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  The cerebellum: structure and function


   


  Chapter 1: Cerebellum – small brain but large confusion: reappraisal 10 years later
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  Summary: In this chapter, we focus on ongoing areas of potential confusion regarding: terminology (inappropriate/ imprecise use of terms such as ‘Dandy-Walker variant’ and ‘pontocerebellar hypoplasia’, and insufficient distinction between malformations and disruptions or between cerebellar hypoplasia and atrophy), publications in which neuroimaging criteria for certain cerebellar malformations are not sufficiently considered (such as Dandy-Walker malformation, rhombencephalosynapsis, and molar tooth sign in Joubert syndrome), and non-progressive congenital ataxias.

  


  Introduction


  In 2002, the first author (E.B.) had the privilege to be among the lecturers of a Festschrift in honour of Peter G. Barth. His contribution was later published, entitled `Cerebellum ­ small brain but large confusion: a review of selected cerebellar malformations and disruptions' (Boltshauser, 2004). In this article, attention was drawn to disruptive processes potentially mimicking, and often considered as, malformations based on classification systems of congenital cerebellar abnormalities. Additionally, specific forms of disruption were reviewed, and some forms of malformation were briefly discussed. In the last decade, considerable progress has been made with regards to the elucidation of posterior fossa anomalies, which has been particularly supported by the advent of new neuroimaging and genetic `tools':


  - new genes have been discovered;


  - new diseases have been described;


  - the spectrum of different types of disruptions has expanded.


  Confusion of terminology


  ¦ Dandy-Walker Variant


  Dandy-Walker Malformation (DWM) is defined by neuroimaging criteria (see Poretti et al., in this volume). The terms `Dandy-Walker variant' (DWV) and `Dandy-Walker spectrum' are still used in publications and textbooks without clear definition, and instead rather imply less defined structural changes in the posterior fossa. DWV often corresponds to inferior vermis hypoplasia. We suggest that a detailed anatomical description of changes is preferable to ill-defined terms (Poretti et al., 2012).


  ¦ Malformations versus disruptions


  We wish to underline that the distinction between malformations (as primary developmental processes) and disruptions (as secondary destructions of normally developed tissue) is of paramount importance for genetic counselling, pathogenetic elucidation, and particularly for management and prognostic issues. In addition, there exists a selection bias for patients with syndromes or developmental delays who undergo imaging (Titomanlio et al., 2005; Souza et al., 2013).


  In previous reports, we have discussed cerebellar clefts (Poretti et al., 2008a; Poretti et al., 2009), unilateral cerebellar hypoplasia (Poretti et al., 2010), and cerebellar `agenesis' (Poretti et al., 2013) as forms of cerebellar disruptions.


  ¦ Pontocerebellar hypoplasias


  In a broad descriptive sense, pontocerebellar hypoplasia (PCH) implies reduction of pontine protuberance and cerebellar volume. This general pattern can result from:


  - a disruption, as in very preterm infants (Zafeiriou et al., 2013);


  - a malformation, as in patients with CASK mutations (Burglen et al., 2012);


  - a prenatal-onset degenerative disorder, a concept put forward by Barth more than 20 years ago, when defining PCH types 1 and 2.


  It is also important to realize that the ongoing numbering system in the MIM (Mendelian Inheritance in Man online catalogue) does not reflect underlying pathogenesis; PCH types 1, 2, 4, 5, 6, and 7 represent progressive degenerations, while PCH types 3 and 8 are `developmental' rather than progressive disorders (Mochida et al., 2012).


  Cerebellar atrophy versus hypoplasia


  In many articles, authors do not clearly distinguish between `hypoplasia' and `atrophy' and/or fail to illustrate their findings. Cerebellar atrophy is defined as a cerebellum with initially normal structures in a posterior fossa with normal size, which displays enlarged fissures (interfolial spaces) in comparison to the foliae secondary to loss of tissue. However, the term cerebellar hypoplasia describes a compact cerebellum with reduced volume, while cerebellar shape is (near) normal, the cerebellar structures are not filling a normally configurated posterior fossa, or a small cerebellum is found within a small posterior fossa (Poretti et al., 2008). We realize that these terms may be used in different contexts, but it is nevertheless important to define them. In some articles, the distinction between `hypoplasia' and `atrophy' is not possible due to imprecise description and/or illustration, as well as a lack of long-term observations.


