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Abstract
Background Pediatric patients with circumscribed cerebellar pilocytic astrocytoma (PA) tumors generally perform within the
normal range on neuropsychological tests after a complete tumor resection. The outcome in academically relevant abilities such
as mathematics, which in adults involve some cerebellar functions, is however much less understood. The aim of this study is to
retrospectively investigate the neuroplasticity of mathematical skills and associated cognitive functions following cerebellar
resection of PA in pediatric patients.
Methods Twenty-two children (mean age = 11.2 + 1.8), including 11 PA patients (females = 6) and 11 healthy controls (fe-
males = 6), were administered a battery of mathematical (MaT) and neuropsychological tests. Single-case statistical analyses
were carried out (Crawford’s t) as well as between-group comparisons (Wilcoxon test). Spearman correlations between MaTand
neuropsychological tests were calculated.
Results Thirty-six percent of the patients showed difficulties in somemathematical tasks, 50% of themwithin a broader cognitive
deficit. Verbal workingmemory was associated withMaT performance both in patients and controls while, crucially, visuospatial
memory, and visual-motor integration were associated with MaT in patients only. Among patients, MaT correlated negatively
with tumor size and positively with the interval surgery test.
Conclusions The results evince an overall recovery of mathematical abilities despite PA in the majority of patients. This functional
reestablishment is supported by visuospatial and visuomotor integration functions that contribute to set up emerging mathematical
skills in these patients. Higher levels of compensation are found in more developed tumors as compared to smaller ones.

Keywords Low-grade pilocytic astrocytoma . Surgical resection . Cerebellum . Neuropsychological sequelae . Mathematical
performance

Introduction

Astrocytoma is the most common brain tumor diagnosed in
childhood with an incidence of 35 per million in children below

15 years of age [21]. The most common variant in children is
the pilocytic astrocytoma (PA). This tumor occurs anywhere in
the central nervous system, but it is most frequently found in the
cerebellum, in the optic pathways, and in the hypothalamus.
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Standard clinical interventions on patients diagnosed with
PA entail surgical resection. Adjuvant therapies such as radi-
ation and chemotherapy are rarely needed, and generally, the
10-year survival is over 90% [15]. This relatively high surviv-
al of patients diagnosed with PA calls for increasing efforts to
evaluate short- and long-term neuropsychological outcomes
and the path of cognitive development and scholastic attain-
ment in these children.

Patients with circumscribed cerebellar tumors perform
within the normal range of neuropsychological test norms.
In particular, no significant differences between mean IQmea-
sures in cerebellar and normal control groups have been re-
ported [28]. However, a more detailed neuropsychological
testing has revealed several problems in cognitive domains
including attention, memory, visuo-constructive skills, lan-
guage, processing speed, and interference [2, 16, 17, 20, 28].
Furthermore, significant impairments in visuospatial skills are
seen in about 22% of cerebellar PA patients at a mean of
3 years post-treatment [1].

In spite of the fact that PA patients occasionally show cog-
nitive deficits, the majority of these children attends the normal
school programs and eventually incorporates in regular profes-
sional work [11]. From a neuropsychological point of view,
these patterns may arise because functions besides those nor-
mally supporting the performance in more abstract tasks take
over and compensate during ecological tasks [5, 6, 8]. At pres-
ent, however, this is a hypothetical explanation as no previous
study attempted to evaluate compensatory mechanisms and the
relation with academic skills in this specific group of patients.

The current study attempted to fill in this gap by
assessing a group of cerebellar PA patients and a control
group of healthy children on various mathematical and
neuropsychological tests. The correlation of some cogni-
tive functions and mathematical tests was investigated
separately for patients and controls as a means to shed
some light on the way brain plasticity could lead to func-
tional reestablishment of cognitive skills in development
and following tumor resection in children. The hypothesis
was that, if compensatory mechanisms take place after
surgical resection, then different cognitive factors should
link to the scholastic performance in PA patients and
healthy children of the same age.

Particularly relevant for the present study are PA patients
with circumscribed cerebellar tumors. The cerebellum is
known historically for its involvement in motor functions
and, in adults, it has been more recently implicated also in a
wide range of high cognitive functions including number
and calculation tasks [3]. The cognitive role of the cerebel-
lum during development, however, is much less understood.
Thus, although mathematical deficits in patients following
cerebellar resection might be hypothesized based on the
adult literature, the neurocognitive outcome might differ
in pediatric populations.

