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Abstract
Introduction: Medulloblastomas are the most common malignant childhood brain tumors arising in the posterior 

fossa. As a result of advances in treatment the number of survivors has increased significantly. In this study, children 
treated for a cerebellar medulloblastoma demonstrated cognitive disorders in working memory, especially the 
visuospatial component, leading to impairments in school performance. This study aims to describe the cerebellar 
involvement in specific cognitive deficits observed in these children.

Method: Nine healthy volunteer children (11.1 ± 2.2 years old), were compared to 5 patients treated for 
cerebellar medulloblastoma (12.3 ± 0.7 years old). All subjects were native French speakers, right-handed, with a 
global Intelligence Quotient (IQ) of 70-130. Stimuli were presented to the participants with alternating the sensory 
modality (visual, auditory) and the nature of communication (verbal, nonverbal) in a blocked 1-back design during 
functional Magnetic Resonance Imaging (fMRI) acquisitions. Results were analyzed using a Mann-Whitney U test for 
neuropsychological and behavioral data; SPM8 (Statistical Parametric Mapping) and SUIT (Spatially Unbiased Atlas 
Template) for anatomical and functional MRI data. 

Results: Non-verbal working memory deficit was demonstrated in 4 of the 5 children treated for medulloblastoma. 
The 4 patients with working memory deficit all had surgery to the left posterior cerebellar lobe. The only patient without 
any working memory disorders did not have hemispheric cerebellar resection. Neuronal activations for nonverbal 
versus verbal contrast and visual versus auditory contrast were stronger in the left posterior cerebellar lobe. Brain 
activations in healthy subjects were consistent with the findings previously described in literature.

Conclusion: The cerebellum plays the same role in working memory in children as that has been previously 
described in adults. The left posterior cerebellar lobe may involve the visuospatial working memory. Based on 
neuroimaging and clinical studies, attention should be paid to avoid or limit the damage of the posterior cerebellar lobe 
to minimize cognitive deficits and improve the quality of life for children.
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Introduction
Working Memory (WM) is a system of short-term information 

processing and storage involving the essential cognitive function of 
everyday life like thought, learning, and communication. WM involves 
three primary processes: encoding information, actively maintaining 
this information “on-line” in memory, and finally, using the 
information to guide behavior [1]. The model of WM most commonly 
used is the tripartite model of Baddeley and Hitch [2] which consists 
of three components: central administrator, phonological loop and 
visuo-spatial sketchpad (a fourth component: episodic buffer was later 
added to this model in 2000 [3]). In this study, the phonological loop 
and the visuo-spatial sketchpad were of particular interest and several 
tasks for assessing each domain in children have been established. The 
phonological loop or verbal WM has a role in language acquisition 
and has been shown to be important in learning new words and 
language [4] and the ability to hear and repeat an unfamiliar pseudo-
word in children [5]. The visuo-spatial sketchpad or nonverbal WM is 
responsible for maintaining the visual and spatial information as well as 
in the formation and manipulation of mental images [6]. 

Medulloblastomas, the most common primitive malignant tumors 
in children, are mainly located in cerebellum and classically treated 
by a combination of surgery, radiotherapy and/or chemotherapy [7]. 
Many factors affect the progressive intellectual reduction in survivors 
including: hydrocephalus, high radiation dose, large volume radiation 

and complementary chemotherapy, radiation vasculopathy and also 
young age at the time of treatment [8,9]. To improve quality-of-life 
outcomes, an assessment of WM in children undergoing treatment is 
important to prevent and limit cognitive impairment.

Functional MRI has become the main method to study brain 
function in healthy subjects and patients, especially in cognitive 
neuroscience. This method allows a better understanding of the 
neurophysiological bases of behavior in the pediatric population and 
has many advantages, most importantly being noninvasive. WM is 
considered as emerging from the interaction of the higher functions of 
sensory, attentional and memory components involving their specific 
brain regions. fMRI has been applied to better understand the role of 
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these brain regions in WM but has not been much used to study the 
functions of the cerebellum. 

