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Background: The numbers of pediatric brain tumor survivors are increasing due to improved treatment
protocols and multimodal treatments. Many survivors have neurocognitive sequelae, especially after
radiotherapy. Neuropsychologic assessment is therefore essential to interpret clinical outcome, evaluate
treatments protocol, and implement rehabilitation interventions. The overall aim of this study was to
describe neurocognitive functions before and after radiotherapy. We also aimed to explore potential
confounding risk factors that could affect the interpretation of radiotherapy-induced neurocognitive
decline.
Methods: Fifty pediatric brain tumor survivors who had received radiotherapy (five years or more ago)
were included. Clinical characteristics, potential confounding risk factors, radiotherapy plans, and neu-
rocognitive functions on intelligence quotient (IQ) and neuropsychologic measurements were analyzed
before and after radiotherapy.
Results: Neurocognitive functions were affected before radiotherapy and were progressively aggravated
thereafter. The last neuropsychologic assessment after radiotherapy varied between two and
139 months. Nineteen patients were tested five years after radiotherapy, and 90% of them performed �1
S.D. below the normative mean on IQ measurements. Several potential confounding risk factors including
those induced by radiotherapy were associated with lower performance on perceptual function, working
memory, and processing speed. Longer time after radiotherapy was particularly associated with lower
performance on working memory and processing speed. Importantly, the neuropsychologic assessments
revealed more comprehensive problems than could be inferred from IQ measurements alone.
Conclusions: Our study underpins the importance of systematic and structured neuropsychologic
assessment before and after radiotherapy. The timing of the assessment is important, and potential
confounding risk factors need to be identified to better evaluate radiotherapy-induced neurocognitive
decline.
© 2022 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
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Introduction

The number of pediatric brain tumor survivors has increased
due to improved treatment protocols and multimodal treatment.1,2

Radiotherapy (RT) is often efficient in terms of obtaining local
control of the brain tumor, but it is associated with increased long-
term risk of neurological, neurocognitive, neuroendocrine, and
psychosocial dysfunctions.3 Photon RT has been the most common
modality but is associated with high risk for neurocognitive decline
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such as Full-Scale Intelligence Quotient (IQ), working memory, and
processing speed.4,5 Treatment with gamma knife (focused high
dose radiation) is usually beneficial in terms of sparing normal
tissue but is only suitable for smaller tumors.6 Proton RT is
increasing since it is suitable for a wide variety of pediatric tumors
and often minimizes the irradiated volume due to a more favorable
dose distribution. Consequently, damage to the developing brain
can be minimized by protecting organs at risk.7 An increasing
number of studies are showing that proton RT is causing less
decline in several neurocognitive domains compared with photon
RT. Decline in processing speed is, however, prevalent after proton
RT in a similar way as after photon RT,5,8,9 and further studies on
long-term follow-up are needed to map those effects. Furthermore,
the effect of dose distribution on neurocognitive functions is also
understudied.10

Systematic investigation of neurocognitive performance before
and after RT at different time points is important to evaluate the
potential risks and benefits of different RT and dose distributions.
Long-term follow-up and periodical neuropsychologic assessment
(NPA) when clinically indicated is also an essential base for
adequate rehabilitation interventions.11,12 As difficulties with
memory, processing speed, and executive functions can be present
already before treatment, it is important to include NPA at the time
of diagnosis or before treatment.13-15 To evaluate RT-induced neu-
rocognitive decline, potential confounding risk factors need to be
identified before and after RT taking into account the potential
interaction effects of several risk factors.

The overall aim of this study was to investigate neurocognitive
functions before and after RT in a pediatric clinical cohort. We also
aimed to explore potentially confounding risk factors that could
affect the interpretation of RT-induced neurocognitive impairment.

Material and Methods

Study population

In this population-based study, a total of 220 patients with a
central nervous system (CNS) tumor were diagnosed at a tertiary
care Children's University Hospital in Sweden from January 2003 to
June 2015. At the time of the data collection 184 patients were alive
with a five-year overall survival rate of 84%. Among them, 98 pa-
tients had received RT toward CNS, of whom 67 patients were still
alive (68%). Inclusion criteria for this study were patients alive with
RT during the time period with access to RT plans to conduct long-
term follow-up. The fact that five years or more had elapsed from
RT at time of the analysis made it possible for us to pick up pro-
gressively aggravated neurocognitive sequelae. Among these pa-
tients, 17 did not fulfill the inclusion criteria due to RT abroad
(n ¼ 4), not possible to extract the data in the treatment manage-
ment system (n ¼ 4), receiving RT later after the study period
(n ¼ 7), and missing data (n ¼ 2).

