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ARTICLE INFO ABSTRACT

Article history: Introduction. — Medulloblastoma is the most common malignant cerebral tumor during childhood, arising

Available online 5 February 2019 in the posterior fossa. Children treated for medulloblastoma often experience working memory (WM)
deficits, affecting their quality of life and school performance. The aim of the present study undertaken

Keywords: to describe the cerebellar involvement in WM deficits observed in these children.

Working memory Material and methods. — 23 healthy children and 11 children treated for medulloblastoma were included

Ch”dfe“ into study. All subjects performed a detailed neuropsychological examination, an anatomical and func-

?::;;LOIELMRI tional MRI. Stimuli were presented to the participants with alternating sensory modality and nature

of communication in a block design during functional magnetic resonance imaging acquisitions. Non-
parametric tests were used for analyzing neuropsychological and behavioral data. SPM8 and SUIT
(Spatially Unbiased Atlas Template) were used for anatomical and functional MRI data analyses.

Results. — Patients had cerebellar resections mainly located in the left posterior lobe. Patients had signif-
icantly reduced intelligence quotient, central executive and visuospatial WM. In healthy children group,
fMRI showed activations for non-verbal and visuospatial WM in the left posterior cerebellar lobe.
Conclusion. - This study provides further evidence that left posterior cerebellar lobe plays a critical role
in WM. Indeed, lesions of left posterior cerebellar lobe were associated with WM impairment in children
treated for cerebellar medulloblastoma. Additionally, fMRI using WM tasks showed activation in the
left posterior cerebellar lobe in healthy children. Taken together, these findings may help for improving

treatment and rehabilitation of children referred for cerebellar tumor.
© 2019 Published by Elsevier Masson SAS.

Medulloblastoma

Introduction ance. Recently, the role of the cerebellum in a wide range of
cognitive function such as language, executive functions, and

The cerebellum has been traditionally considered to play an working memory is increasingly evidenced by neuropsychological
important role in motor control, physical coordination and bal- data, anatomical and functional imaging [1]. Evidence for cerebel-
lar involvement in verbal working memory was largely reported

[2]. However, the role of the cerebellum in visuospatial working

- memory is not well known. In 1998, Schmahmann and Sherman
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lobe [3]. This syndrome is clinically characterized by neurological
deficits, involving executive function, linguistic processing, regula-
tion of affect, and visuospatial performance. Several recent studies
suggested the engagement of the cerebellum in spatial process-
ing, visuospatial memory and a potential lateralization of the left
cerebellar side in these functions [4,5]. Benefiting the advantages
of fMRI, we hope to further elucidate the relationship between the
cerebellum and visuospatial working memory.

In children treated for a cerebellar medulloblastoma, the sur-
vivors frequently present cognitive disorders, including working
memory impairment [6]. Working memory is a cognitive system
providing flexible temporary storage of information that is vital for
daily cognitive activities such as learning new words, memorizing
a phone number or planning actions. The most highly influential
working memory model is the tripartite model, which consists in
3 components: the central administrator, the phonological loop,
and the visuospatial sketchpad [7]. Recent fMRI studies suggested
that the right cerebellar hemisphere seems to be involved into
the phonological loop [8,9], while the left cerebellar hemisphere
is suspected to be involved into the visuo-spatial sketchpad [10].
However, specific contributions of the cerebellum to high cogni-
tive function, especially working memory performance, remain
debate. To further identify functional cerebellar areas in verbal
and non-verbal working memory and auditory and visual working
memory, we conducted a detailed neuropsychological examina-
tion and fMRI studies using n-back tasks in healthy children and
in children treated for a cerebellar medulloblastoma.

Material and methods
Participant inclusion

A multicenter study was conducted during six years
(2008-2014) in the University Hospitals of Grenoble, Lyon,
Saint-Etienne, Bordeaux, the Gustave Roussy’s and the Curie’s
Institutes in France. To be compared with patients, healthy age-
matched children were recruited via advertisement throughout
the medical centers announcements. All participants satisfied the
inclusion criteria in Table 1.

All of the children’s parents/legal guardians provided informed
written consent. The study has been approved by the local ethic
committee (number: 2007-A00516-47).

Neuropsychological assessment

The patients and controls received a detailed neuropsycholog-
ical testing. It included an assessment of intellectual efficiency
and of working memory by tests that had been calibrated in a
French population of the same age. The overall assessment con-

Table 1
Inclusion criteria of participants.