The cerebellum accounts only 10% the of total brain volume, but 
it contains about 80% of all neurons in the human brain [10] and it 
has an essential role in the central nervous system. The cerebellum has 
been traditionally considered to play a role in motor control, physical 
coordination and balance, but more recently it has been also considered 
to contribute to cognitive, emotional and language processing [11-13]. 
However, the role of the cerebellum in the visuo-spatial sketchpad 
has rarely been described. The number of medulloblastoma survivors 
has been increased by treatment advances and as a consequence they 
require more the rehabilitation. The objective of this study was to 
investigate the cerebellar contribution in WM disorders in children who 
had been treated for medulloblastoma by combining an anatomical and 
functional MRI study.

Methods
Participants

The neuropsychological and imaging data of healthy children 
volunteers (5 boys, 4 girls, mean of age 11.1y (SD = 2.2y)) was 
compared with patients with cerebellar medulloblastoma (5 boys, mean 
of age 12.3y (SD = 0.7y)) treated with surgery and radiotherapy (5/5), 
+/- chemotherapy (3/5) in Grenoble, Lyon and St-Etienne pediatric 
oncology hospital units at least 6 months after the end of treatment. The 
handedness was determined by means of Delattolas laterality test [14]. 
The study has been approved by the local SUD EST V Ethic Committee 
and by the DGS (National Health Authorities). All of the children’s 
parents/legal guardians provided written informed consent. 

Inclusion criteria
The participants satisfied the conditions shown in Table 1.

Neurologic assessment

An onco pediatrician or neuro pediatrician at the participating 
centers carried out a clinical examination, including neurologic testing, 
on all patients and volunteers. 

Neuropsychological assessment

The patients and controls were evaluated by a neuropsychological 
assessment protocol. It included an assessment of intellectual efficiency 
as well as an evaluation of memory and attentional functions by the 
tests that have been calibrated in a French population of the same age.

The overall assessment includes Wechsler Intelligence Scale for 
Children -WISC IV [15], laterality, Children’s Memory Scale -CMS 
(history and location, immediate and delayed) [16], Grober and 

Buschke procedure [17], A Alboy working memory test, Rey’s figure 
[18] and TMT (Trail Making Test) [19]. These tasks (including resting 
phase) lasted about 4 hours per subject and were performed a maximum 
of two months before the fMRI.

Imaging

Task and stimuli: The participants were instructed to perform four 
classical n-back tasks (1-back tasks) using two modalities of presentation 
(visual vs. auditory) and two methods of displayed information (verbal 
vs. non-verbal). Four experimental tasks were tested: Auditory Verbal 
Task (AUVE), Auditory Non-Verbal (AUNV), Visual Verbal (VIVE) 
and Visual Non-Verbal (VINV). Each task was presented once during 
the experimental paradigm. The tasks included 28 stimuli, pseudo-
randomly presented. Visual tasks: each stimulus (word or spatial pattern) 
was centered on the middle of a black screen. Words were controlled 
in terms of frequency (high frequency) and were written in “Courier 
New” font, size 48 and spatial patterns were 2° size. All visual stimuli 
were displayed on a computer monitor by using the E-prime software 
(E-prime Psychology Software Tools Inc., Pittsburgh, USA). The monitor 
was connected to a video-projector (Epson EMP 8200) permitting the 
transmission of visual stimuli into the magnet. The subject was able to 
visualize the stimuli by means of a projection screen situated behind the 
magnet and a mirror centered above the participant’s eyes. Auditory 
conditions: (word or sound). The stimulus presentation time was 2000 
ms, with 3000 ms fixation point between items. All auditory stimuli 
were displayed by means of MR CONFON (http://www.mr-confon.de/
en/products.html) headphones. The participants were instructed to give 
manual instead of vocal responses, in order to avoid movement artifacts 
generated by articulation. The responses were generated by means of one 
key. Participants were required to respond when the current stimulus was 
identical to the previous. The manual responses were recorded, analyzed 
and the task performance evaluated according to the conditions (visual 
vs. auditory and verbal vs. non-verbal).

MR acquisition
The experiment was performed on a 1.5 T MR scanner (Philips) with 30 
mT/m gradient strength and a standard Philips head coil. 

