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Abstract

Cerebellar injury is increasingly recognized as an important complication of very preterm birth. 

However, the neurodevelopmental consequences of early life cerebellar injury in prematurely born 

infants have not been well elucidated. We performed a literature search of studies published 

between 1997 and 2014 describing neurodevelopmental outcomes of preterm infants following 

direct cerebellar injury or indirect cerebellar injury/underdevelopment. Available data suggests 

that both direct and indirect mechanisms of cerebellar injury appear to stunt cerebellar growth and 

adversely affect neurodevelopment. This review also provides important insights into the highly 

integrated cerebral-cerebellar structural and functional correlates. Finally, this review highlights 

that early life impairment of cerebellar growth extends far beyond motor impairments and plays a 

critical, previously underrecognized role in the long-term cognitive, behavioral, and social deficits 

associated with brain injury among premature infants. These data point to a developmental form of 

the cerebellar cognitive affective syndrome previously described in adults. Longitudinal 

prospective studies using serial advanced magnetic resonance imaging techniques are needed to 

better delineate the full extent of the role of prematurity-related cerebellar injury and topography 

in the genesis of cognitive, social-behavioral dysfunction.
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Background

Cerebellar development follows a precisely programmed series of critical developmental 

processes of cellular migration, proliferation, and arborization [1]. The third trimester of 

pregnancy is characterized by a highly dynamic period for cerebellar development, during 

which time the cerebellum undergoes its most rapid growth unparalleled by any other 

cerebral structure [2-5]. This vulnerable developmental period renders the cerebellum to a 

host of potential insults that can disrupt its highly regulated programmed course. Extremely 

preterm infants are particularly susceptible to impaired cerebellar development given that 

these critical phases of cerebellar development occur within the hazards of early exposure to 

the extrauterine environment [6].

Over the past decade, the increased adoption of a mastoid view on neonatal cranial 

ultrasound imaging [7] and greater availability of magnetic resonance imaging (MRI) have 

enhanced our ability to reliably detect cerebellar injury in surviving preterm infants. In fact, 

up to 19 % of premature infants born before <32 weeks of gestation have been shown by 

MRI to have cerebellar injury [8], with higher rates among extremely low birth weight 

(<750 g) infants [6, 9].

Disturbances in cerebellar development of premature infants are thought to occur by three 

mechanisms: (1) direct cerebellar injury (CBI), (2) indirect cerebellar injury or cerebellar 

underdevelopment associated with cerebral injury, (3) cerebellar underdevelopment in the 

absence of direct CBI or cerebral injury. Direct cerebellar injury is often hemorrhagic and 

will invariably result in tissue loss (cerebellar atrophy) and subsequent cerebellar growth 

failure (cerebellar disruption) [6, 10, 11] (Fig. 1). Secondly, indirect cerebellar injury can 

occur in the absence of direct CBI but in the presence of a cerebral parenchymal injury, 

likely resulting in crossed cerebellar diaschisis [12]. Crossed cerebellar diaschisis is 

associated with reduced blood flow and metabolism in the cerebellar hemisphere 

contralateral to a cerebral injury resulting in cerebellar hypoplasia and decreased growth 

[13-15], and has been described in ex-premature infants [5, 16]. Thirdly, cerebellar 

underdevelopment has also been described in surviving preterm infants in the absence of 

direct CBI or cerebral injury, suggesting that prematurity itself is associated with impaired 

cerebellar development [17, 18]. Possible mechanisms/mediators underlying this form of 

cerebellar underdevelopment include injury below the current resolution of clinical MRI, 

maternal-placental growth factors, genetic or chromosomal anomalies, and factors 

associated with a compromised immature cerebral/systemic circulation [6, 19-21].