  Confusion arising from publications


  Unfortunately, there are many publications which do not conform to the neuroimaging definitions of (for example) Joubert syndrome (Takahashi et al., 2011), DWM (Shenoy & Kamath, 2010; Jha et al., 2012), and rhombencephalosynapsis (Sener, 2007; Guleria, 2011; Ramocki et al., 2011), which are described inappropriately and illustrated incorrectly. Other articles mention findings that are either not confirmed by images or accompanied by figures which are inconsistent with the description (Waite et al., 2010). In myelomeningocele (Chiari 2), the posterior fossa is too small, resulting in deformation of the cerebellum (`towering' toward the tentorial notch) and falsely interpreted as (complete or partial) rhombencephalosynapsis (Wan et al., 2005; Merlini et al., 2012; Weaver et al., 2013).


  Confusion about non-progressive congenital ataxias


  Non-progressive congenital ataxia (NPCA) is still a matter of confusion for several reasons: NPCA is not listed among cerebellar malformations and imaging is often normal (Fig. 1). Therefore, NPCA is not listed among the cerebellar malformations, contributing to under-recognition by neuroradiologists and clinicians. With increasing age, ataxia becomes less prominent, while impairment in cognitive functions and behavioural issues are the main problems in patients with NPCA. This may lead to a misclassification of NPCA patients as intellectual disability, autism spectrum disorder, etc. (Boltshauser & Poretti, 2012). The genetic basis of most NPCA forms is not yet elucidated.


  A proportion of patients have dilated interfolial spaces, a pattern which we prefer to call `hypoplasia' (rather than `atrophy') as it represents a non-progressive (static) situation (Fig. 2, 3). The distinction between this and `true atrophy' is essential in order to avoid unnecessary diagnostic investigations. Such MRI findings are well known and derived from reports about familial observations of siblings with NPCA (Yapici & Eraksoy, 2005; Turkmen et al., 2006). Recently, we became aware of yet a further potential confusion; although the clinical course in a three-generation family was non-progressive, repeat imaging in the index patient (at age 1 and 5 years) was clearly progressive, and the imaging findings in the father were clearly much more pronounced (Huang et al., 2012). Long-term observations and repeat neuroimaging in familial and sporadic patients are needed to clarify this discrepancy and apparent confusion.
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  Chapter 2: The role of the cerebellum in higher cognitive and social functions in congenital and acquired diseases of developmental age*
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  Summary: The role attributed to the cerebellum in neurological function has been extended in the last two decades from one that just controlled highly complex motor actions to one that controls and contributes to the higher cognitive, neuropsychological, and social skills. This chapter deals with the association of cerebellar damage in genetic diseases, malformations, and acquired conditions (such as infections, stroke and tumours) with variable degrees of impaired mental and social functioning. Improving our knowledge of the consequences of cerebellar damage on the patient's cognitive and neuropsychological profile will enable earlier and more effective therapeutic measures to be implemented.

  


  In the past 20 years, the role traditionally ascribed to the cerebellum has evolved. It used to be assumed that it was involved exclusively in coordinating voluntary movement, but this view has been challenged by recent findings in the fields of neuroanatomy, neuroimaging, and clinical neuropsychology, which have shown that the cerebellum contributes to intelligence, language, and higher social functions. While it was once seen as an associative centre for motor coordination and execution, the cerebellum is now increasingly recognized as an associative centre for higher cognitive function. A growing number of clinical and neuroimaging studies support the role for the cerebellum in perceptual, linguistic, cognitive, and affective functions (for a review see Strick et al., 2009).