Functional image acquisition: fMRI scanning was performed with 
a gradient-echo/T2* weighted EPI method. Thirty-two adjacent axial 
slices parallel to the bi-commissural plane were acquired in interleaved 
mode. Slice thickness was 4 mm. The voxel size was 4×4×4 mm; 256 
mm field of view. The main sequence parameters were: TR=5 s, TE=50 
ms, flip angle=77°, 56 dynamics. Images were acquired during the 3 
first seconds of each TR, 2 extant seconds for auditory and visual 
cues exposure. A “block” design was used during the fMRI session. 
Four runs were measured during the fMRI session corresponding to 

Conditions Patient Healthy subject
(i) native French speakers;  

(ii) right-handed;  

(iii) age of 8 to12 years 11 months;  

(iv) the overall IQ from 70 to 130;  

(v) children treated for medulloblastoma after age of 6 years (homogeneous population in terms of brain maturation) and at least six 
months after the end of all treatments; 
(vi) having a good performance in the previous fMRI training;  

(vii) no contra-indications for MRI (for example: pacemaker, vascular clips, metal cardiac valve prosthesis, brain or cochlear stimulator, 
dental prosthesis, other magnetizable prosthesis and claustrophobia rebel);  

(viii) not taking methylphenidate (Ritalin ®) 48 hours before MRI; 

(ix) without any history of psychiatric, neurological or other major medical disorder 

Table 1: inclusion criteria of participants for recent study.
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each task. Tasks were randomly presented across subjects. The total 
duration of each run was 4 min 40 seconds. During each run, the whole 
brain volume was measured 56 times and the field map obtained was 
subsequently used during data processing.

Anatomical image acquisition: Finally, a T1-weighted high-
resolution three-dimensional anatomical volume was acquired using a 
3D gradient echo inversion recovery sequence (field of view=256 mm; 
resolution: 1×1×1 mm; 128 axial spiral slices).

Data analysis

Spatial pre-processing: Data analysis was performed using the 
general linear model 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. 
Data analysis started with several spatial pre-processing steps. All 
volumes were realigned to correct head motion using rigid body 
transformations. After discarding the four first slices for the scanner to 
reach equilibrium, the first volume of the first fMRI session was taken 
as a reference volume (i.e. this volume was originally the fifth volume). 
Weighted anatomical volume was co-registered to mean images 
created by the realignment procedure and was normalized to the MNI 
space using a trilinear interpolation. The anatomical normalization 
parameters were subsequently used for the normalization of functional 
volumes. Finally, each functional volume was smoothed by an 8-mm 
FWHM (Full Width at Half Maximum) Gaussian kernel to ameliorate 
differences in inter subject localization. The time series for each voxel 
were high-pass filtered (1/128 Hz cutoff) to remove low-frequency 
noise and signal drift.

Statistical analysis: 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 (HRF). 

A statistical analysis was performed at an individual level for 
each fMRI session corresponding to each task (VIVE, VINV, AUVE 
and AUNV). The general linear model was used to generate the 
parameter estimates of activity at each voxel, for each condition, and 
each participant (healthy and pathological participants). Moreover, as 
additional factors, movement parameters derived from the realignment 
corrections (3 translations and 3 rotations) were also taken into account 
in the design matrix. Subsequently, [T-R] contrasts were calculated 
for each task and participant. The modality of presentation (visual, 
auditory) and the nature of information (verbal, non-verbal) in the 
four experimental conditions: VIVE, VINV, AUVE and AUNV were 
defined and a flexible design analysis on the contrast images derived 
from individual analyses in healthy participants was performed. 
Subsequently, two types of main effects were calculated:

Main effect of modality of presentation: The contrast [AU 
(VE+NV) vs. VI (VE+NV)] was calculated in order to identify 
modality specific activations in healthy children. The opposite contrast 
[VI (Ve+NV) vs. AU (Ve+NV)] was also calculated. 

Main effect of nature of information: The contrast [VE (AU+VI) 
vs. NV (AU+VI)] was calculated in order to explore the cerebral regions 
required in WM processing according to the nature of information 
and similar calculation for the opposite contrast [NV (AU+VI) vs. VE 
(AU+VI)].