Despite the increased recognition of cerebellar injury in survivors of preterm birth, the 

neurodevelopmental consequences of cerebellar injury have been largely unexplored. The 

primary objective of this paper is to review our current understanding of the functional 

consequences of cerebellar injury (direct and indirect) in survivors or preterm birth.
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Methods

To delineate cerebellar structure-function relationships in expreterm infants, a structured 

review of the literature was performed. Figure 2 outlines the Quorum flowchart used. First, 

Pubmed (Medline), CINAHL, and PsycINFO searches were performed using the 

combination of the following medical subject headings: “premature” infant and 

“cerebellum.” These searches were limited to articles published in English between 1970 

and June 2014, and to studies conducted in human subjects under the age of 18 years. From 

these searches, a total of 231 publications were identified, and their titles and abstracts were 

screened for the following inclusion criteria: (i) prematurely born subjects (<37 weeks 

gestational age (GA)), (ii) evaluation of the cerebellar development or CBI by 

neuroimaging, (iii) developmental outcome assessments. Sixty original research reports met 

the inclusion criteria and underwent a subsequent full review to verify that the initial 

screening criteria were satisfied. This full review eliminated an additional 38 studies (see 

Fig. 2). The reference lists of these retrieved articles were screened for additional 

publications that met inclusion criteria; this resulted in one additional study. Therefore, a 

total of 23 studies were selected and further analyzed. Data extracted included information 

such as the study design, sample characteristics, neuroimaging modalities, 

neurodevelopmental assessments, variables under study, statistical tests, and main findings. 

A summary of these studies are presented in Tables 1, 2, and 3. A quality assessment of the 

studies was performed following the McMaster University framework for critical review of 

quantitative studies [4]. Given that different methodologies and outcome measures were 

used across studies, statistical analysis of the results was not performed.

Results

To facilitate synthesis of the information extracted, the studies were categorized into three 

groups based on the different types of impaired cerebellar development described in 

survivors of prematurity. These categories were as follows: (1) direct CBI (i.e., primary 

cerebellar hemorrhage or infraction); (2) cerebellar underdevelopment/hypoplasia secondary 

to a cerebral injury; (3) cerebellar underdevelopment/hypoplasia without evidence of CBI or 

cerebral injury.

Direct Cerebellar Injury

Study Design—Twelve studies (two case–control studies, four retrospective case series, 

and six cohort studies (one retrospective and five prospective)) have evaluated the 

developmental outcomes of premature infants with direct CBI. The study/cohort 

characteristics extracted from these 12 studies are summarized in Table 1. All preterm 

cohorts were born at or before 34 weeks GA. The control group in the two case–control 

studies was a cohort of ex-preterm infants with a normal structural cerebrum and cerebellum 

based on MRI [22, 23].

Neuroimaging Modality and Findings—Cerebellar injury was detected by neonatal 

head ultrasound (HUS) [22, 24-26] or on T1/T2-weighted images obtained from a preterm 

(<36 weeks GA) or a term-equivalent MRI study [9, 22, 26-29]. The severity of CBI varied 

from small punctate cerebellar hemorrhages (<4 mm) [9, 29, 30] to more severe forms of 
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cerebellar injury including cerebellar infarction and resulting atrophy on conventional MRI 

[11, 23, 31, 32].

Neurodevelopmental Assessments—Age at outcome testing varied considerably 

across studies, with testing performed anywhere from 1 to 20 years of age. Neuromotor 

development was a common study outcome which was determined by medical record 

review [11, 24, 31, 32], by formal neurologic examinations [9, 11, 22, 23, 26, 29, 31], or 

standardized developmental assessments [9, 22, 23, 25, 29, 30]. Other measured outcomes 

included cognition [9, 22, 23, 25, 26, 28-30], behavioral difficulties [9, 22], and evaluation 

of functional status [22].

Motor Outcomes—Overall, children with a severe CBI had significantly worse 

neuromotor outcomes when compared to preterm infants without CBI [22, 23, 25, 32]. Of 

the three studies [9, 29, 30] comparing children with and without punctate cerebellar 

hemorrhagic injury, only Tam et al. [29] found statistically significant worse motor 

outcomes in the injured group. Formal neurologic examinations revealed that 40–100 % of 

children with CBI had adverse neurologic outcomes such as difficulty walking and 

movement disorders [11, 23, 24, 28, 29]. Additionally, cerebral palsy was clinically 

diagnosed in 32–100 % of the children with CBI [23, 25, 31]. Using norm-referenced 

standardized developmental scales, motor delays were wide-ranging (15–100 %) in children 

with CBI [9, 22, 23, 25]. Using proton magnetic resonance spectroscopy (1H-MRS) in the 

cerebellum, one study revealed that N-acetylaspartate/choline ratio (NAA/Cho) was not 

associated with motor outcomes [30]. Interestingly, smaller regional volume in the 

sensorimotor cortex contralateral to a unilateral isolated CBI was associated with worse 

motor skills [26].