  In the past, the cerebellum had often been associated with various diseases of both neurodegenerative and psychiatric types, but more recently precise patterns of neuropsychological malfunctioning have been described in patients with focal discrete lesions and with impairments relating to mental imagery, anticipatory planning, the ability to use temporal cues appropriately, visuospatial functions, and language production (Schmahmann, 2004). Several subsequent studies led up to Schmahmann's clinical studies and formalization of a whole constellation of cognitive and emotional symptoms in adults with different neurological diseases under the umbrella term of cerebellar cognitive affective syndrome (CCAS) (Schmahmann & Sherman, 1998). Posterior cerebellar lobe lesions have been found to be responsible for more severe cognitive disorders than have lesions affecting the anterior lobe, and lesions involving the vermis coincided with more severe affective and relational disorders. These recent discoveries prompted a great deal of research focusing on cerebellar functional integration and neural mechanisms in adult populations as well as, more recently, in those of developmental age.


  Posterior fossa congenital malformations


  The cerebellum takes a long time to develop, so it is liable to become a target of various types of insult, such as genetic malformations, toxic or vascular lesions, and so on; these become apparent from a reduction in its volume (hypoplasia) or signs of malformation involving one or several parts of the cerebellum.


  Cerebellar malformations and volume changes are known to be frequently associated with neurodevelopmental disorders and neurogenetic syndromes, with concomitant mental retardation. Children with such conditions have disorders with varying degrees of severity in several cognitive domains as well as emotional and personality disorders in different, variable associations. Recent advances in neuroimaging have also improved our chances of identifying structural abnormalities in the cerebellum (Boltshauser, 2004; Sandalcioglu et al., 2006). In the perinatal period, the incidence of posterior fossa malformations is estimated at 1 in every 5,000 live births (Bolduc & Limperopoulos, 2009), while such malformations are now amongst the most common brain malformations diagnosed in the foetus by imaging, although their real prevalence is still not clear. Improvements in our ability to diagnose cerebellar malformations, even prenatally, have coincided with a parallel increase in the need for a better understanding of how these early lesions will affect a child's future development in order to make sensible therapeutic decisions in each case. This is of fundamental scientific interest, but is also essential for eugenic purposes, since most parents prefer to terminate a pregnancy when faced with a prenatal diagnosis of cerebellar malformations, even if it is hard to say what the outcome might be (Forzano et al., 2007).


  Cerebellar malformations, in the sense of hypoplasia, atrophy, or a global or partial dysplasia, are associated with 333 different genetic syndromes, including several metabolic diseases; they are associated with neurogenetic syndromes and mental retardation in 215 cases registered in the London Medical Databases Dysmorphology and Neurogenetics databases (<http://www.lmdatabases.com>).


  Only a few of these conditions are discussed in this section.


  ¦ Chiari syndrome


  The Chiari syndrome is characterized by herniation of the cerebellar tonsils inside the medullary canal, related to the crowding of the brain structures in the posterior cranial fossa, and in the cerebellum in particular. Here again, this disorder is characterized by a wide variability, depending on constitutional, genetic factors relating partly to the more or less plastic capacity for adaptation of the structures inside a narrow posterior fossa as well as to the potential initial cognitive/behavioural phenotype.


  In a sample of 10 children with Chiari syndrome, Novegno et al. (2008) reported that 8 had an IQ within the normal range, whereas 2 had a borderline IQ. With respect to language, 5 had slow speech production and difficulty finding words, despite adequate language comprehension. Four of 5 children with naming speech disorders had cerebellar tonsil herniations greater than 10 mm inside the medullary canal. Only 2 children had a behavioural disorder, in the form of a hyperactivity disorder. In our sample of 20 children, there were 8 pure cases (i.e., unassociated with other syndromes or malformations) where the IQ was within normal range, while the 12 children with Chiari syndrome associated with other neurological diseases showed IQs that varied from 29 to 112. The problem can be paradoxically even more complex within the same individual. A male with Chiari 1 syndrome in our sample had suffered from a language delay before decompression, with tonsillar ectopia associated with altered cerebrospinal fluid flows; after surgery (at the age of 3 years and 3 months) he showed a marked improvement in the language domain, but a dramatic worsening in the behavioural domain, on both the internalizing and the externalizing scales (Riva, D. `Role of cerebellum in evolution of superior functions in children'. Presented at the Consensus Conference on Chiari Malformation, Milan 2009).