The anatomical location of the activated regions revealed by the 
main effects was determined by using the xj view toolbox (http://
www.alivelearn.net/xjview8/) allowing visualization of anatomical, 

Brodmann areas and MNI coordinates of the activations. In addition, 
the Spatially Unbiased Atlas Template (SUIT) [20] was used to view 
cerebellar topography with BOLD activations.

Anatomical data analysis: The Spatially Unbiased Atlas Template 
(SUIT) of the cerebellum and brainstem [20] for the SPM segmentation 
method and the MRI Atlas of the Human Cerebellum [21]were used to 
localize individual cerebellar lesions and to overlap these lesions onto 
the normal cerebellar template obtained in the control group. The same 
method was used for localizing the activation patterns from the SPM 
method within the cerebellum which were visualized using MRIcroGL 
software (http://www.cabiatl.com/mricrogl/).

The variables did not have a Gaussian distribution and they were 
not all parametric, therefore, the Mann-Whitney U test was chosen for 
analyzing neuropsychological and behavioral data.

Results
9 patients and 12 healthy controls were entered into the study. 

Of these 4 patients and 3 healthy controls were excluded because of: 
excessive movement (n=3), left-handedness (n=1), anxiety (n=2), lack 
of task performance (n=1), leaving 9 healthy children volunteers (5 
boys, 4 girls, mean of age 11.1y (SD = 2.2y) and 5 patients (5 boys, mean 
of age 12.1y (SD = 0.6y) suitable for analysis.

Neuropsychological results
Weschler intelligence scale (IQ) : In the control and patient group, 

the Weschler (VCI and PRI) neuropsychological tests showed normal 
scores for age and no difference between two groups in the perceptual 
reasoning index (PRI) (U=16.5, Z=1.41 p=0.16, Mann-Whitney U test). 
However, in the Verbal Comprehension Index (VCI), the patient group 
performance score (93.5 12.03) was significantly lower than the control 
group (110.4 ± 8.73) (U=5, Z= 2.65, p=0.007, Mann-Whitney U test).

Working memory test: In the tests related to the phonological 
loop, there was no significant difference in performance score between 
the control group and the patient group. However, in the Compound 
Stimulus Visual Information task (CSVI) involving the visuospatial 
sketchpad, there was a significant difference in pattern test with the 
patient group performance significantly lower than the control group 
(U=11, Z=2, p=0.04, Mann-Whitney U test).

Behavioral results: The accuracy and Reaction Time (RT) were 
calculated for each participant and for the 4 tasks (VIVE, VINV, AUVE 
and AUNV). All subjects responded with high accuracy for each task 
(more than 90 %). The Mann-Whitney U test showed a significant 
difference for two condition VINV (U=3343, Z= -2, p= 0.04) and 
AUNV (U=3327, Z= -2, p= 0.04) which means that the reaction time to 
perform the nonverbal task in the patient group was significantly longer 
than in the control group.

Anatomical and functional MRI results in the patient group: The 
cerebellar lesion topography for 5 patients is shown in Figure 1. In the 
patient group, all 4 patients with principal resected lesions in left inferior 
cerebellar lobe (lobule VIIB/VIII and Crus I/II) had WM impairment. 
The only patient with no WM deficit had an inferior vermis resection 
and no surgery in the left inferior cerebellar lobe. For each task and 
contrast, the activations maps showed a reduction of cluster size in the 
patients group vs. healthy children group (Figure 1).

Functional MRI results in the healthy control group: A BOLD 
signal in the cerebellum and brain for each task (VIVE, VINV, AUVE 
and AUNV) was obtained for four contrasts (visual vs. auditory, 
auditory vs. visual, verbal vs. nonverbal and nonverbal vs. verbal) from 
data processing by SPM8.

http://www.alivelearn.net/xjview8/
http://www.alivelearn.net/xjview8/
http://www.cabiatl.com/mricrogl/
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BOLD activation patterns within the cerebellum: Analyzing the 
contrast for both the effects of presentation modality and nature of 
information, it was found that the visual vs. auditory contrast exhibited 
greater activations in the left posterior cerebellar lobe (lobules VIIb, 
VIII, Crus I) and other regions. In the nonverbal vs. verbal contrast, 
robust activations in lobule VI, VIIb, Crus I/II occurred (Figure 2). 