Cognitive Outcomes—Cognitive abilities were significantly lower in ex-preterm 

children with a direct CBI when compared to ex-preterm children without CBI [23, 25, 32]. 

Cognitive impairment was present in 40–100 % of the children with CBI [22–25, 28]. 

Unlike ex-preterm children with larger CBI, ex-preterm children with small punctate lesions 

did not exhibit significant cognitive impairment [9, 29, 30]. Zayek et al. [25] reported that 

CBI limited to one or both cerebellar hemispheres was associated exclusively with cognitive 

impairment as compared to lesions involving the vermis that were also associated with 

motor deficits. In general, the more severe the cerebellar lesion is (i.e., bilateral as opposed 

to unilateral), the more significant the cognitive impairment [22]. Interestingly, cognitive 

scores correlated strongly with cerebellar NAA/Cho ratio and cerebellar volume [30]. 

Lastly, in ex-preterm children with isolated CBI, smaller premotor cortical volume 

contralateral to the CBI was found to be associated with a lower cognitive score [26].

Language Outcomes—Only one study compared language abilities in ex-preterm 

children with and without CBI, and reported significant language impairments in children 

with CBI [22]. In this study, up to 40 % of the ex-preterm children with CBI demonstrated 

receptive and expressive language impairments. In a second study by Johnsen et al. [32], 77 

% of the prematurely born subjects with CBI and cerebral palsy failed to develop language 

abilities. Lastly, in ex-preterm children with isolated CBI, regional reductions in the 
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midtemporal cerebral regions contralateral to the CBI were found to be associated with 

greater difficulties in expressive language [26].

Socio-behavior Outcomes—Internalizing and externalizing behavioral problems have 

been described in up to one third of ex-preterm children with CBI [9, 22]. Additionally, 37 

% of the children with isolated CBI showed early signs of autistic features [22]. When 

examining the topography of injury, vermian injury was strongly associated with 

socialization difficulties and early autism symptoms [22]. Limperopoulos et al. [22] also 

reported a significantly higher rate of behavioral problems (internalizing > externalizing) in 

preterm infants with severe CBI. Conversely, punctate CBI was not associated with 

significantly higher behavioral problems compared to children without CBI [9]. Lastly, in 

ex-preterm children with an isolated CBI, autistic symptoms and internalizing behavioral 

problems were associated with a lower regional dorsolateral prefrontal cortical volume 

contralateral to the CBI [26].

Summary of Findings—With the exception of punctate cerebellar lesions, collectively 

these data suggest that direct CBI is associated with long-term motor, cognitive, and 

language impairments, as well as socialization and behavioral difficulties. Moreover, 

secondary underdevelopment of cerebellar projection pathways to regional cerebral cortical 

areas of the contralateral cerebral hemisphere is significantly predictive of domain-specific 

long-term functional impairments.

Cerebellar Underdevelopment/Hypoplasia Secondary to Cerebral Injury

Study Design—We identified a total of eight prospective cohort studies that examined the 

relationship between cerebellar development and outcomes in survivors of preterm birth 

(<37 weeks GA) with cerebral injury. Six of these studies also included a comparison group 

of term-born (≥37 weeks GA) infants.

Neuroimaging Modality and Findings—Six out of the eight studies quantified 

cerebellar volume using a combination of automated and manual three-dimensional (3-D) 

segmentation methods [33–38]. Voxel-based morphometry (VBM) was used in one study to 

evaluate the differences in cerebellar white and gray matter volumes [39] while another 

study performed two-dimensional (2-D) measurements to evaluate cerebellar transverse 

diameter [40]. All quantitative 3-D volumetric and 2-D analyses were performed on MRI 

images obtained around term-equivalent age with the exception of Northam et al. [36] and 

Nosarti et al. [39] who performed their MRI analyses in ex-preterm adolescents.

Neurodevelopmental Assessments—Outcome evaluations varied across studies and 

follow-up ages ranged from 1 month to 16 years. Motor outcome evaluations were 

predominantly used when studying children under 2 years of age, while cognitive outcomes 

were primarily used in studies of children from 5 years through adolescence. Neuromotor 

evaluations included the following: assessment of early life spontaneous movements [40], 

standardized neurological evaluations [34, 39], and the Bayley Scales of Infant Development 

[33–35, 37]. Cognitive abilities were evaluated using a variety of age appropriate and skill-

specific standardized evaluations (see details in Table 2) [34, 36, 38, 39]. Noteworthy, 
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language skills [38] and behavior problems/functional status [34] were only evaluated in one 

study.