Method

Participants

A group of 11 children (mean age = 11.2 + 1.8; age range =
6.2–12.5; N females = 6; mean years of education 5.5; range
1–7) that underwent surgical resection for PA at the Academic
Neurosurgery, University of Padova Medical School between
2006 and 2017 were included in this study. Diagnostic criteria
of low-grade astrocytoma were determined by means of mag-
netic resonance imaging, and surgical intervention took place
0–2 days after diagnosis. Cerebellar astrocytoma was present
in all the patients. Participants were excluded if any of the
following criteria were met: (1) abnormal vision or hearing
that could not be corrected to normal, (2) presence of a genetic
or other neurological condition that could affect test perfor-
mance, (3) presence of behavioral disorders. Additionally, a
control group of 11 children matched with the patients’ group
by gender (N females = 6), age (mean age = 11.2 + 1.8; age
range = 7.1–12.8), and education (mean years of education
5.6; range 1–7) was also included in the study. There were
no significant differences between the group of patients and
the control group in age χ2(1) = .01; p = .92, and scholastic
attainment estimated in years of education χ2(1) = .38;
p = .54. Written informed consent was obtained from all par-
ents’ participants according to the Declaration of Helsinki.
The institution’s research ethics committee did not consider
that their approval was needed for this study because it was a
retrospective work concerning a neuropsychological follow-
up routinely performed at our institution.

Mathematical tests and neuropsychological
assessment

The basic numerical battery (BNB) [24] was used to examine
numerical abilities of the participants. BNB is an item-timed
computerized battery that includes the following tests:

Dot-enumeration test: randomly arranged dots ranging
from 1 to 9 were presented on the computer display.
Children were asked to enumerate the quantities and to
respond as quickly as they could without making mis-
takes. Reaction times and errors were recorded by press-
ing the key corresponding to the number of dots enumer-
ated. Eighteen trials were presented altogether, with each
number from 1 to 9 being presented twice in a pseudo-
random order.
Numerical magnitude comparison: children were present-
ed with two digits (ranging from 1 to 9) on the computer
display, one to the left and one to the right of the screen,
and they were asked to compare the magnitude of num-
bers. Thirty-six trials were presented in a pseudorandom

162 Acta Neurochir (2019) 161:161–169



order. Five practice trials were given before starting the
test. Reaction times and errors were recorded.
Mental arithmetic: 15 simple additions, 15 subtractions,
and 15 multiplications were presented in three separate
blocks. Items were presented on the computer screen in
the form “2 + 4.” Two practices trials were given before
the start of each block. Children were asked to type in the
answer as quickly as they could without making any mis-
takes. Reaction time (RT) was measured with the first
keystroke. Errors were also recorded. First and second
graders did not receive the multiplication block, because
at the time of the assessment, they were starting to learn
the multiplication tables.
Simple reaction time: children were asked to press the
space bar as soon as they saw a square in the center of
display. Twenty trials were presented. Five practice trials
were given before starting the test. Reaction times were
recorded with millisecond precision. Because it is consid-
ered a baselinemeasure of processing speed, this measure
was not analyzed by itself. It was used instead to adjust
the previously described tests by subtracting simple reac-
tion time from the reaction time on each the tests.

Children with low numeracy tend to adopt strategies that
produce generally accurate answers but extremely long re-
sponse time latencies, or they would simply guess quickly,
leading to inaccurate answers but short response time laten-
cies. Thus, as in previous studies [24], efficiency measures of
the BNB were used for statistical analyses because they take
into account these factors better than accuracymeasures alone.
Note that higher scores represent worse performance (i.e., lon-
ger time taken to provide accurate responses) whereas lower
scores indicate fast and accurate responses.