BOLD activation patterns within the brain

Visual verbal tasks (VIVE) and Visual non-verbal tasks (VINV): 
BOLD activations were concentrated mainly in the parietal-frontal 
region during the VIVE tasks and the VINV tasks. During the two 
tasks, stronger activations were found bilaterally in the Inferior Frontal 
Gyrus (IFG) (BA45/47), Middle Frontal Gyrus (MFG) (BA46), Inferior 
Parietal Lobule (IPL) (BA40) and the fusiform gyrus (BA17/18). 

Auditory verbal tasks (AUVE) and Auditory non-verbal tasks 
(AUNV): These two presentations activated some robust clusters in the 
bilateral temporo-frontal regions, particular in the Superior Temporal 
Gyrus (STG) (BA 21/22), IFG (BA 47) and IPL (BA 40). These 
activations predominated on the left side for AUVE tasks and on the 
right side for AUNV tasks. They were greater during AUNV tasks than 
during AUVE tasks. 

Main effect of modality of presentation(visual /auditory): 
Compared to auditory tasks, visual tasks produced greater BOLD 
signals in the bilateral parieto-occipital areas (BA17/18/19), especially 
the bilateral primary visual cortex, bilateral superior and inferior 
frontal gyrus, bilateral fusiform gyrus and left MFG (Table 2). On the 
other hand, auditory vs. visual contrast produced prominent activations 
in bilateral parieto-temporal areas, especially the bilateral primary 
auditory cortex (BA41/42), Wernicke’s area (BA22) as well as bilateral 
STG (BA21/22)

Main effect of nature of information (verbal/ non-verbal): 
Compared to nonverbal tasks, common activations by verbal tasks were 
bilaterally observed in the MTG (BA 21/22), supramarginal gyrus (BA 
40) with left-sided predominance whereas nonverbal vs. verbal contrast 
activated predominately the right middle occipital gyrus (BA18/19), 
right fusiform gyrus and right lingual gyrus (BA17).

Discussion
The cerebellum was assumed to have an important role in 

WM disorders in children undergoing surgery for cerebellar 
medulloblastoma. In this study, children who had surgery for their 
cerebellar lesions had WM impairment, especially in the visuo-spatial 
memory or nonverbal WM. This anatomical and functional imaging 
study was performed to better understand the cerebellar involvement 
in working memory disorders in children treated for medulloblastoma.

The cerebellum plays an important role in working memory

The cognitive function of the cerebellum is now much better 

Task domain Location within cerebellum Reported by

Nonverbal WM
(visuo-spatial sketchpad)

Bilateral lobule VI, VIIb, VIII, IX, Crus I and II Hautzel et al. [39]

Left cerebellum Ribaupierre et al. [40]
Cerebellum Levisohn et al. [31]

Posterior cerebellum Schmahmann and Sherman [32]

Verbal WM
(Phonological loop)

Bilateral lobule VI, VIIb, VIII, Crus I and II Hautzel et al. [39]
Bilateral lobule VI, VII, VIII and right IX Cooper et al. [41]

Left lobule VIII Kirschen et al. [27]
Left lobule  VIII Kirschen et al. [26]

Right lobule  VI and Crus I Thürling et al. [30]

Language processing
Right posterolateral cerebellum Stoodley and Schmahmann [37,40]

Right lobule VI, Crus I and II Stoodley et al. [38]

Spatial processing
Left posterolateral cerebellum Stoodley and Schmahmann [37]

Left lobule VI and VII Stoodley et al.[38]

Table 2: Examples of tasks during which cerebellar activation is reported in literature and the location of the activation patterns within the cerebellum.

Figure 1: MRI images. Anatomical lesion mapping of patient group with 
lobules labelled from the Spatially Unbiased Infratentorial Template (SUIT) of 
the cerebellum and brainstem (method of Diedrichsen et al. [22]) and being 
visualized on MRICroN software.