This study was approved by the Regional Ethical Review Board
in Uppsala, Sweden (Dnr 2018/404 and 2020-05301), and it has
been performed in accordance with the Declaration of Helsinki.

Clinical variables

Clinical data were collected from the medical records and
compared with data registered in the Swedish Childhood Cancer
Registry and the Radtox Quality Registry (a national RT registry for
children). Clinical information retrieved from the medical records
was neurological debut symptoms, neurocognitive functions before
and after RT (last assessment), age at diagnosis (years), sex, tumor
size (widest diameter), increased intracranial pressure (IICP, yes/
no), tumor location (infratentorial/supratentorial), surgery (yes/
22
no), vision and hearing impairment (yes/no), chemotherapy treat-
ment (yes/no), age at RT, type of RT, whole brain RT (WBRT) or
partial brain RT (PBRT), dose to planning target volume, and time
since RT. Vision and hearing function were investigated before RT,
but were not available for all patients after RT.

Radiotherapy

RT was divided, according to distribution, into two groups,
WBRT and PBRT, where WBRT was generally part of craniospinal
irradiation. Different RT modalities were divided into four groups:
photon RT, mainly proton RT, proton and photon RT, and gamma
knife therapy. Photon RT was always delivered with linear accel-
erators and with suitable beam qualities at the radiation depart-
ment at Uppsala University Hospital in Sweden. Proton RT was
delivered at the former The Svedberg Laboratory, Uppsala, as a
single, fixed horizontal beam with an energy of 180 MeV. The
gamma knife treatment was delivered at Karolinska University
Hospital, Stockholm, Sweden. Proton doses were multiplied with
relative biological effectiveness 1.1 to make them comparable to
photon doses.

Neurocognitive variables

Neuropsychologic data were collected from the neuro-
psychologic records and test protocols. During the current study
period NPA screening was recommended as a clinical standard
before treatment and one, three, and five years after treatment.
Different tests have been used during this time period due to
clinical reasons and changes in neuropsychologic follow-up pro-
tocols. The latest assessment for each individual was used in the
analysis of neurocognitive function after RT since the recom-
mended NPA screenings were not conducted as recommended,
mainly due to lack of neuropsychologic services.

Measurement of IQ has been the most prevalent assessment
before and after RT as it is a part of a standard assessment battery
for children with CNS tumors.11 Depending on age and different
time points of the NPA, different versions of the Wechsler scales
were used: Wechsler Preschool and Primary Scale of Intelligence
third and fourth editions16,17; Wechsler Intelligence Scale for Chil-
dren third, fourth, and fifth editions18-20; and Wechsler Adult In-
telligence Scale third and fourth editions.21,22 Full-Scale IQ, Verbal
Comprehension Index, Perceptual Reasoning Index, Working
Memory Index, and Processing Speed Index were analyzed, with a
mean of 100 and an S.D. of 15. When not all IQ subtests were
administered, an estimated score was calculated for each IQ index
as described in the manuals for each version. Eight subtests were
the most commonly administered tests in the present sample, both
before and after RT, and they were reported separately: similarities,
vocabulary, matrix reasoning, block design, digit span, letter-
number-sequencing, coding, and symbol search. Subtest scores
were converted to age standardized scores (SS) with a mean of 10
and S.D. of 3. The cutoff score for impaired neurocognitive function
was defined as 1 S.D. below the normative mean (normative M ¼ 0,
S.D. ¼ 1) on IQ measures. Before RT, subtest scores from two test
batteries other than the Wechsler scales were included and trans-
formed to SS: nine subtest scores from Raven Progressive Matrices
(measuring same cognitive construct as matrix reasoning)23 and
five subtest scores from digit span in the Swedish version of Neu-
ropsychological Assessment of the school-aged child.24,25