  ¦ Dandy-Walker malformation


  Dandy-Walker malformation (DWM) is characterized by a partial or total agenesis of the cerebellar vermis, along with cystic dilation of the fourth ventricle and posterior fossa enlargement, associated with a displacement upwards of the cerebellar hemisphere (Parisi & Dobyns, 2003).


  Studies reporting on the outcome of DWM have produced conflicting results. For instance, Boddaert et al. (2003) compared 21 children with DWM, with and without a normal vermis lobulation: they found a normal IQ in 82 per cent of the children with a normally lobulated vermis and in none of those whose vermis lobulation was abnormal. All the children with a normal vermis lobulation and an abnormal IQ also had CNS and extra-CNS anomalies. The anomalies in the CNS and other systems have been reported in association with DWM in up to 86 per cent of cases (Ecker et al., 2000), including ventriculomegaly (in 36­67 per cent of cases) (Boddaert et al., 2003; Ecker et al., 2000; Has et al., 2004) and corpus callosum agenesis (in 5­50 per cent) (Forzano et al., 2007; Kumar et al., 2001), which was seen in the majority of children with an abnormal vermis lobulation (Boddaert et al., 2003; Klein et al., 2003).


  The evidence currently available on this condition thus suggests that the neurodevelopmental outcome is likely to be better in children with no associated supratentorial anomalies and with a normally lobulated vermis.


  ¦ Molar tooth sign or Joubert syndrome


  The molar tooth sign is characterized by an abnormally deep interpeduncular fossa, more horizontally oriented, enlarged superior cerebellar peduncles, and a hypoplastic cerebellar vermis (Maria et al., 2001). Patients with this condition may vary considerably in terms of cognitive functioning, ranging from very severe impairments to a mildly impaired or even normal development.


  More than eight different types of disorder associated with the Joubert syndrome (JS) have been identified and related to various genotypes and phenotypes (Valente et al., 2008). Although these different JS-related disorders may vary in terms of outcome, it is hard to say from the data currently available in the literature how each variant of JS affects the patients' neurodevelopment. Some evidence suggests that cognitive functional impairments or developmental delays are seen in all children with JS, and that they are usually severe (Fennell et al., 1999; Gitten et al., 1998; Hodgkins et al., 2004; Kumandas et al., 2004; Romano et al., 2006). Immediate and delayed memory, conceptual development, perceptual discrimination, and daily living skills are reportedly impaired, along with delays in developmental milestones and deficiencies in developmental quotients (Fennell et al., 1999; Steinlin et al., 1997). Language abilities are also apparently always affected in children with the molar tooth sign or JS (Braddock et al., 2006; Fennell et al., 1999; Hodgkins et al., 2004; Romano et al., 2006; Steinlin et al., 1997; Tavano & Borgatti, in press) and sometimes behavioural and social problems were also found (Fennell et al., 1999; Steinlin et al., 1997).