Figure 2: fMRI results. Overlaps on MRICRoN of resected lesion area (yellow), 
activations observed in nonverbal vs. verbal tasks contrast (blue clusters) and 
in visual vs. auditory contrast (orange clusters). Activation maps are threshold 
at a voxel-level threshold of P<0.05 (uncorrected) with a cluster-size>4.
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understood and several recent studies have found evidence of the 
cerebellar role in cognitive function [23-27], including auditory 
processing [28], phonological loop [27,29,30] and visuospatial sketchpad 
[31]. However, the specific contributions of different cerebellar regions 
to the different phases of WM have not been clearly defined and it may 
differ depending on the demands of the WM tasks [30]. 

In this study, using neuropsychological tests and behavior results, 
the four patients with the main lesions located in the left posterior 
cerebellar hemisphere lobe (lobule VIIb, VIII, IX and Crus I/II) and 
inferior part of vermis had significant impairment of visuo-spatial WM 
compared to healthy subjects. Furthermore, the only patient without 
any lesion of the posterior cerebellar hemisphere did not have any 
WM deficit, even though this patient had received radiotherapy and 
chemotherapy doses like others patients. In the healthy subject group, 
greater neuronal activations were shown in the left posterior cerebellar 
hemisphere for visual vs. auditory contrast and nonverbal vs. verbal 
contrast. This suggests that left posterior cerebellar damage may induce 
visuo-spatial problems. These finding were comparable with other 
results in the literature. For example, Schmahmann and Sherman [32] 
found that cerebellar cognitive affective syndrome with visuospatial 
disorganization and impaired visuospatial memory was seen in patients 
with posterior cerebellar lobe lesion. Hokkanen et al. [33] found that 
patients with left cerebellar lesion performed slowly in a visuospatial 
task and Wallesch and Horn [34] reported that an excision of the left 
cerebellar hemisphere tumors evoked visual spatial deficits. On other 
hand, this study demonstrated the left-right lateralization of cerebellum 
in verbal and nonverbal WM. The verbal WM activated predominantly 
the right posterior cerebellar lobe while the nonverbal WM activated 
the opposite side of the cerebellum [35-38]. This is summarized in Table 
2.

The results of this study differ from some published results because 
of the different methods used in evaluating the patient’s WM. For 
example, Kirschen et al. [26] stated that damage to left hemispheral 
lobule VIII was associated with reduced digit span to auditory stimuli 
and phonological storage (phonological loop component), but they 
used verbal tasks (including only a series of words) to evaluate the 
verbal WM in patients with cerebellar damage. Ravizza et al. [42] 
showed that lesions of the right cerebellar hemisphere would be more 
disruptive to verbal WM than lesions of the left cerebellar hemisphere 
(but in elderly patients). On the other hand, Hautzel et al. [39] provided 
evidence of cognitive involvement of the cerebellum in WM but didn’t 
find the cerebellar lateralization for different WM components. 

BOLD activations in brain

Modality of visual and auditory presentation: The results of this 
study provide strong evidence that visual tasks activated bilaterally the 
occipital cortex, IFG (BA45/47), IPL (BA40) and fusiform gyrus. These 
outcomes demonstrate the role of the occipital cortex in visual ability 
and were also found in previous studies [43,27]. Common clusters in 
the lingual gyrus, fusiform gyrus, superior and IPL were found with a 
slight predominance on the right side; the bilateral cuneus, precuneus 
and MFG with a slight predominance on the right side. These findings 
were similar to those of other studies [44,45].

During the auditory presentation, bilateral STG, the region 
classically known as the primary auditory area was activated and 
that is consistent with other studies [46,47]. Furthermore, the STG is 
involved in many critical functions in hearing, speech, language and 
in the integration of auditory and visual cues [48]. Thus, the visual 
n-back tasks elicited greater activation in occipital regions, whereas 
the auditory tasks did the same in the STG. This was confirmed by 

Rodriguez-Jimenez et al. [49]. The auditory stimuli also activated the 
IFG which plays an important role in cognitive function [50], semantic 
WM [51], language processing [52], auditory processing [46], both 
visual and auditory WM [27].