To present an overview of the level of impairment of neuro-
cognitive function at the different time points when the IQ mea-
surements had been administered before and after RT, individual
test results on IQ measurements (S.D. scores) on one or more tests
were categorized into three groups: severe/moderate problems
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(��2 S.D.), mild problems (>�2 S.D. to �1 S.D.), and no docu-
mented impairment (>�1 S.D.). Results on IQ measurements were
presented separately for those who did an assessment before sur-
gery or after surgery, and zero to 2.99 years, three to 4.99 years, or
five or more years after RT. Different neuropsychologic tests (such
as learning and executive function tests) have been used across this
time period. To include all administered tests on the neuro-
psychologic measurements, individual test results on one or more
tests were categorized into three groups: severe/moderate prob-
lems (��2 S.D., more pronounced problems in need of special
support), mild problems (>�2 S.D. to �1 S.D., some documented
problems), and no documented problems (>�1 S.D.). Test results
were presented with the same time intervals as for the IQ mea-
surements. The NPA summary was also examined regarding prob-
lems described by the neuropsychologist. During the study period
no formalized assessments of psychosocial function and fatigue
were performed, but were reported by the neuropsychologist
before and after RT.
Statistical analyses

Vocabulary and letter-number-sequencing before RT, digit span
forward and letter-number-sequencing after RT, and dose to plan-
ning target volume were not normally distributed according to the
Kolmogorov-Smirnow test for test of normality. Therefore,
Spearman rank correlation coefficient (rs) was used to compare
potential risk factors, type of RT, dose to planning target volume,
and neurocognitive function on IQ assessments before and after RT.
Correlations of rs ¼ ±0.7 to ±1.0 were regarded as strong, rs ¼ ±0.6
to ±0.4 as moderate, and rs ¼ ±0.1 to ±0.3 as weak.26 The statistical
analyses were performed with the SPSS statistical program, version
27.27 Owing to the exploratory nature of this study, no correction
for multiple comparisons was applied. An alpha level of <0.05 was
regarded as significant.
Results

For demographic and clinical characteristics for the total cohort,
please see Table 1. For those who received WBRT, the doses varied
between 23 and 40 Gy (see Supplemental Table 1). In addition,
these patients had tumor boosts between 20 and 35 Gy (total doses
to tumor volume 40 to 60 Gy depending on tumor type and/or age).

Before treatment or soon after diagnosis, 42 patients (84%) were
seen by a neuropsychologist. Neuropsychologic data was not
available for five patients (two with neuropsychiatric diagnoses
and for three only a parental interview was performed). In total 37
NPAs (74%) were further analyzed before RT, 23 patients before
surgery and 14 patients after surgery.

After RT, 42 patients (84%) were seen by a neuropsychologist.
One patient with intellectual disability who had developmental
delay before RT was excluded and one could not be tested due to
blindness and lack of command of the Swedish language. In total 40
NPAs (80%) were further analyzed after RT. The time span for when
the latest NPAwas performed after RT varied between two months
and nine years and eight months (Table 1).
Neurological and neurocognitive function before RT

The most commonly reported neurological debut symptoms
were headache, vision impairment, vomiting, and motor problems
(Table 2). Administered IQ measurements before RT are presented
in Table 3. Scores on digit span, coding, and symbol searchwere 1 to
3 SS below average before RT.
23
Potential risk factors before RT

Larger tumor size correlated moderately with lower perfor-
mance on block design (rs (18) ¼ �0.56, P ¼ 0.016) and similarities
(rs (14) ¼ �0.62, P ¼ 0.02). IICP was documented in 31 patients
(62%), and moderate correlation was seen on performance on vo-
cabulary (rs (20) ¼ �0.52, P ¼ 0.02). Vision impairment was
documented in 30 patients (60%) before RT and correlated
moderately with lower performance on block design (rs
(18) ¼ �0.49, P ¼ 0.04). Sex, age at diagnosis, tumor location, and
hearing impairment were not significantly correlated with perfor-
mance on IQ measurements.

Overview of level of impairment of neurocognitive function before
RT

The overview of level of neurocognitive function before and
after RT reveals that negative impact on neurocognitive function
was common before RT (Fig 1). Before surgery, 14 patients (60%)
performed �1 S.D. below the normative mean on one or several IQ
measurements (Fig 1A). After surgery, nine patients (64%) per-
formed �1 S.D. below the normative mean. There was more
apparent impairment of neurocognitive function when the
comprehensive NPAs were accounted for compared with IQ mea-
surements alone (Fig 1B). Before surgery, 18 patients (78%) per-
formed �1 S.D. below the normative mean. After surgery, 11
patients (78%) performed �1 S.D. below the normative mean. The
most commonly documented neurocognitive difficulties were, in
descending order: fatigue, learning, attention, memory, processing
speed, executive and psychosocial functions. Developmental delay
(n ¼ 3), attentional problems (n ¼ 2), and learning difficulties
(n ¼ 1) were also reported before diagnosis.