  ¦ Mega cisterna magna


  Mega cisterna magna (MCM) is characterized by an enlarged cisterna magna with normal fourth ventricle, cerebellar hemispheres, and vermis (Barkovich, 2005). The developmental outcome of children with MCM is generally reported to be favorable and most children with isolated MCM develop normally (Forzano et al., 2007; Long et al., 2006; Haimovici et al., 1997). On the other hand, reports on adults with MCM point to deficiencies in higher cognitive functions and language abilities, such as verbal memory and fluency, executive function, and semantic fluency (Zimmer et al., 2007), suggesting that mild impairments may go undiagnosed because of inadequately in-depth neuropsychological assessments. More than two thirds of children with MCM and associated abnormalities involving the CNS (e.g., ventriculomegaly) and other parts of the body (e.g., orthopedic malformations) have normal development (Forzano et al., 2007; Long et al., 2006), judging from a review of their medical records. The remainder suffer from impairments that include cognitive and language delays, delayed motor development, and neurological abnormalities (e.g., cerebellar ataxia) (Long et al., 2006). Ventriculomegaly, corpus callosum agenesis, and kidney, heart, and liver anomalies have all been reported in various association. The presence of concomitant CNS anomalies in children with MCM is associated with a worse prognosis, but most children have normal development and impairments tend to be mild, although these children are often not submitted to standardized neuropsychological assessment.


  ¦ Cerebellar structural and volumetric anomalies


  Inferior vermis hypoplasia


  Inferior vermis hypoplasia (IVS) is a condition where part of the inferior portion of the cerebellar vermis is missing, while the cerebellar hemispheres are normal or near-normal in shape and the posterior fossa has normal size, with no evident signs of cystic lesions, and the supratentorial structures are normal (Limperopoulos et al., 2006). IVH represents an arrested, incomplete downward growth of the vermis, which leaves an oversized midline space for cerebrospinal fluid, which may give the impression of a cystic lesion.


  The majority of children with isolated IVH reportedly develop normally. Those who have isolated IVH associated with a developmental delay, with gross and fine motor disabilities, also tend to have impaired social and communication skills; 15 per cent of such children have also been found to have behavioural problems, especially disruptive behaviours (Limperopoulos et al., 2006).


  Cerebellar hypoplasia and dysplasia


  Cerebellar hypoplasia is characterized by incomplete or underdevelopment of the cerebellum (ten Donkelaar et al., 2003), whereas cerebellar dysplasia involves an abnormal maturation of the cerebellar tissue cells (Patel & Bankovich, 2002). It is still not always possible to distinguish between the various types of hypoplasia and dysplasia, and the consequently different outcomes. To give an example, unilateral hypoplasias are probably not true malformations, but are caused by prenatal lesions (Boltshauser, 2004).


  Published reports found that more than half the children with these conditions had developmental delays or cognitive impairment (Tavano et al., 2007a,b; Ventura et al., 2006; Wassmer et al., 2003), which were severe in one third of cases (Tavano et al., 2007a,b). Language deficits were found to be prevalent in the majority of studies (Tavano et al., 2007a,b; Wassmer et al., 2003), and the levels of disability ranged from mild to severe, and even to the total absence of language (Tavano et al., 2007a,b). Affective and/or behavioural difficulties were frequent: in particular, as many as 20 per cent of children have autistic features (Wassmer et al., 2003; Tavano et al., 2007b). In two studies on children with isolated cerebellar hemispheres dysgenesis, the majority of subjects were described to have normal or near-normal cognitive development (Tavano et al., 2007a,b), while all had various degrees of impairment in language skills often associated with emotional, social, and/or behavioural problems (Tavano et al., 2007b; Ventura et al., 2006).


  Overall, cerebellar hypoplasia and dysplasia coincide with a wide spectrum of disabilities, depending on the site and severity of the lesions involved, and the related symptoms are probably also influenced by the presence of supratentorial anomalies. Bilateral cerebellar hypoplasia and dysplasia have been found frequently associated with CNS anomalies and poorer outcome characterized by high prevalence of cognitive and/or developmental delays, language impairments, and behavioural problems (Ventura et al., 2006).