Motor Outcomes—Smaller cerebellar transverse diameter was found to be the most 

important predictor of abnormal generalized movement in ex-premature infants at 3 months 

corrected age [40]. Conversely, no significant association between cerebellar volume and 

motor score was found when evaluated at 6 months of age [33]. In studies performed in ex-

preterm infants between 2 and 5 years of age, smaller cerebellar volume was significantly 

associated with lower neuromotor skills [34, 35]. Although Shah et al. [37] also reported 

significant associations between motor scores and cerebellar volume at 2 years of age, these 

associations were no longer significant once adjusted for cerebral white matter injury and 

intracranial volume. The authors speculated that white matter injury was a major 

determinant of developmental outcome in their study population.

Cognitive Outcomes—In ex-preterm children between 2 and 5 years of age, no 

significant associations were reported between cerebellar volume and cognitive outcomes 

[34, 35, 37]. Interestingly, a larger cerebellar volume was significantly associated with 

higher executive functioning scores in older children [34]. Similarly, there was a positive 

relationship between cerebellar volume and cognition in prematurely born adolescents [36, 

38], while Nosarti et al. [39] reported no significant association between cognition and 

cerebellar gray and white matter concentrations as evaluated by VBM.

Language/Behavioral Outcomes—No significant association between cerebellar 

volume and language or behavior was reported in prematurely born children and adolescents 

with cerebral injury [34, 38].

Summary of Findings—To summarize, findings were inconsistent across studies in this 

group. Likely, this is due to the use of different outcome evaluations and patient 

demographics. Although cerebral injury was documented in these studies, only a small 

number of studies adequately controlled for it in their analyses, which could further explain 

the inconsistencies reported between the different studies. Nevertheless, preliminary 

findings suggest that cerebellar volume reduction secondary to cerebral injury appears to be 

associated with impaired neuromotor and cognitive performance in ex-preterm adolescents.

Cerebellar Underdevelopment/hypoplasia Without Evidence of CBI or Cerebral Injury

Study Design—Only three prospective cohort studies fell into this category. Subjects 

included prematurely born adolescents evaluated between 14 and 19 years of age. The main 

findings of these studies are summarized in Table 3. All studies included a comparison 

group of age-matched healthy term-born adolescents. In addition, Martinussen et al. [41] 

included a second comparison group of adolescents who were born small for gestational age.

Neuroimaging Modality and Findings—None of these studies reported neonatal 

imaging findings (HUS or MRI) and no structural parenchymal injury (cerebellar or 

cerebral) were described. Only Martinussen et al. [41] reported that a small subset (n = 4) of 

prematurely born adolescents in their sample (n = 50) had intraventricular hemorrhage, but 
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they did not quantify the severity or control for it in their analyses. All studies quantified 

cerebellar volume using a combination of automated and manual 3-D segmentation analyses 

of MRI images obtained during adolescence. Parker et al. [42] performed serial MRI scans, 

one at 15 years and a second during early adulthood, which enabled them to examine 

cerebellar growth between these two time points.

Neurodevelopmental Assessments—The evaluations performed in this group targeted 

mainly higher order functions such as memory, language, reading ability, and verbal and 

non-verbal IQ assessments (see details in Table 3). In addition to neuromotor and cognitive 

assessments performed during adolescence, Allin et al. [43] incorporated motor items from a 

neurological evaluation performed at 1 year as well as the results from cognitive evaluations 

administered at 8 years of age. One study [42] evaluated behavioral problems and 

psychological distress using a self-administered questionnaire (i.e., the General Health 

Index).

Motor Outcomes—Only one study evaluated neuromotor outcomes, in which, no 

significant association between motor or neurological examination and cerebellar volume 

was found in prematurely born adolescents at 14–15 years of age [43].

Cognitive Outcomes—A common finding among the three studies was that cerebellar 

volume was positively associated with total IQ [41–43]. Cerebellar volume was also 

associated with performance on a number of cognitive subtests including similarities, block 

design, mental processing, reading ability, visual motor integration, and visual perception 

[41–43]. In the study by Parker et al. [42], these associations were no longer significant once 

they controlled for cerebral white matter volume. Conversely, in the two other studies, 

associations remained significant after controlling for total brain volume [43] or intracranial 

volume [41].