Neurocognitive function after radiotherapy

Table 3 presents administered IQ tests after RT. Scores on vo-
cabulary, digit span, letter-number-sequencing, coding, and symbol
search were 1 to 3 SS below average after RT.

Potential risk factors after RT

The correlations between the potential risk factors and perfor-
mance on IQ subtests are presented in Table 4.

Potential confounding risk factors for lower performance that
were identified after RT were larger tumor size, IICP, infratentorial
tumors, surgery, and chemotherapy. Larger tumor size correlated
moderately with lower performance on similarities, matrix
reasoning, and digit span. IICP correlated moderately with lower
performance on symbol search. Infratentorial tumors correlated
moderately with lower performance on Full-Scale IQ, Working
Memory Index, and Processing Speed Index.

Surgery correlated moderately with lower performance on
Working Memory Index. Chemotherapy correlated moderately
with lower performance on block design. Sex was not significantly
correlated with performance on IQ measurements.

Identified risk factors for RT-induced neurocognitive impair-
ment were younger age at RT, WBRT, higher dose to planning target
volume, and longer time after RT. Older age at RT correlated
moderately with higher performance on letter-number-sequencing
and coding. WBRT correlated strongly with lower performance on
letter-number-sequencing and correlated moderately with lower
performance on Full-Scale IQ, Verbal Comprehension Index,
Perceptual Reasoning Index, Working Memory Index, and Pro-
cessing Speed Index.



TABLE 1
Subject Characteristics, Diagnosis, Treatment Details, and Neuropsychologic Assessments

Variable n M (S.D.) Range %

Male/female 29/21 58/42
Age at diagnosis (years) 9.50 (4.45) 0-17
Age at radiotherapy (years) 10.34 (4.07) 2-17
Type of tumor, WHO
Embryonal 15 30
Medulloblastoma 14
Embryonal tumors with multilayer rosette 1

Astrocytic (low grade/high grade) 7/2 16
Ependymal (low grade/high grade) 4/6 20
Tumors of the sellar region 7 14
Craniopharyngioma 6
Pituitary adenoma 1

Tumors of the pineal region 1 2
Pineoblastoma 1

Germ cells tumors (low grade/high grade) 6 12
Optic Nerve Sheath tumor* 2 4
Meningioma unclassified 1 2

Tumor size (widest diameter, cm) 4.00 (1.74) 0.8- 9.5
IICP at diagnosis (yes/no) 31/19 62/38
Ventriculoperitoneal shunt, ventriculostomy 30 60

Localization
Infratentorial/supratentorial 19/31 38/60

Vision impairment (yes/no) 30/20 60/40
Hearing impairment (yes/no) 6/44 12/88
Treatment given
Surgery (yes/no) 45/5 90/10
Total resection 17 34
Partial resection 16 32
Multiple resection 5 10
Biopsy 7 14

Chemotherapy (yes/no) 36/14 72/28
WBRT/PRBT 17/33 34/66
Photons (WBRT/PBRT) 21 (11/10) 42
Protons (WBRT/PBRT)y 11 (0/11) 22
Photons and protons (WBRT/PBRT)z 12 (6/6) 24
Gamma knife 6 12

NPA before and during RT 42 84
NPA before surgery (two at another hospital) 25 60
NPA after surgery and/or during treatment 14 33
Anamneses 3 7

NPA after RT 42 84
NPA after RT (months) 56.69 (30.08) 2-139
NPA >5 years RT 19 45
NPA 3-5 years (one intellectual disability) 12 29
NPA 2-3 years 5 12
NPA 1-2 years (one anamneses) 3 7
NPA 2-9 months 3 7

Abbreviations:
IICP ¼ Increased intracranial pressure
NPA ¼ Neuropsychologic assessment
PBRT¼ Partial brain radiotherapy
RT ¼ Radiotherapy
WBRT ¼ Whole brain radiotherapy
WHO ¼ World Health Organization

* One with meningioma, schwannoma, and neurofibromatosis 2.
y Five received protons only.
z One also received gamma knife.