  Vermis hypoplasia


  A hypoplastic vermis is characterized by incomplete development. A report on five children with partial or complete hypoplasia of the cerebellar vermis found moderate to severe developmental delays, varying degrees of impaired language skills, and behavioural problems in all subjects (Tavano et al., 2007b). Bruck et al. (2000) also described two siblings with vermis hypoplasia, one of whom had apparently normal cognitive skills, but impaired language development. Severe cognitive and language deficits as well as motor disabilities were described in a case report concerning a 15-year-old male with cerebellar vermis hypoplasia (Koutsouraki et al., 2007), while a study on a subgroup of three patients with vermis hypoplasia reported cognitive impairments in two and motor delay and anxiety in one (Ventura et al., 2006).


  Riva et al. (2001) studied 36 children aged from 3 to 11 years with hypoplasia or atrophy of the vermis and/or cerebellar hemispheres associated with metabolic-degenerative diseases and genetic syndromes, using volumetric cerebellum MRI and neuropsychological assessment of intelligence, language, frontal tasks, and behaviour (direct observation and/or questionnaire filled by parents). All subjects had global developmental delay, especially in the language domain; the children with congenital lesions involving the vermis and hemispheres showed a much lower IQ, but also deficits in several frontal tasks, which correlated with the volume reduction. As for the emotional and behavioural features, there were unexpectedly no autistic-like signs, and behavioural disorders were mild (e.g. irritability and a tendency to isolate themselves), as reported by parents and confirmed by clinical observation.


  To sum up, currently available data suggest that most children with partial or near-complete vermis hypoplasia have global developmental delay, as well as language, motor, and neurological disabilities.


  Cerebellar agenesis


  Cerebellar agenesis means a more or less total absence of the cerebellum. Very few studies have reported on the outcome of children with cerebellar agenesis. Titomanlio et al. (2005) described one case of a 17-year-old male with isolated cerebellar agenesis, who apparently had mild cognitive impairment, ataxia, and dysmetria, although no standardized outcome measures were used. There is another report of five children with a near-total absence of the cerebellum who all had developmental delay (severe in one case) and delayed language development. Only one case had associated cerebral malformations (Gardner et al., 2001). Finally, Tavano et al. (2007b) studied a male with total cerebellar agenesis, aged 34 years, who presented mild mental retardation with a harmonic profile and selective attention and visuospatial organization deficits. No behaviuoral problems were reported in this patient.


  Neurodevelopmental and neurobehavioural disorders


  Structural morphological studies, and volumetric studies in particular, have demonstrated a reduction in cerebellar volume in several neurodevelopmental syndromes and disorders associated with complex neuropsychological and behavioural phenotypes.


  In fragile X syndrome (a condition included in this section because it is characterized by autism-like behaviour), the volume of the posterior part of the vermis is smaller than normal, and different volume reductions correlate with different levels of cognitive impairment in `premutated' males and females (Cornish et al., 2005; Mostofksy et al., 1998).


  In Williams syndrome, a condition involving an increase in cerebellar volume, spectroscopic studies have correlated cerebellar ratios Cho/NA and Cre/Na with performance in various neuropsychological tasks (Rae et al., 1998).


  With regards to learning disabilities, the cerebellum is one of the most consistent locations of structural differences between dyslexics and control participants in imaging studies (Eckert et al., 2003). Recent investigations have also demonstrated that cerebellar deficits at birth predict processing speed and phonologic disorders (Nicolson et al., 2001), and studies validated by recent data have revealed implicit learning impairments (Stoodley et al., 2006) and an increase in reading disorders amongst adults with lesions involving the vermis and paravermian structures (Moretti et al., 2002).


  Attention deficit/hyperactivity disorder (ADHD) is characterized by a smaller volume of the sixth, seventh, and eighth cerebellar lobes in comparison with that of healthy controls (Berquin et al., 1998). The cerebellum is bound to be affected because this condition would be caused by a dysfunction of the prefrontal thalamo-cerebellar circuits (Zang et al., 2007).