Overall, the fronto-parietal cortex, especially the IPL (BA40) and 
the IFG (BA45/47), plays an important role in WM, in which auditory 
WM predominates in the STG and visual WM mainly activates the 
occipital cortex.Nature of verbal and nonverbal information: The verbal 
presentation predominated on the left side hemisphere whereas the 
nonverbal presentation predominated on the right side of brain. This 
result demonstrates a left-right lateralization in the verbal and nonverbal 
WM, which agrees well with results of other studies [46,47,53-55]. The 
activations during nonverbal stimuli were greater than those during 
verbal stimuli reflecting possibly an increased difficulty in identifying 
nonverbal compared to verbal tasks. This was consistent with behaviour 
results which revealed slower reaction times and lower accuracies for 
the non-verbal conditions vs. the verbal conditions.

Both verbal and nonverbal tasks activated the middle temporal 
gyrus (BA 21/22) suggesting a role for this region in language reception 
and processing. This region is involved in verbal and non-verbal 
semantic cognition [56]. The activations were found bilaterally in the 
Lateral Prefrontal Cortex (LPFC) (including the BA44 and BA40) 
during two tasks with predominance in verbal stimuli presentation, 
suggesting an important role of the DLPFC in verbal WM [53,57-59]. 
D’Esposito et al. [58] showed in more detail that the dorsal prefrontal 
cortex was involved in spatial WM and the ventral prefrontal cortex 
involved in the verbal WM. In an animal study, Goldman-Rakic 
[60] found the lateral prefrontal cortex and the middle frontal gyrus 
(BA 46) to be responsible for the phonological loop and the ventral 
inferior frontal gyrus (BA 44/45/47) to be in charge of the visuospatial 
sketchpad. The visuo-spatial sketchpad is activated in the right inferior 
parietal lobule [61] and bilateral posterior parietal regions with right-
hemispheric dominance [62]. Taken together, these finding revealed 
that each task evoked some specific zones in the cerebellum and the 
brain reinforcing the existence of the cerebro-cerebellar circuit in WM 
function as described in the literature [27,25,63].

In this study, the effects of cerebellar irradiation were not evaluated 
but in the literature, some studies on irradiation and chemotherapy 
effects in patients with brain lesion (acute lymphoblastic leukemia [64], 
cerebellar tumors [31], medulloblastoma [65]) have demonstrated a 
correlation between these effects and WM deficit. A linear reduction 
of signal BOLD in the primary visual cortex was also found in the 
patient group compared to the healthy children group [66]. Thus, 
patients with posterior fossa malignant tumors can acquire damage 
in the central nervous system from the tumor’s growth, per-surgical 
resection of the tumors, the effects of chemotherapy and radiotherapy, 
or from a combination of any of these factors [67]. WM disorders in 
medulloblastoma survivors can result from a combination of many 
factors but in this study, we demonstrated the importance of cerebellar 
damage after surgery. Due to ethical constraints, the assessment of 
WM disorders used by each specific factor difficult to perform. There 
habilitation for these patients there for also needs to take account of all 
possible risk factors.

In summary, the present study provides further evidence that 
the cerebellum plays a role in WM in children similar to that already 
described for adults. Damage to the left posterior cerebellar lobe may 
impair nonverbal WM performance and children with cerebellar 
lesions should routinely undergo long-term monitoring of their 
intellectual development. Secondly, these results reinforce the existence 
of functional cerebro-cerebellar networks during WM tasks. 
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Limitations
Limitations of the present study included: (i) low statistical power 

of the results because of the difficulty of inclusion (rare diseases), 
difficulties in performing neuropsychological tests and fMRI 
acquisitions (multiple exclusion criteria) and limited power of MRI 
machine (1.5 T); (ii) it was difficult to distinguish the surgery effects 
from those of radiotherapy because of the absence of a “surgery alone 
group”; (iii) 1-back tasks, although easier perform, (low WM load) may 
not be the most effective to evaluate WM performance. 
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