TABLE 2
Debut Symptoms Reported by Neurologist Before Diagnosis (n ¼ 50)

Symptoms n (%)

Headache 27 (54)
Vision impairment 17 (34)
Nausea, vomiting 16 (32)
Motor, balance problems 10 (20)
Hormonal disturbances 5 (10)
Seizures 4 (8)
Head trauma 4 (8)
Fatigue 4 (8)
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Higher dose to planning target volume correlated moderately
with letter-number-sequencing. Those who performed �1 S.D.
below the normative mean on letter-number-sequencing had
received a high RT dose (<50 Gy), and their diagnoses were
embryonal tumors in cerebellum receiving WBRT (photons) and an
ependymal tumor receiving PBRT (protons and photons).

Longer time after RT correlated moderately with lower perfor-
mance on Processing Speed Index and Working Memory Index.
Those who receivedWBRT and had longer time after follow-up had
the lowest performance as seen in Fig 2, even though a successive



TABLE 3
Means, Medians, S.D.s, and Range on IQ Measurements Before and After Radiotherapy (2-139 months)

Cognitive Measure Before RT (n ¼ 37) After RT (n ¼ 40)

N M Mdn S.D. Range n M Mdn S.D. Range

Full-Scale IQ 32 91.06 91.00 16.67 61-123
VRI 34 94.35 94.00 15.89 67-136
Similarities 14 10.43 10.50 3.12 6-15 38 9.89 10.00 3.33 4-18
Vocabulary 20 9.20 10.00 2.73 2-13 39 8.28 8.00 2.76 2-14

PRI 33 99.00 98.00 19.03 67-129
Matrix reasoning 30 10.00 10.50 2.67 4-15 35 10.00 9.00 3.34 4-17
Block design 18 11.22 11.00 2.67 6-16 36 10.25 11.00 3.32 2-18

WMI 34 89.44 90.00 16.26 56-132
Digit span 28 9.00 9.00 2.85 4-15 39 8.54 9.00 2.77 3-15
Forward 35 8.43 9.00 3.00 3-14
Backward 35 9.14 9.00 3.04 3-15

Letter-number-sequencing 10 10.22 11.00 3.29 4-15 23 8.30 9.00 3.45 1-16
PSI 35 84.17 88.00 16.69 53-115
Coding 31 7.48 7.00 2.75 2-15 37 6.65 7.00 3.45 1-14
Symbol search 16 8.13 8.00 2.92 2-13 33 7.85 7.00 3.14 1-14

Abbreviations:
IQ ¼ Intelligence quotient
Mdn ¼ Median
PRI ¼ Perceptual Reasoning Index
PSI ¼ Processing Speed Index
RT ¼ Radiotherapy
VRI ¼ Verbal Reasoning Index
WMI ¼ Working Memory Index
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decline is seen over time for the whole cohort. Performance�1 S.D.
below the normative mean on working memory and processing
speed were mainly found for patients with infrantentorially located
tumors, embryonal tumors located in cerebellum receiving WBRT.
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FIGURE 1. Overview of the level of impairment of neurocognitive function before
surgery (S), after surgery, and after radiotherapy (RT) at three time points: zero to 2.99
years, three to 4.99 years, and five years or more after RT. (A) Individual test results on
intelligence quotient (IQ) measurements (S.D. scores) on one or more tests categorized
into three groups: severe/moderate (<e2 S.D.), mild (>e2 S.D. to e1 S.D.), and no
impairment (>e1 S.D.). (B) Individual test results on the neuropsychologic assessment
(NPA) on one or more tests categorized into three groups: severe/moderate (<e2 S.D.,
more pronounced problems in need of special support), mild (>e2 S.D. to e1 S.D.,
some documented problems), and no documented problems (>e1 S.D.).
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Two patients with supratentorially located tumors also performed
�1 S.D. below the normative mean, one with an embryonal tumor
located parieto-occipitally recieving WBRT and one with an epen-
dymal tumor located frontoparietally receiving PBRT (photons). For
working memory, one patient with an ependymal tumor located in
cerebellum receiving PBRT (mainly protons) and one with an
embryonal tumor located parieto-occipitally receiving PBRT (pro-
tons and photons) had a performance of �1 S.D. below the
normative mean. For processing speed, two patients with an as-
trocytoma located in cerebellum receiving PBRT (one receiving all
RT modalities and one gamma knife) and one with an ependymal
tumor located in cerebellum receiving PBRT (photons) had a per-
formance of �1 S.D. below the normative mean. Comparisons be-
tween type of RT modality and performance on IQ measurements
in those who only received PBRT were not appropriate as there
were too few patients in each group (n ¼ 1-7).