  In autism, there are numerous reports of volume changes in some lobes of the cerebellar vermis, and of the cerebellum in general, making the cerebellum the most widely replicated site of MRI anomalies in the literature on autism (for a review see Courchesne et al., 2005). Autistic individuals show signs of fourth ventricle enlargement, loss of Purkinje cells in the lateral and inferior cerebellar cortex, and abnormal or reduced numbers of neurones in the deep cerebellar nuclei. Vermal and hemispheric atrophy is also seen on MRI studies, although these findings remain controversial. In autism there are also pathological findings in other brain regions, particularly in the limbic system, and it is still impossible to say which anatomopathological features are most closely associated with the autistic features, and whether or not these pathological findings are responsible for the behavioural aberrations (Schmahmann, 2004).


  Pre- and perinatal acquired cerebellar lesions


  Exposure to alcohol intoxication in pregnancy leads to a reduction in the volume of the anterior vermis (Roebuck et al., 1998; O'Hare et al., 2005), which correlates negatively with performance in verbal learning and memory (Johnsen et al., 2002).


  Prematurity is often associated with cerebellar lesions and hypertrophy, invariably coinciding with a severe outcome ranging from major neurocognitive impairment to death (Krägeloh-Mann et al., 1999). Extremely premature children have lesions of the inferior cerebellar hemispheres and vermis (Johnsen et al., 2005), while supratentorial lesions are less devastating. Alongside the related severe motor deficiencies, the clinical signs include a wide range of neurodevelopmental disorders, also affecting cognitive abilities and language.


  The cerebellar anomalies particularly characteristic of preterm children with very low birth weight consisted, in a series of 41 such children (Peterson et al., 2003), of neuronal loss in the dentate nuclei and cerebellar cortex in 25­30 per cent of cases, and neuronal loss in the relay nuclei of the cerebellum, inferior olivary nucleus, and basis pontis in 15­20 per cent. These anomalies are more frequent in cases of concomitant periventricular leukomalacia involving the white matter of the cerebellum.


  Lesions acquired during development


  ¦ Infections


  There have been no reports of changes in neurocognitive functioning in cases of cerebellar infection, with the exception of a girl 4 years and 2 months old whom we described in 1998 with a severe form of viral cerebellitis (Riva, 1998). Her psychomotor development had been completely normal before she contracted the infection. After the acute phase, she suffered a complete loss of language, while her comprehension remained intact. After 15 days, this mutism was replaced by an aphasia characterized by aphonic word production. Three months later, her language was still slow and monotonous, but without phonologic disorders. The girl was only able to produce simple, telegraphic and incomplete sentences, in conditions of freedom and of constraint, and she was only able to follow the sequential nature of the verbal exchange with continuous help from outside. On in-depth neuropsychological assessment, the girl revealed no difficulties with word recognition and naming. Her sentence reproduction and verbal categorial fluency were good whereas her free fluency was extremely poor. While her IQ continued to be normal, all programming activities were defective, especially those involving sequencing. The patient's impairment was attributed to the failure of the cerebellar-frontal loops to activate the strategies involved in processing and programming verbal and sequential functions (Riva, 1998).


  ¦ Tumours


  Studying children with cerebellar neoplasms gives us the opportunity to examine the role of the cerebellum in processing higher cognitive functions, in the absence of other known or presumable contributions from the supratentorial brain structures.


  Riva and Giorgi (2000) identified cognitive and social impairments in a series of 26 children after they had undergone surgical excision of a cerebellar tumour. These impairments concerned verbal intelligence and complex language tasks in the case of lesions involving the right cerebellar hemisphere, and deficiencies in nonverbal tasks and prosody in children whose lesions affected the left cerebellar hemisphere. The lesions affecting the vermis gave rise to two profiles either mutism following surgery, which subsequently evolved into speech or language disorders resembling agrammatism, or behavioural disorders ranging from irritability to autistic-like behaviour. These findings are consistent with the role recently acknowledged for the cerebellum in modulating cognitive and social functions, and they suggest that the cerebellum plays this role even in early childhood.