A battery of neuropsychological tests was also adminis-
tered in order to evaluate specific cognitive impairments
among patients. Furthermore, some of the neuropsycholog-
ical tests were used to explore the cognitive correlates of
mathematical performance in both groups of participants.
The WISC-IV [30] provided a measure of general intellec-
tual functioning and four composite scores by domain:
Verbal Comprehension Index, Perceptual Reasoning
Index, Working Memory Index, and Processing Speed
Index. Furthermore, measures of visual selective attention
were obtained from the cancelation subtest of the WISC-IV;
verbal short-term memory and working memory were
assessed using digit span forward and digit span backwards
respectively. Visuospatial short-term and working memory
were evaluated using the Corsi Block-Tapping test forwards
and backwards respectively [19]. Visual perceptual skills
were assessed using the Development Test of Visual-
Motor Integration (VMI) and the two Supplemental Test:
Visual-Spatial Perception (which does not require motor
action) and Fine-Motor Accuracy Test [23].

Additional tests were administered to patients only. They
included measures of executive functions: trial-making test
(TMT-A, TMT-B, TMT-AB) [25] phonemic and semantic flu-
ency [7] and visuospatial memory and apraxia (Rey–
Osterrieth complex figure test) [18].

Statistical analysis

The comparisons of the patients and healthy control partici-
pants on the different neuropsychological and numerical tests
were carried out using group and single-case analyses. Group
comparisons were performed using non-parametric Wilcoxon
rank sum test due to the lack of homogeneity of variance
among the groups in numerous tests (Bartlett multiple-
sample test for Total IQ, Working Memory Index, Dot-enu-
meration, numerical magnitude comparison, additions, sub-
tractions; all ps < 0.01). Additionally, single-case’s scores
were compared to the scores obtained in the control sample
using Crawford’s t tests [10].

Furthermore, in order to determine the role of cognitive
abilities underlying the performance on the numerical tasks,
separate correlation analyses for patients and controls were
carried out. Non-parametric Spearman correlation was
assessed between the efficiency measures of the BNB and
measures of verbal and visual working memory, attention,
and VMI battery. The time between surgery and assessment
(in days) and the tumor size (derived from the T1 contrast
medium from the MRI and calculated on the two longest
intersected diameters of the tumor according to the neurora-
diological report) were also included in the correlation analy-
ses performed on the group of patients.

Results

Table 1 shows the scores of the patients and controls (means
and standard deviations), the p values from the group analy-
ses, and the number of patients performing below cut-off ac-
cording to the normative data in each test. Results at the group
level showed no significant differences between patients and
controls in any of the neuropsychological or mathematical
tests. Figure 1 shows the results of both groups on the numer-
ical tests of the BNB battery.

Single-case analyses indicated abnormal scorings in some
of the patients (see Table 2 for a summary, and the Appendix
for detailed results of the Crawford’s test). Specifically, signif-
icant deficits in mathematics were observed in four patients; of
those, two showed generalized neuropsychological and math-
ematical deficits and two manifested mathematical-specific
difficulties. Fully spared neurobehavioral and numerical abil-
ities were observed in 54% of the patients (6 out of 11). One
participant showed a generalized cognitive deficit but spared
numerical abilities.
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Correlational results in control participants

The significant results of the correlation analyses are summa-
rized in Table 3. Measures of verbal working memory

correlated with the controls’ performance on dot-
enumeration (r = −.67; p = .01), numerical magnitude compar-
ison (r = − .67; p = .01), and additions (r = −.61; p = .03). The
correlations are negative, thus suggesting that the less the time

Table 1 General scores of the patients and controls on the neuropsychological and mathematical assessments

Neuropsychological test Cognitive domain Patients’ scores
(mean + SD)

No. of patients
below cut-off
(normative data)

Controls’ scores
(mean + SD)

p value
(Wilcoxon test)

WISC-IV Verbal Comprehension Index 27.9 + 5.8 30.9 + 5.3 0.25

Perceptual Reasoning Index 29.3 ± 10.3 1 30.5 ± 5.7 0.92

Processing Speed Index 15.8 ± 6.4 1 18.4 ± 4.1 0.32

Working Memory Index 17.5 ± 4.6 18.0 ± 2.2 0.62

Intelligence quotient (IQ) 90.4 ± 23.3 1 97.8 ± 8.5 0.96

Corsi forward Visuospatial short-term memory 4.8 ± 1.1 4.9 ± 1.0 0.87

Corsi backwards Visuospatial working memory 4.0 ± 1.2 1 4.2 ± 0.8 0.79

WISC-IV Verbal Span (forward) Verbal short-term memory 5.3 ± 1.0 1 5.4 ± 0.7 0.50