Overview of level of impairment of neurocognitive function after RT

The overview of level of impairment of neurocognitive function
before and after RT reveals that impairment in one or several
neurocognitive domains was more pronounced after RT (Fig 1).
Time point since the latest assessment varied: 10 (25%) did the
latest assessment zero to 2.99 years after RT, 11 (27.5%) three to
4.99 years after RT, and 19 (47.5%) five or more years after RT. After
zero to 2.99 years, six patients (60%) performed �1 S.D. below the
normative mean on IQ measurements. After three to 4.99 years,
eight patients (73%) performed �1 S.D. below the normative mean.
After five years, 17 patients (90%) performed �1 S.D. below the
normative mean and only two (10%) had no impairment on IQ
measurements.

There was more apparent impairment of neurocognitive func-
tion when the comprehensive NPAs were accounted for compared
with IQ assessments alone (Fig 1B). After zero to 2.99 years, eight
patients (80%) performed �1 S.D. below the normative mean. After
three to 4.99 years, 10 patients (91%) performed �1 S.D. below the
normative mean. After five years, 18 patients (95%) performed �1
S.D. below the normative mean and only one (5%) had no docu-
mented problems. The most common neurocognitive difficulties



TABLE 4
Spearman Correlations Between Potential Risk Factors and Performance on IQ Measurements After Radiotherapy

Cognitive Measure Tumor Size IICP I/S Surgery Chemotherapy Age RT WBRT Dose to PTV Time after RT

Full-Scale IQ (n ¼ 32) �0.38* �0.30 �0.42* �0.36* �0.31 0.17 �0.61y �0.22 �0.34
VRI (n ¼ 34) �0.32 �0.01 �0.35* �0.31 �0.24 0.11 �0.49y �0.22 �0.19
Similarities (n ¼ 38) �0.46y �0.13 �0.38* �0.28 �0.29 0.14 �0.43y �0.21 �0.22
Vocabulary (n ¼ 39) �0.35* 0.12 �0.27 �0.27 �0.13 0.20 �0.33* �0.19 �0.29

PRI (n ¼ 33) �0.18 �0.24 �0.35* �0.21 �0.30 �0.05 �0.53y �0.17 �0.19
Matrix reasoning (n ¼ 35) �0.42* �0.23 �0.42* �0.41* �0.19 0.21 �0.47y �0.24 �0.38*
Block design (n ¼ 36) �0.17 �0.25 �0.37* �0.15 �0.42* 0.07 �0.53y �0.20 �0.35*

WMI (n ¼ 34) �0.29 �0.31 �0.44y �0.52y �0.26 0.25 �0.56y �0.40* �0.50y

Digit Span (n ¼ 39) �0.41* �0.31 �0.32* �0.52* �0.14 0.35* �0.39* �0.23 �0.51y

Forward (n ¼ 35) �0.29 �0.22 �0.08 �0.42* 0.09 0.33 �0.24 �0.14 �0.35*
Backward (n ¼ 35) �0.32 �0.29 �0.38* �0.43* �0.28 0.28 �0.43y �0.17 �0.44y

Letter-number-sequencing (n ¼ 23) �0.24 �0.40 �0.50* �0.42* �0.37 0.52* �0.70y �0.48* �0.48*
PSI (n ¼ 35) �0.36* �0.32 �0.43* �0.31 �0.34* 0.39* �0.62y �0.31 �0.49y

Coding (n ¼ 37) �0.24 �0.18 �0.43y �0.30 �0.31 0.48y �0.55y �0.30 �0.58y

Symbol search (n ¼ 33) �0.36* �0.42* �0.35* �0.25 �0.33 0.10 �0.63y �0.25 �0.33

Abbreviations:
IICP ¼ Increased intracranial pressure
I/S ¼ Infratentorial/supratentorial
PRI ¼ Perceptual Reasoning Index
PSI ¼ Processing Speed Index
PTV ¼ Planning target volume
RT ¼ Radiotherapy
VRI ¼ Verbal Reasoning Index
WBRT ¼ Whole brain radiotherapy
WMI ¼ Working Memory Index

* P < 0.05.
y P < 0.01.
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documented in the NPA after RT were, in descending order: pro-
cessing speed, memory, executive functions, attention, fatigue,
psychosocial functions and visual perception.