Language Outcomes—No significant association was found between verbal fluency and 

cerebellar volumetric growth [41–43].

Socio-behavioral Outcomes—Cerebellar volume reduction was significantly associated 

with behavioral and psychological problems in prematurely born young adults but not in 

their term-born peers [42].

Summary of Findings—Taken together, these studies demonstrate that smaller cerebellar 

volumes were consistently associated with lower cognitive abilities in prematurely born 

adolescents who had no documented history of direct CBI or cerebral injury. Additionally, 

available evidence suggests that cerebellar volume reduction is associated with greater 

behavioral problems and psychological distress in ex-preterm young adults.

Discussion

In this review, we analyzed 23 studies published between 1997 and 2014 that reported 

neurodevelopmental outcomes of prematurity-related cerebellar injury. We rigorously 

searched three major databases. We selected studies only published in English; therefore, it 
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is possible that relevant studies printed in other languages may have been missed. Due to the 

heterogeneity in research methodology used among the studies, meta-analyses could not be 

performed. For example, gestational age at birth varied widely between studies (from 22 to 

36 weeks). It is well known that cerebellar injury and perinatal complications are inversely 

related to gestational age at birth. Therefore, the wide-ranging neurodevelopmental 

impairments reported by the different studies could be due in part to the variable gestation 

age of the study cohorts, where impairments may be more prevalent in samples with a lower 

gestational age at birth compared to those with a higher gestational age. Hence, the reader 

should interpret the findings reported in this review of literature with caution. Nevertheless, 

to provide greater synthesis of the results, we stratified the studies into three categories of 

prematurity-related cerebellar injury. It is important to note that the study group assignment 

was entirely based on the information provided in the published reports, which could have 

introduced bias when information was not reported. Nonetheless, to our knowledge, this is 

the first review to extensively summarize the neurodevelopmental and functional 

consequences of early life cerebellar injury in ex-preterm survivors using a structured 

approach.

About half of the studies reviewed included information from neonatal cranial ultrasound. 

MRI was the most common brain imaging modality and was used by all studies except three 

that reported only HUS findings [23–25]. Most studies used a prospective longitudinal 

design and serial MRI was performed in only three studies [28, 29, 42]. Longitudinal serial 

imaging studies spanning the neonatal to adolescent period, coupled with standardized 

outcomes evaluations during childhood and/or adolescence, are currently lacking. Such 

studies are needed to determine to what extent neonatal imaging findings and subsequent 

neurodevelopmental impairments described herein are transient or persistent in nature. 

Understanding the long-term consequences of prematurity-related cerebellar 

underdevelopment is essential for determining the best clinical services for optimal 

development. Despite the heterogeneity among the analyzed studies, this review highlights a 

common, cross-cutting theme that prematurity-related cerebellar injury is associated w ith 

non-desirable motor and non-motor outcomes.

Motor Outcomes

Overall, neuromotor impairments were associated with severe direct CBI with a prevalence 

varying from 15 to 100 % [11, 22–25, 29, 31, 32]. Although less consistent, a similar trend 

was observed in studies evaluating cerebellar volume in the presence of cerebral injury; 

reduced cerebellar volume was associated with less favorable motor outcomes [34, 35, 40]. 

Despite the well-established role of the cerebellum in motor function, only 39 % (9/23) of 

studies evaluated motor performance using standardized developmental assessments and 

most did not differentiate between gross and fine motor deficits. The majority of studies 

relied on a formal neurologic examination which is more likely to detect major neurologic 

dysfunction, but may be less sensitive to the more subtle motor deficits.

Cognitive Outcomes

The results of this review demonstrate that prematurity-related CBI occurs on a continuum 

of severity and is associated with wide-ranging and far-reaching long-term neurocognitive 
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impairments and disabilities. This review highlights a strong association between cerebellar 

volumetric growth impairment and cognitive disabilities as well as executive dysfunction 

secondary to direct and indirect CBI [34, 36, 38, 41–43]. These data corroborate previous 

reports from other pediatric populations including older children following cerebellar tumor 

resection who develop higher order cognitive deficits such as difficulties with task 

organization and problem solving [44, 45]. Moreover, a broad range of cognitive 

dysfunction including impairments in visuospatial processing, executive function, and 

memory has been reported in adults with cerebellar lesions [46].