WISC-IV Verbal Span (backwards) Verbal working memory 4.0 ± 1.1 3.5 ± 0.7 0.16

WISC-IV Cancelation Visual selective attention 57.2 ± 18.0 2 62.8 ± 19.3 0.59

VMI Visual-spatial perception 21.5 ± 3.4 21.6 ± 2.8 0.98

Fine-motor accuracy 22.1 ± 4.6 23.9 ± 2.4 0.36

Visual-motor integration 21.8 ± 4.2 23.3 ± 3.0 0.43

BNB

Dot-enumeration (accuracy) Counting abilities 94.2 ± 7.6% 97.2 ± 2.5% 0.38

Dot-enumeration (efficiency) Counting abilities 1996.8 ± 759.7 ms 1876.6 ± 649.5 ms 0.99

Numerical magnitude
comparison (accuracy)

Number comprehension 86.4 ± 18.5% 93.0 ± 7.4% 0.72

Numerical magnitude
comparison (efficiency)

Number comprehension 1393.1 ± 987.3 ms 990.2 ± 829.6 ms 0.05

Additions (accuracy) Arithmetic 91.8 ± 9.3% 90.3 ± 8.0% 0.47

Additions (efficiency) Arithmetic 4169.9 ± 4762.9 ms 2647.2 ± 815.5 ms 0.81

Subtractions (accuracy) Arithmetic 95.8 ± 5.0% 96.8 ± 3.5% 0.84

Subtractions (efficiency) Arithmetic 3541.1 ± 3710.9 ms 2131.8 ± 923.1 ms 0.34

Multiplications (accuracy) Arithmetic 89.3 ± 11.0% 86.8 ± 6.9% 0.20

Multiplications (efficiency) Arithmetic 2711.0 ± 1229.0 ms 2896.2 ± 964.6 ms 0.56

Fig. 1 Efficiencymeasures on the
numerical tests of the BNB
battery in both patients and
control participants. Error bars
depict standard errors of the mean
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taken for correctly answering in a given mathematical test
(i.e., more efficient answers), the higher the scores in the neu-
ropsychological tests.

Correlational results in cerebellar patients

Like in the control group, verbal working memory correlated
with the performance on dot-enumeration (r = − .88;
p < .0001), additions (r = − .75; p = .003), and subtractions
(r = − .75; p = .003). In this group, and different from controls,
also visual working memory correlated with various numeri-
cal tasks including dot-enumeration (r = − .63; p = .02), nu-
merical magnitude comparison (r = − .68; p = .01), additions
(r = − .62; p = .02), and subtractions (r = − .73; p = .005).
Moreover, measures of visuomotor integration correlated with
the patients’ performance on numerical magnitude compari-
son (r = − .58; p = .03), additions (r = − .74; p = .004), and
subtractions (r = − .71; p = .006).

A negative correlation was also found between the size
of the tumor and the patients’ efficiency on almost all the
numerical tests: Dot-enumeration (r = − .65; p = .02), nu-
merical magnitude comparison (r = − .63; p = .02), addi-
tions (r = − .62; p = .02), and subtractions (r = − .63;
p = .02), indicating that the bigger the tumor, the less the
time taken for correctly answering in a given mathemati-
cal test. Furthermore, the time surgery-test was negatively
correlated with the patients’ performance on additions
(r = − .65; p = .03) and multiplications (r = − .65; p = .03),
that is, the longer the time since the date of the surgical
resection, the more efficient were the patients’ responses
t o t h e ma t hema t i c a l t e s t . None o f t h e o t h e r

neuropsychological tests correlated with the tests of the
numerical battery. A summary of the significant correla-
tions is presented in Table 3.

Discussion

The current results support the initial hypothesis that a func-
tional reorganization of basic cognitive functions is at the ba-
sis of mathematical performance in PA pediatric patients and
compensate for eventual deficits caused by the tumor. In
adults, the cerebellum has been most typically involved in
motor or language functions [29], and more recently also in
calculation tasks particularly under time constrains [3]. Based
on the latter literature, it was reasonable to hypothesize nega-
tive effects on numerical and calculation tasks in pediatric
patients with cerebellar PA. Conversely, at the group level,
children with PA showed no significant impairments with re-
spect to the control group of healthy children. These results
point to some sort of neural compensation. In other words,
because the tumor and its resection afflicted networks
supporting math performance (e.g., the cerebellum and its
connections), the brain necessitated and used additional com-
pensatory functions to succeed in the mathematical tasks.