Discussion

In this population-based study of 50 pediatric brain tumor
survivors who had received RT, we found that neurocognitive
functions were affected before RT and were progressively aggra-
vated after RT. However, the time span for when the latest assess-
ment was performed varied a lot. Nineteen patients were tested
five years after RT, and 90% of them performed below the normative
mean on IQ measurements. Potential confounding risk factors for
neurocognitive impairment were identified before RT such as tu-
mor size, high IICP, and vision impairment. Potential confounding
risk factors identified after RT included tumor size, surgery, IICP,
and chemotherapy. Lower performance on perceptual, working
memory, and/or processing speed tests were associated with
several of the confounding risk factors both before and after RT.
Lower performance on these tests were also associated with RT-
induced neurocognitive risk factors such as younger age at RT,
WBRT, higher dose to planning target volume, and longer time after
RT. Furthermore, an NPA revealed more comprehensive problems
than could be inferred from IQ measurements alone, and only one
person had no documented problem five years after RT. Our study
underpins the importance of systematic and structured NPA before
and after RT over a longer period. The timing of the NPA is impor-
tant, and potential confounding risk factors need to be identified
before and after RT to better evaluate RT-induced neurocognitive
decline.

Potential risk factors before RT

Impairment of neurocognitive function was apparent before
surgery and therefore most likely caused by the tumor. Tumor size
and IICP have, in this study and previous studies, been shown to be
risk factors for neurocognitive impairment. We found an
26
association with lower performance on verbal IQ and perceptual
function (block design); lower performance can be due to working
memory and executive deficits that have previously been identi-
fied.13-15 Vision impairment can also impact performance on vi-
suospatial tests and needs to be considered as a risk factor before
and after RT.14 Processing speed was the most affected measure
before RT (coding �1 S.D.), but this impairment could not be
explained by any of the included potential risk factors. Most
probably, there are several risk factors that interact. Lower perfor-
mance on processing speed could also be due to different reasons.
For instance, problems with vision, attention, fatigue, and motor
functions as reported by the neuropsychologist and the neurolo-
gists can all affect performance on processing speed tests on the
Wechsler scales. The most common problems reported by the
neuropsychologist before RT was fatigue; even though it was not
formally assessed, it could have had an impact on test performance.
One study has also shown associations between cognitive fatigue
and processing speed in pediatric brain tumor survivors.28 Our
study demonstrates that the comprehensive neuropsychologic
assessment and the neurological reports revealed more and diverse
problems than could be inferred from the IQ measurements alone.

Potential risk factors after RT

After RT, several confounding risk factors were identified such as
tumor size, IICP, surgery, and chemotherapy. We found that surgery
was associated with lower performance on working memory and
perceptual functioning (matrix reasoning) and high IICP was
associatedwith lower processing speed. Surgery alone in low-grade
gliomas has in a previous study been associated with persisting
impairments in memory, executive functioning, and motor func-
tion.29 Regarding chemotherapy we found associations with lower
perceptual function (block design) as well as a negative trend for
lower performance on working memory and processing speed.
Chemotherapy is a well-known risk factor for neurocognitive
decline similar to RT, but not to the same extent. However, there is
lack of prospective clinical studies focusing on changes in function



FIGURE 2. Scatterplots of performance on Working Memory Index and Processing Speed Index (M ¼ 100, S.D. ¼ 15) against month after radiotherapy. Lower scores indicate lower
performance and longer time since radiotherapy. The shapes define radiotherapy distribution; whole brain radiotherapy or partial brain radiotherapy. Least squares regression line
is shown for illustrative purposes.
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during and after chemotherapy.30 This study supports the existing
but scarce evidence suggesting that confounding risk factors can
result in impairments in various neurocognitive domains irre-
spective of RT.13,29,31 Thus, we conclude that potential risk factors
for neurocognitive decline in childrenwith brain tumors need to be
identified early and followed over time.