Language Outcomes

Although a cerebellar role in language deficits has been increasingly reported in adults 

following cerebellar vascular lesions [47, 48], to date, very few studies in ex-preterm 

children following early life CBI have examined the association between the cerebellum and 

early language development. Available evidence [22, 32] suggests that direct CBI, and more 

specifically injury to the vermis [22], is associated with language deficits in ex-preterm 

children. Similarly, larger hemorrhagic lesions affecting the cerebellar vermis have been 

implicated in language deficits among term-born infants [49]. Interestingly, these findings 

differ from the lateralized right cerebellar hemispheric language pathway that has been 

reported in adults using functional MRI studies [50]. These intriguing topographic 

differences associated with injury to the immature versus the mature cerebellum deserve 

further investigation. Taken together, available evidence links direct CBI with expressive 

and receptive language deficits in preschool- and school-aged children; however, future 

studies are needed to better delineate the type of language deficits and their regional 

cerebellar topology.

Social-Behavioral Outcomes

Although behavioral problems are prevalent among survivors of preterm birth [14, 51, 52], 

behavioral outcomes in expreterm survivors of CBI were relatively unexplored in the studies 

included in this review. Only three studies examined the relationship between behavioral 

difficulties and direct/indirect CBI [22, 42] and two of them found strong associations 

between behavioral problems and cerebellar injury/underdevelopment [22, 42]. Moreover, 

socialization difficulties and early autistic features were also found to be highly prevalent 

and primarily related to vermian injury [22]. This atypical social-behavioral functioning in 

ex-preterm children following early life CBI is strongly suggestive of an autism spectrum 

disorders profile. Interestingly, similar associations between social/behavior dysfunction and 

the vermis have been described in young children with cerebellar malformations [53]. 

Converging evidence from other study populations has suggested that regional cerebellar 

vermis volume may be a substrate for autism spectrum disorders [46, 54].

The cerebellum is known to play a role in the pathogenesis of neurodevelopmental and 

neuropsychiatric conditions such as dyslexia, attention deficit hyperactivity disorder, 

schizophrenia, and autism [15, 46, 55, 56]. Taken together, converging lines of investigation 

point to an elevated increased risk among survivors of very premature infants for subsequent 

development of cognitive, learning, behavioral, and socio-affective disturbances. These data 

support an under-appreciated role for early life cerebellar injury in the high prevalence of 

Brossard-Racine et al. Page 9

Cerebellum. Author manuscript; available in PMC 2016 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



long-term pervasive neurodevelopmental disabilities. Noteworthy, the degree to which these 

initial positive screen rates for autistic features are transient or reflective of true autism 

spectrum disorders remains to be determined. Ongoing studies are needed to examine the 

sensitivity, specificity, and predictive validity of early autism screeners in expreterm infants 

following a CBI.

Developmental Cerebellar Cognitive Affective Syndrome

Although previously thought to be exclusively involved in motor control, the cerebellum is 

now known to play a critical role in higher order cognitive and affective functions. 

Schmahmann and Sherman [57] were the first to describe the cerebellar cognitive affective 

syndrome characterized by a myriad of impairments in executive, visual spatial, linguistic, 

and affective function in adults [58, 59] and in older children [60–64] following cerebellar 

lesion. Relevant to the current review is an apparent ‘developmental’ form of cerebellar 

cognitive affective syndrome is survivors of prematurity-related CBI. The underpinnings of 

this developmental cerebellar cognitive affective profile suggest an overlap with the features 

of early autism described herein. Worthy of note is the fact that social-behavioral changes 

described in the cerebellar cognitive affective syndrome appear to be most prominent with 

injury to the cerebellar vermis and paravermian regions (described above). Higher order 

cognitive and social-behavioral deficits have also been described in children with cerebellar 

malformations [65]. Although most studies have reported non-specific global developmental 

delays, recent reports using comprehensive outcome evaluations suggest that visuospatial 

skills, language, and attention are also impaired in children with cerebellar malformations 

[53, 66, 67]. Moreover, as reported in children with prematurity-related CBI, smaller 

cerebellar volume was associated with lower motor and non-motor functioning in children 

with cerebellar malformations. In particular, smaller right cerebellar hemispheric volume 

was associated with lower expressive language and cognitive skills, while smaller vermian 

volume was associated with behavioral problems [68]. Collectively, these data suggest that a 

developmental cerebellar cognitive affective profile is present in children with both acquired 

and developmental cerebellar lesions.