Criteria Patients  Healthy subjects
Native French speakers N N
Right-handed v v
Age of 8 to 14 years 11 months J N
Overall IQ from 70 to 130 i i
Children treated for medulloblastoma after age ./
of 6 years and at least 6 months after the end
of all treatments
Having a good performance in the fMRI Vv i
training
No contra-indication for MRI J
Not methylphenidate intake within 48 hours Vv
before MRI
No history of psychiatric, neurological or other v

major medical disorder

sisted of: memory by Wechsler Intelligence Scale for Children
(WISCIV), French version [ 11]; attention by Trail-Making-Test [12]
and working memory battery by D’Alboy working memory proce-
dure, French version [13]. These tests had to be performed within
two months before the MRI.

Imaging

Experimental fMRI tasks

We conducted two fMRI studies while the participants per-
formed n-back tasks using a 2 x 2 factorial scheme, to contrast 2
different sensorial cues (visual vs. auditory) and 2 different type of
information (verbal vs. non-verbal) to be memorized. Thus, 4 exper-
imental tasks were conducted including auditory verbal (AUVE),
auditory non-verbal (AUNV), visual verbal (VIVE), and visual non-
verbal (VINV). Visual tasks were words (verbal) or spatial patterns
(non-verbal). Auditory tasks were words (verbal) or sounds (non-
verbal). Tasks were randomly presented across subjects.

Participants were required to determine whether the presented
cue was identical to the previous one (n-1 back), or to the stimulus
before the previous one (n-2 back). These stimuli were displayed
using a block-designed paradigm and recorded by using E-prime
software (E-prime Psychology Software Tools Inc., Pittsburgh, USA).
The answers (accuracy and reaction time) were recorded using MR
response grips (NordicNeuroLab, Bergen, Norway).

fMRI acquisition

The n-1 back experiment was performed on a 1.5T Philips
Achieva MRI scanner. The n-2 back experiment was performed
on a 3T Philips Achieva TX MRI scanner. Both experiments were
conducted using a 8-channels head coil.

fMRI was performed using gradient-echo/T2* echo planar imag-
ing. Image acquisition was repeated every 5 seconds. Images were
acquired during the first 3 seconds of each dynamic, leaving 2 silent
seconds for auditory and visual cues exposure.

At 1.5 Tesla: 32 adjacent axial slices parallel to the bi-
commissural plane were acquired in interleaved mode; TR=5s;
TE=50ms; flip angle=90°; number of dynamics=56; voxel
size =4 x 4 x 4 mm; slice thickness =4 mm:; field of view =256 mm.

At 3 Tesla: 52 adjacent axial slices parallel to the bi-
commissural plane were acquired in interleaved mode;
TR=5s; TE=30ms; flip angle=90°; number of dynamics=50;
voxel size=2.5x2.5x2mm; slice thickness=2.5mm; field of
view =220 mm.

Anatomical Image Acquisition: a T1-weighted high-resolution
three-dimensional anatomical volume was acquired using a 3D gra-
dient echo inversion recovery sequence (field of view =256 mm and
resolution=1 x 1 x 1 mm). These parameters allowed coverage of
the whole brain including the entire cerebellum.

Data analysis

Neuropsychological tests and behavioral performances

We used non-parametric Mann-Whitney U tests because of the
small number of participants and some variables did not have a
Gaussian distribution. Statistical analyses were conducted using
SPSS v.20. Statistical significance was set at 0.05.

fMRI

Data analysis was performed using the general linear model
(GLM) as implemented in SPM8 (Welcome Department of Imaging
Neuroscience, London, UK, www.fil.ion.ucl.ac.uk/spm) where each
event is modeled using a hemodynamic function model and SUIT
atlas (spatial unbiased infratentorial and cerebellar template) [14]
(http://www.icn.ucl.ac.uk/motorcontrol/imaging/suit_fMRL.htm)
for fMRI analysis in cerebellar template. Data analysis started with
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Fig. 1. behavioral data during fMRI tasks (VIVE: visual verbal; VINV: visual non-verbal; AUVE: audio verbal; AUNV: audio non-verbal) during n-1 back (upper row) and n-2
back (lower row) with accuracy % (left column) and mean reaction time in ms (right column). *significant difference (P<0.05) across groups.

