly enhance their care and support [48e51].
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