Cerebellar Functional Topography

Although very few studies in this review described the topography of the cerebellar lesions, 

available data suggests that there appears to be a functional topography to cerebellar 

underdevelopment in ex-preterm survivors. Zayek et al. [25] reported that lesions confined 

to the lateral hemisphere, either unilaterally or bilaterally, were associated with cognitive 

impairment, while other studies found that injury that involved the vermis was associated 

with more extensive cognitive, language, and social-behavioral disturbances [22, 32]. 

Although the topography of neuromotor deficits was not directly explored in the studies 

reviewed herein, literature from adult populations suggests that motor abnormalities occur in 

the presence of midline and/or anterior lobe cerebellar lesions or malformations [47, 69]. 

The fastigial nuclei are important relays of the vestibulo-occular system. They are the most 

medially located cerebellar nuclei and, therefore, are more vulnerable in the event of 

vermian injury. Cerebellar strokes in adults are more frequent in the posterior inferior 

cerebellar artery (PICA) territory, which in turn has implicated the inferior part of the vermis 

and posterior sections of the cerebellar hemispheres [70]. There appears to be a similar 
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predilection for infero-medial injury in prematurity-related CBI [6, 32], which may in part 

explain the predisposition for cognitive, language, and social impairments over motor 

problems in these infants.

Only one study in this review [26] performed regional cerebral parcellation and tissue 

segmentation in children with isolated direct CBI. This study showed regional decreases in 

cerebral cortical volume contralateral to unilateral CBI. These volume reductions were 

identified in apparently uninjured cerebral cortical regions and were highly significantly 

associated with language, motor, cognitive, and behavioral deficits. These results suggest 

that secondary impaired cerebral cortical volumetric growth following a direct contralateral 

CBI likely underlies the developmental impairments observed in these children. The authors 

postulated that transtentorial trophic withdrawal is associated with secondary growth 

impairment of cerebral cortical development after remote CBI. Remarkably, only about a 

third of the studies included in this review tentatively controlled for this crossed cerebellar 

diachisis effect by adjusting for cerebral volume or injury in their analyses [11, 22, 23, 25, 

26, 29, 30, 36, 37]. Future studies combining advanced regional volume analyses of the 

cerebrum and cerebellum will help to better elucidate this phenomenon and its functional 

implications. Moreover, given the highly plastic properties of the cerebellum alongside its 

protracted developmental course, the potential role of early intervention to prevent 

secondary developmental disruption warrants further exploration.

Conclusion and Future Directions

This review highlights that cerebellar injury (direct or indirect) in very preterm born infants 

has far-reaching functional consequences among survivors. Collectively, the existing 

literature supports the notion of a developmental form of cerebellar cognitive affective 

syndrome in prematurity-related cerebellar injury. To date, cerebellar structure-function 

relationships have been explored almost exclusively using single measurement designs and 

primarily at a macrostructural level by qualitative evaluation of the cerebellar structure or 3-

D volumetric MRI. Future prospective, longitudinal studies applying serial advanced 

quantitative MRI techniques such as diffusion tensor imaging (DTI), functional MRI, 

and 1H-MRS will provide critically important, currently unavailable insights at a 

microstructural, functional, and metabolic level. Likewise, ongoing research is needed in 

order to precisely delineate the relationship between prematurity-related cerebellar injury 

and the true prevalence of autism spectrum disorders. Collectively, this will allow clinicians 

to provide more informed prognostic counseling and anticipatory planning, as well as the 

development of more timely, tailored, and cost-effective models for early intervention that 

will lead to better allocation of resources.
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Fig. 1. 
Follow-up brain MRIs (coronal spoiled gradient recalled T1-weighted) of infants with 

isolated cerebellar hemorrhagic injury on neonatal cranial ultrasound. a Complete absence 

of the left cerebellar hemisphere with preservation of the right cerebellar hemisphere and 

vermis. b Absence of the inferior cerebellar vermis and inferior portions of both cerebellar 

hemispheres. c Near-total cerebellar destruction with only a small amount of superior 

cerebellar vermis present (Reprint from [22] Copyright 2001 by American Academy of 

Pediatrics. Reprint with permission.)
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Fig. 2. 
Quorum flowchart
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