several spatial pre-processing steps such as realignment; slice
timing correction; head motion correction; segmentation and
spatial normalization of the cerebellum. For each fMRI session,
two experimental conditions were defined: Rest (R) and n-back
task (T). These conditions were modeled as two regressors and
convolved with the canonical form of the hemodynamic response
function. Individual statistical analyses were performed for each
fMRI task (VIVE, VINV, AUVE and AUNV). Subsequently, [T-R]
contrasts were calculated for each task and participant. These
contrast data were further smoothed (FWHM =8 mm). A group
level statistical analysis was conducted using a flexible design.
The contrast [VE(AU + VI) vs. NV(AU +VI)] was calculated in order
to explore the cerebellar regions required in working memory
processing according to the nature of information and similar
calculation for the opposite contrast [NV(AU +VI) vs. VE(AU + VI)].
Activation threshold was set at P<0.05 and a minimal cluster of
4 voxels. The MRIcron software was also used to overlay BOLD
activations and to segment structural lesions onto SUIT template.

Anatomical lesion

In patients, cerebellar volumes were isolated from the anatom-
ical images and normalized using SUIT atlas. The lobular regions of
the cerebellum were also described in the SUIT atlas. The cerebellar
resections were segmented and overlaid onto anatomical images
using MRIcron software (http://www.cabiatl.com/mricrogl/).

Results
Participants

11 patients and 23 age-matched healthy children satisfied
all inclusion criteria were included. All subjects performed neu-
ropsychological tests. In patients, medulloblastoma treatment
consisted in surgical resection (n=11), chemotherapy (n=38), and
radiotherapy (n=11). Mean delay between the end of treat-
ment and neuropsychological assessment was 444 15 months
(27-73 months). Mean delays between neuropsychological tests
and fMRIwere 52 + 52 days in patients, and 51 + 20 days in controls
(P=0.96). However, after fMRI acquisition, 6 controls and 3 patients

were subsequently excluded due to excessive movement (n=>5),
anxiety (n=3), and lack of performance (n=1). Finally, fMRI data
analysis was performed for 8 patients (6 boys, 2 girls, mean of age
13.1+1.4years); 17 controls including 8 controls (4 boys, 4 girls,
mean of age 11.1 £ 1.9 years) completed the n-1 back fMRI study,
and 9 other controls (7 boys, 2 girls, mean of age 11.6 + 2.2 years)
completed the n-2 back fMRI study. No difference for age (P=0.49)
and sex (P=0.91) was detected between controls and patients.

Neuropsychological results

Weschler intelligence scale (IQ)

Results of the neuropsychological tests in comparing the
control and patient group showed that patients had signifi-
cantly lower scores than controls in verbal comprehension index
(101.18 +13.48 vs. 115.04 +12.13, P=0.009), perceptual reason-
ing index (98.90 £9.21 vs. 109.47 + 14.40, P=0.02) and processing
speed index (84.63 4+ 14.67 vs. 105.43 +16.29, P=0.002).

Working memory test

In the tests related to the phonological loop, there was no sig-
nificant difference in performance score between the control group
and the patient group. However, the performance in the compound
stimulus visual task information (CSVI) involving the visuospa-
tial sketchpad was significantly lower in patients than in controls
(10.97+2.05 vs. 12.26 +2.61, P=0.01). Patients had also signifi-
cantly lower scores than controls in transposed span (2.87 +0.81
vs. 3.89+0.87, P=0.003) and in ordered span (5.054+0.96 vs.
5.834+0.96, P=0.04).

Functional MRI results

Behavioral results

Behavioral results during fMRI tasks are presented in Fig. 1.
For n-1 back, Mann-Whitney U tests showed: no significant dif-
ferences between patients and controls for accuracy rates, VIVE
(P=0.41), VINV (P=0.15), AUVE (P=0.28), and AUNV (P=0.63);
increased mean reaction times in patients for VINV (P=0.02) only,
while no difference was detected in VIVE (P=0.91), AUVE (P=0.70),
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Fig. 2. n-1 back fMRI results in controls displayed onto the SUIT cerebellum template with activation T Scores for non-verbal vs. verbal contrast (blue clusters) and for verbal
vs. non-verbal contrast (orange clusters). Left posterior cerebellum was more involved in non-verbal tasks.
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Fig. 3. n-2 back fMRI results in controls displayed onto the SUIT cerebellum template with activation T Scores for non-verbal vs. verbal contrast (blue clusters) and for verbal
vs. non-verbal contrast (orange clusters). Non-verbal tasks were associated with bilateral posterior cerebellar activations with a left predominance, while verbal tasks had a

right predominance.