RT-induced neurocognitive impairments were particularly
associated with lower performance on working memory and pro-
cessing speed tests. We could not compare different RT modalities
in this study, but other studies have shown that declines in these
functions are prevalent regardless of RT modality5,32 and should
preferably be measured repeatedly before and after RT since other
confounding risk factors can interact. We found an increased risk
for neurocognitive impairment mainly for those who received
WBRT, photon RT and whose tumors were located in the cere-
bellum (except one located supratentorially). However, some
27
patients with PBRT receiving photons, protons, and/or gamma knife
treatment also performed �1 S.D. below the normative mean on
processing speed andworking memory indicating a neurocognitive
decline regardless of therapy modality. Higher RT dose is a risk
factor for neurocognitive decline, and we found associations with
lower working memory performance when receiving higher dose
to planning target volume that could be associated with hippo-
campal impairment.10,33 We mainly found lower performance
among those who received doses over 50 Gy, and these were
mainly embryonal tumors in cerebellum receiving WBRT and also
one with PBRT (receiving both photons and protons). However, RT
doses toward potential organs at risk can give more information on
RT-induced neurocognitive decline than dose to planning target
volume and doses below 50 Gy can also impact neurocognition34

and will be investigated in upcoming studies. Longer time after
RT was associated with lower performance on perceptual tests
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(matrix reasoning), working memory, and processing speed, and
these functions seem to be important to measure repeatedly over
time before and after RT since lower performance on same subtests
seems to interact with confounding risk factors.

IQ measurements and NPA

IQ tests were the most prevalent measures for this cohort. IQ
assessments are important to evaluate neurocognitive impairment
before and after RT, especially for those receiving WBRT. Photon RT
and WBRT have in this, and previous studies, shown to be a strong
predictor for IQ decline.4,5,35,36 The neuropsychologic reports and
the overview of level of impairment of neurocognitive function
before and after RT revealed more diverse and pronounced prob-
lems when comprehensive NPAs were taken into account rather
than IQmeasurements alone. These results are in linewith previous
studies showing that IQ measurements alone are not sufficient to
detect RT-induced neurocognitive decline.37,38

Strengths and limitations

Major strengths of our study are the population-based
approach, variety of tumor types, and different types of RT. This
heterogeneity allowed us to investigate several associations be-
tween clinical variables and neurocognitive outcomes. However,
the heterogeneity was also a limitation as was the small sample size
for the administered tests, which did not allow us to explore
interaction effects on different risk factors from a multivariable
approach. Most probably there is a multicollinearity between
different medical factors. Although it is difficult to get a true
baseline, an NPA before RT is important as well as the timing for the
assessment. An NPA before surgery does not seem to be a good
baseline to evaluate RT-induced impairment of neurocognitive
function, since the tumor itself may impact neurological and neu-
rocognitive function. Some shortcomings with this study could
have been avoided if the neuropsychologic follow-up had been
systematically performed as recommended. Follow-up duration
varied greatly in our study, which also could have affected the re-
sults. Systematic neuropsychologic follow-up of pediatric brain
tumor survivors is highly recommended, and access to neuro-
psychologic services is needed to be able to meet these
guidelines.12,38

This study demonstrates that an NPA before and after RT at
different time points is important to detect potential confounding
risk factors triggering RT-induced neurocognitive decline and to
implement adequate rehabilitation interventions for pediatric
brain tumors survivors. It is important to measure core neuro-
cognitive functions before RT and repeatedly after RT since RT-
induced CNS damage such as neuroinflammation early on can
affect underlying brain networks, which can lead to chronic path-
ophysiologic processes that progress to permanent neurocognitive
impairments.30,39 To further evaluate RT-induced neurocognitive
decline, RT doses to potential organs at risk for neurocognitive
decline need to be considered, and this will be investigated in
upcoming studies.

Conclusion

We found that neurocognitive functions were affected before RT
and that these effects were more pronounced over time, particu-
larly for working memory and processing speed. Our study illus-
trates the importance of structured neuropsychologic assessment
before and after RT; the timing of the assessment is important, and
confounding risk factors need to be identified to better evaluate
treatment protocols. Indeed, several confounding risk factors were
28
identified that could have an impact on the evaluation of RT-
induced neurocognitive decline. Neurocognitive functions that
seem to interact are particularly perceptual function, working
memory, and processing speed. Further long-term follow-up
studies are needed to investigate interacting effects.
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