Based on the current results, it seems that such functional
compensation in PA cerebellar patients was attained by means
of visuomotor functions. Indeed, the mathematical perfor-
mance of these patients was equivalent to that of the healthy
control group, but the efficient execution of numerical tasks
was associated to the visual working memory and visuomotor
integration abilities in patients only. A correlation between

Table 3 Significant correlations between efficiency measures of the BNB numerical battery and neuropsychological tests in patients and controls

Controls

Numerical tests BNB Verbal working memory Visual working memory Visuomotor integration

Dot-enumeration r = − .67; p = .01* r = − .20; p = .51 r = − .59; p = .05
Numerical

magnitude comparison
r = − .67; p = .01* r = − .39; p = .18 r = − .56; p = .06

Additions r = − .61; p = .03* r = − .31; p = .32 r = − .33; p = .29
Subtractions r = − .56; p = .06 r = − .22; p = .50 r = − .40; p = .20
Multiplications r = − .02; p = .94 r = .44; p = .15 r = − .27; p = .40

Patients

Numerical tests BNB Verbal working memory Visual working memory Visuomotor integration Tumor size Time since surgery

Dot-enumeration r = − .88; p < .0001*** r = − .63; p = .02* r = − .51; p = .07 r = − .65; p = .02* r = − .45; p = .12
Numerical

magnitude comparison
r = − .43; p = .13 r = − .68; p = .01* r = − .58; p = .03* r = − .63; p = .02* r = − .05; p = .87

Additions r = − .75; p = .003*** r = − .62; p = .02* r = − .74; p = .004*** r = − .62; p = .02* r = − .72; p = .007*

Subtractions r = − .75; p = .003*** r = − .73; p = .005** r = − .71; p = .006** r = − .63; p = .02* r = − .43; p = .14
Multiplications r = − .50; p = .11 r = − .05; p = .89 r = − .32; p = .33 r = − .11; p = .75 r = − .65; p = .03*

*p < .05; **p < .01; ***p < .005
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numerical and visuomotor perceptual/integration abilities is
generally reported in typically developing children about 6
to 7 years younger than those in the present study [4, 13, 14,
22, 26, 27]. In healthy children, such correlation becomes
weaker throughout development, as the mathematics-related
networks progressively get more specialized. The correlation
of these functions in PA patients of about 11 years of age
suggest either the maintenance or the reinstatement of primor-
dial associations in order to successfully compensate for the
missing cerebellar functions. Although these compensatory
mechanisms become available to the patients without any spe-
cific rehabilitation program, it might be possible to hasten
recovery by devising a comprehensive training of mathemat-
ics and cognitive abilities using multisensory modalities in-
cluding visuomotor ones [12]. Such intervention might be
able to impact on and strengthen the compensatory functions.

Determining the precise moment in which neural compen-
sation begins is intriguing. It might have been triggered after
the resection (explaining why patients become more efficient
in performing some mathematical tests as the time from sur-
gical resection to the neuropsychological examination in-
creases) or even before the intervention by the mere presence
of the tumor, the progressive shrinking of cerebellar tissues,
and consequent reorganization of its functions during devel-
opment. From a neurodevelopmental perspective, it is indeed
plausible to hypothesize higher levels of neural compensation
throughout development as the system consolidates alterna-
tive networks to achieve discrete levels of performance in
response to the PA tumor grow before resection. This is con-
gruent with the results showing that tumor size negatively
correlated with the efficiency measures on numerical tasks
(i.e., the bigger the tumor the faster the response times in
numerical tests). This suggests a more efficient reconfigura-
tion and higher levels of compensation in more developed
tumors with respect to smaller ones. Tumor size is an impor-
tant neurological outcome predictor also among other types of
tumors [9], but future research should explore, among PA
patients, whether it positively or negatively correlates with
higher cognitive abilities—besides numerical ones—and
whether the strength of the correlation could be modulated
by factors such as age (by comparing for instance outcomes
in children and adults whose levels of plasticity likely differ).