and AUNV (P=0.24). For n-2 back, Mann-Whitney U tests showed:
decreased accuracy rates in patients for VIVE (P=0.01), AUVE
(P<0.001),and AUNV (P=0.01), while VINV were similar (P=0.83);
increased mean reaction times in patients for AUNV (P=0.001), and
trends for VIVE (P=0.10) VINV (P=0.09), AUVE (P=0.07).

fMRI maps in healthy subjects

Activations related to main effects of each of the four conditions
(VIVE VINV, AUVE and AUNV) were mainly found in the poste-
rior cerebellar lobe including lobules HVI, HVIIb, HVIII, H IX, Crus I,
Crus II. No age effect was detected. Main activation clusters were
detected for VIVE in the right Crus I; VINV in bilateral Crus I, right
HVI, right HVIII; AUVE left HIX, right HVI, and right Crus I; AUNV in
left HVIII and left HVIIb, and right Crus I (see details in Table 2 of
the supplemental data).

fMRI study with n-1 back tasks on 1.5T scanner showed for ver-
bal vs.non-verbal contrast main activation in lobules HIX, HVII], and
HVIIb with a right predominance. Non-verbal vs. verbal contrast
showed main activation in lobules HVI, with a left predominance
(see details in Table 3 of the supplemental data) (Fig. 2).

fMRI study with n-2 back tasks on 3T scanner showed for verbal
vs. non-verbal contrast a cluster in the right HVIIL. Non-verbal vs.
verbal contrast showed main clusters in lobules HVI, with a left

predominance (see details in Table 4 of the supplemental data)
(Fig. 3).

fMRI maps in patients
In the patient group, no significant activation could be detected
in the cerebellum for n-1 and n-2 back tasks.

Anatomical cerebellar lesions in patients

Eleven patients completed neuropsychological tests were taken
subsequently anatomical MRI. Among them, 2 patients were
excluded due to important movement artifacts, leaving 9 patients
with structural MRI images. The cerebellar resection of these 9
patients were mainly located in left inferior cerebellar lobe, includ-
ing the lobule HVIIB, HVIII, HIX, Crus I, Il and inferior part of vermis
(Fig. 4).

Discussion

Children treated for cerebellar medulloblastoma often experi-
ence working memory (WM) impairment, affecting their quality
of life and school performance. Our combined neuropsychologi-
cal and MRI results suggest the critical role of the cerebellar lobe
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Fig. 4. Cerebellar resection in 9 patients treated for medulloblastoma mapping on T1-WI MRI and on the spatially unbiased infratentorial SUIT template.

in WM. Indeed, patients with structural lesions in the left poste-
rior cerebellar lobe had WM impairment, while patients without
left cerebellar hemisphere lesion had no visuospatial or verbal WM
deficit. These results are strengthened by fMRI in controls showing
that posterior cerebellar lobules are involved in WM tasks with a
left predominance.

Our lesional study on anatomical images suggest that the left
posterior lobe of the cerebellum is involved in visuospatial working
memory, in line with previous neuropsychological and anatomi-
cal studies. Indeed, Hokkanen et al. [15] found that patients with
left cerebellar damage perform visuospatial tasks slower. Gottwald
etal.[16] showed that the right cerebellar hemisphere is engaged in
verbal working memory or the phonological loop while left cerebel-
lar hemisphere plays a role in non-verbal or visuospatial working
memory. These results are also compatible with those of Scott et al.
[17], by Wallesch & Horn [ 18], by Riva & Giorgi [19], and the study of
Botez-Marquard et al. [20]. All of these data allow us to strengthen
the participation of the cerebellum in cognitive function, including
the role of the left cerebellum in visuospatial working memory.

Our fMRI results obtained in the healthy controls only, showed
that BOLD activations for non-verbal vs verbal contrast were more
present in the left posterior cerebellar lobe, including lobule HVIII,
HIX, Crus I and II. The right side of the posterior cerebellar lobe was
more activated for verbal vs non-verbal contrast (Figs. 2 and 3).
Thus, in right-handed subjects, verbal tasks relate to the right
side and non-verbal tasks relate to the left side of the posterior

cerebellar lobe. These data are consistent with previous func-
tional neuroimaging studies that emphasize the involvement of
the left posterior cerebellar lobe in visuospatial working memory
[10,21-25].