  Levisohn et al. (2000) documented cerebellar cognitive affective syndrome (CCAS) after cerebellar tumour resection in 19 children between 3 and 14 years of age. The syndrome was apparent from language initiation difficulties, an impaired verbal fluency and word-finding problems, deficiencies in story retrieval and in sequencing, planning, and maintaining set as well as visuospatial deficits. Lesions involving the vermis induced deterioration in affect regulation, with irritability, impulsiveness, disinhibition, and emotional lability, and a limited capacity for attention and behaviour modulation.


  Following studies on children with cerebellar tumours have generally confirmed cognitive and affective disorders (Aarsen et al., 2004; Scott et al., 2001; Steinlin et al., 2003).


  ¦ Stroke


  Studies on the cognitive and behavioural characteristics of children after cerebellar stroke are virtually non-existant. Fabbro et al. (2004) described two young adult twins who had suffered from acquired stroke in childhood, involving multiple, recurrent episodes and several sites. Seven years later, despite a full recovery from motor deficiencies, these patients continued to have selective, mild language impairments (with deficits in syntactic comprehension, mild agrammatism, and reading and writing difficulties), but no speech disorders. They also had selective dysfunctions in short-term visuospatial memory.


  To date, no exhaustive reports have been published on the outcome of cerebellar stroke in children.


  We report here on three children of similar age, who were followed up for this condition at our unit and thoroughly investigated from the cognitive and behavioural standpoint (personal data, unpublished). One 7-year-old boy had a congenital stroke of the right superior vermis; he was left-handed and presented with a delay in language development. Neuropsychological testing revealed poor language skills, agrammatism, poor fluency, and deficiencies in frontal executive tests and verbal memory. Contrary to expectations, however, given the pattern of affective cognitive syndrome, he showed no sign of behavioural disorders and he demonstrated good social and adaptive skills. Another boy of the same age, who had experienced a stroke in the left cerebellar hemisphere, showed none of the expected signs of visuospatial or lexical impairments, but was deficient in frontal executive tests and had a general delay in information processing. Much the same picture emerged in an 8-year-old child with cerebellar stroke occurring first in the left hemisphere and then, a month later, in the right, due to persistence of the foramen ovale; this boy had no site-specific neuropsychological deficiencies, but had a severe delay in information processing and in all timed tests, as well as in spontaneous activities, even when playing games in daily life (Riva, D. `Cervelletto: funzioni cognitive e neuropsicologiche'. Presented at the Congress on Developmental Neuropsychology, Brixen 2008).


  Conclusions


  Cerebellar dysfunction can give rise to variable degrees of impairment in language, visuospatial tasks, mental flexibility, speed of information processing and attention modulation, as well as affecting the patient's ability to control many tasks automatically. Patients may also have more or less severe behavioural problems accompanied by forms of psychological stress and autistic-like conditions. Later in life, these important higher behavioural aspects can have a significant impact on the patient's quality of life.


  In an effort to prevent, or at least compensate for, this negative impact, it is important to try to improve our understanding of the cognitive and neuropsychological functional consequences of cerebellar malformations, tumours, and congenital or acquired disorders of the developing brain, with a view to enabling earlier and more effective treatment, given that the cerebellum continues to develop in the early years after birth (ten Donkelaar et al., 2003) and has a potentially greater plasticity in infants and younger children. With early, targeted, and individually-tailored measures, it may be possible to prompt a more powerful reorganisation of the cerebellar circuitry, thereby achieving a better outcome for the patient (Bolduc & Limperpoupulus, 2009).
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Fig. 2. (A) Sagittal, (B) coronal, and (C) axial T2-weighted MRI of a 4-year-old child with delayed motor
and language milestones as well as truncal and limb ataxia, interpreed as non-progressive congenital
ataxia with dilated interfolial spaces, considered as *hypoplasia’ (*mimicking” atrophy).
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Fig. 1. (A) Axial, (B) coronal, and (C) sagittal T2-weighted MRI of a child with non-progressive congenital
cerebellar ataxia showing a normal cerebellum. Two additional siblings were similarly affected.
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