The performance of individual cases is worth discussing in
order to explore the factors that modulate neuroplasticity in
this type of patients. Four of the patients (Table 2) showed
numerical difficulties in arithmetical tasks, e.g., additions
and subtractions, and/or basic numerical tests such as dot-
enumeration and magnitude comparison. In most of the cases,
however, these difficulties were part of a more general cogni-
tive impairment. Indeed, only two patients (patient 2 and pa-
tient 10) showed specific deficits in calculation tasks.Whether
such difficulties were present independently of the tumor and
its resection cannot be easily determined with the current data.

It is possible that, because difficulties with mathematics are
somewhat frequent among children, they might have been
found fortuitously in this sample (independently of the clinical
condition). Baseline measures of numerical or other neuropsy-
chological abilities, which could have contributed to exclude
this possibility, were not available at the time of the present
research because in most of the cases, surgery was performed
within 24-48 h from the admission. However, the correlational
analysis showed that post-surgical mathematical abilities lin-
early improved with time (i.e., interval surgery-test), thus pro-
viding an indication that these functions were generally mod-
ulated by the presence and subsequent removal of the tumor.
Patient 6 showed a performance significantly below that of
controls in various neuropsychological and numerical tests.
This suggests a general (non-specific to the numerical
domain) cost of the presence of the tumor. The patient’s gen-
eral difficulties in the tasks could be attributed to his age (he
was the youngest of the group), and to the mathematical skills
that he has yet to learn.

Noticeably, specific pre-operative symptoms and the
presence/absence of peri-operative complications (see
Table 2) were neither necessary nor sufficient to determine a
negative neuropsychological outcome. The presence of hy-
drocephalus was not predictive either of the successive math-
ematical performance of the children. In fact, from the patients
that had hydrocephalus at the time of the diagnosis (9 out of
11), 6 showed no difficulties in numerical tasks.

The current findings should be interpreted in light of the
limitation discussed above concerning the missing pre-
operative data due to the retrospective nature of the study.
Moreover, the group comparisons are based on a reduced
sample size, which poses some constraints to the statistical
power. The single case analyses are based on different statis-
tical assumptions, however, and contribute to overcome these
limitations (see effect size indexes in the Appendix). Future
multisite studies that bring together samples from various clin-
ical units should provide further elements and more robust
statistical group comparisons for understanding and predicting
the neurobehavioral outcomes in PA patients. Another limita-
tion of the study concerns the timing of the neuropsycholog-
ical assessment, which was variable and administered only in
one occasion to all the participants. The findings indicated that
such timing modulated the patients’ responses in some math-
ematical tests and further suggests that structuring assess-
ments at various time points (eventually including also some
assessments before and after cognitive and mathematical
training) could provide a better understanding of the progres-
sion of the recovery after surgical intervention.

To summarize, the present data suggest that PA does not
necessarily cause cognitive or numerical impairments if prop-
erly resected at pediatric ages. In most of these patients, there
seems to be a functional reestablishment of mathematical
skills despite the presence of the tumor, the cerebellar

Acta Neurochir (2019) 161:161–169 167



violation, and the surgical manipulation. The reliance on
visuomotor integration abilities to carry out specific mathe-
matical tasks evidenced some compensatory mechanisms
and suggest, at the same time, a modest trait of developmental
delay in PA patients with respect to healthy peers that typically
rely on visuomotor integration abilities to carry out mathemat-
ical tasks at younger ages.
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Comments

The authors review a cohort of 11 children with pilocytic astrocytoma of
the cerebellum and administer a battery of neuropsychological and
mathematical tests between 0.6 and 5.5 years after surgical resection.
The same tests are also carried out with a group of matched controls.

The authors find recovery of mathematical ability in all patients. They
also find that visuospatial memory and visual-motor integration were
associated with mathematical skills in patients only. Mathematical skills
also correlated with time from surgery and, inversely, with size of the
tumor. They conclude that the recovery and emergence of mathematical
skills in patients are supported by the reorganisation of visuospatial and
visual-motor skills, replicating processes that typically occur in younger
children.

This is an interesting concept and reflects not just the ability of these
children to recover their mathematical skills after surgery but also
underlines the importance of the cerebellum in cognitive development.

Kristina Aquilina
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