Despite the above mentioned cerebellar laterality, we also
reported two patients with left posterior cerebellar resection asso-
ciated with verbal working memory impairment, only. Actually,
this finding has also been previously described after damage of
the left cerebellar lobule VIII associated with reduced digit span
to auditory stimuli and phonological storage (phonological loop
component) [26] while no cerebellar laterality was detected for
verbal working memory impairment [27]. Inversely, Ribaupierre
et al. reported two patients with right cerebellar side damage and
visuospatial deficits [28].

Taken together, data from neuropsychological tests, anatomical
and fMRI studies, and the literature suggest an involvement of the
left cerebellum in working memory, especially the left posterior
cerebellar lobe in visuospatial working memory. However, it does
not exclude a potential role of the left cerebellum verbal working
memory.

Our findings also noted that the patients had significant
impairment in intelligence performance and central executive.
These cognitive impairments were previously showed in children
referred for meduloblastoma [29,30]. However, no specific loca-
tion of cerebellar lesion was detected with these impairments.
In several studies, the involvement of the cerebellum in cogni-
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tive function might be explained by the anatomical connectivity
between the cerebellum and the cerebral cortex. For example
using tractography, Salmi et al. [31] found anatomical connectivity
between the cerebellar lobules Crus I, Il and the lateral prefrontal
cortex being involved in cognitive function. Soelva et al. [32] sug-
gest the role of a neural circuitry (fronto-cerebellar fiber tracts)
between frontal lobes and the cerebellum involvement in neu-
rocognitive impairment after posterior fossa tumor treatment in
children. In another study using diffusion tensor imaging, Law
et al. [33] found that working memory function is related to
the integrity of cerebello-thalamo-cerebral connections, structural
connections between the cerebellum and dorsolateral prefrontal
cortex. A recent resting-state fMRI study also demonstrated a func-
tional connection between the left posterior lobe of the cerebellum
and the right parieto-frontal cortex which was engaged in visuospa-
tial working memory [24]. In our study, post-surgical cerebellar
lesions might have disrupted the anatomical connectivity between
the posterior cerebellar lobe and cerebral cortex that might also
have led to working memory deficits in these patients.

In our study, the effects of cerebellar irradiation were not taken
into account. In the literature, some studies on irradiation and
chemotherapy effects in patients with brain lesion (acute lym-
phoblastic leukemia [34] or cerebellar malignant tumors [35] have
demonstrated a correlation between these effects and working
memory deficit. A linear reduction of signal BOLD in the primary
visual cortex was also found in patient treated for medulloblastoma
compared to the healthy children group [36]. The patients with
posterior fossa malignant tumors, therefore, can sustain damage in
the central nervous system from the tumor’s growth, per-surgical
resection of the tumors, the effects of chemotherapy and radiother-
apy, or from a combination of any of these factors [37]. Working
memory disorders in medulloblastoma survivors may result from
acombination of many factors, but here, we showed the importance
of cerebellar damage after surgery. Due to ethical constraints, the
assessment of working memory disorders caused by each specific
factor is difficult to perform. The rehabilitation of these patients
needs to take account of all possible risk factors.

Our study has several limitations including:

® a low statistical power that remains a major concern for fMRI
interpretation despite the prolonged duration of this multicenter
study;

fMRI limitations to investigate postoperative brain harboring
magnetic susceptibility artifacts, anatomical deformations of
posterior fossa uncompensated by the anatomical normalization,
inter-individual spatial important variability of activations;
heterogeneity of n-back tasks and MRI magnetic field strength
caused the difficulties in comparison of the data;

difficulty in distinguishing the surgical effects from those of
radiotherapy and chemotherapy as a consequence of lacking a
“surgery alone group”.

However and despite low statistical thresholds, our fMRI results
in controls are emphasized by the evidence given by both anatom-
ical lesion and neuropsychological studies in patients.

Conclusion

The present study provides further evidence that the cerebellum
plays a major role non-verbal working memory. Indeed, surgical
damage to the left posterior cerebellar lobe might lead to non-
verbal working memory disorders in children treated for cerebellar
medulloblastoma. Additionally, the same region is involved in non-
verbal working memory tasks using fMRI in healthy controls. These
findings help to better understand cognitive disorders after cere-

bellar lesions, and to better plan treatment including rehabilitation
for improving the quality of life of children treated for cerebellar
medulloblastoma.
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