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The purpose of the current study is to contribute to the understanding of prenatal 

cerebellar pathology in autism. Reduction of Purkinje neurons is well reported in the 

cerebella of individual’s with autism. While there is evidence to suggest that this 

abnormality may be evident as early as prenatal development, no study to date has 

examined in the anataomical prenatal development of the cerebella in children later 

diagnosed with autism. The primary prediction being made is that a reduction of Purkinje 

neurons during prenatal development will present as reduced cerebellar size in the reports 

from mother’s prenatal ultrasound records. It is hypothesized that this reduction will be 

greater in children with an autism diagnosis compared to the records of children without 

an autism diagnosis. The secondary prediction will attempt to further support the link 

between aberrant cerebellar development and increased stereotyped behavior and 

repetitive interests.  A retrospective analysis of prenatal ultrasound records and autism 

diagnostic information will test these hypotheses, predicting that records from children 

who have been diagnosed with an autism spectrum disorder will show reductions in 

transverse cerebellar diameter measurements when compared to TD peers, and that 

greater reductions will correlate with increased stereotypical and repetitive behaviors as 

measured by a standard diagnostic tool.  
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Chapter One: Introduction 

Autism is a neurodevelopmental disorder that affects an individual’s ability to 

communicate, understand language, and relate to others. It is characterized by 

impairments in reciprocal social interaction, communication skills, and by the presence of 

repetitive and stereotyped interests and behaviors (American Psychiatric Association 

[APA], 2000). The behavioral markers of autism are typically identified before three 

years of age, often accompanied by abnormalities in cognitive functioning and sensory 

processing (Filipek, Acardo, Ashwal, Baranek, Cook, Dawson, Gordon, Gravel, Johnson, 

Kallen, Levy, Minshew, Ozonoff, Prizant, Rapin, Rogers, Stone, Teplin, Tuchman, & 

Volkmar, 2000). The term "autism spectrum" reflects the disorder’s etiological and 

clinical diversity and describes the wide range of functioning within the cognitive and 

behavioral domains affected by autism.  Because of the current DSM-V proposal to 

officially rename the disorder as “autism spectrum disorder,” throughout this paper I will 

use the terms autism spectrum disorder (e.g. autism, PDD-NOS, Asperger’s Syndrome) 

and autism interchangeably. 

In 1994, the Diagnostic and Statistical Manual of Mental Disorders estimated 

autism prevalence rates of 2-5 cases per 10,000 births (APA, 1994). Since then, 

prevalence rates have increased substantially with current estimates citing as many as 1 in 

110 children having an autism spectrum disorder [males: 1:70; females: 1:315](Autism 

and Developmental Disabilities Monitoring [ADDM], 2009). Changes in diagnostic 

criteria and improvements in identification have been suggested as possible explanations 

for the dramatic increase in prevalence. However, a diagnostic substitution or shift, which 
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assumes all children on the autism spectrum would have previously been identified under 

other diagnoses, does not fully account for the increasing incidence (Rutter, 2005; 

Shattuck, 2006), and the etiology remains unknown. 

Although environmental factors continue to be a concern, other evidence points to 

a strong and complex genetic basis (Bailey, Le Couteur, Gottesman, Bolton, & Siminoff, 

1995; Gillberg & Coleman, 2000; Ritvo, Freeman, Mason-Brothers, Mo, & Ritvo, 1985). 

A critical step in determining the cause of autism is to understand the underlying 

neurobiology. A variety of data support the involvement of number of brain regions in 

the neuropathology of autism, including the limbic system, corpus callosum, basal 

ganglia, brainstem, and the cerebellum (Acosta & Pearl, 2004; Allen, 2006; Bailey, 

Phillips, & Rutter, 1996; Baron-Cohen, Ring, Bullmore, Wheelwright, Ashwin, & 

Williams, 2000; Courchesne, 1997; Folstein & Rowen-Sheidley, 2001). The cerebellum 

remains one of the most consistent sites of abnormality in the autism literature—95% of 

all reported postmortem cases of autism showed a reduction in the number of Purkinje 

neurons of the cerebellar cortex (for review, see Allen, 2006). Purkinje cells are some of 

the largest neurons in the human brain. They serve an inhibitory function and constitute 

the sole output from the cerebellar cortex.   

Other evidence for cerebellar abnormality in autism spectrum disorders comes 

from in vivo neuroimaging using magnetic resonance imaging (MRI). Studies comparing 

the cerebellar cortices of children with autism and their typically developing peers have 

reported significant increases in total cerebellar volume for children with autism (Herbert, 

Ziegler, Deutsch, O’Brien, Lange, Bakardjiev, et al., 2003; Palmen, Hulshoff Pol, 
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Kemner, Schnack, Janssen, Kahn, et al., 2004; Sparks, Friedman, Shaw, Aylward, 

Echelard, Artru, et al., 2002). When grey and white matter volumes are separated, it 

appears children with autism show significant increases in white, but not grey matter 

when compared to typically developing (TD) children (Courchesne, Karns, Davis, 

Ziccardi, Carper, Tigue, et al., 2001). The largest MRI study of children with autism 

reported smaller than normal measures of the cerebellar vermis, the main structure 

between the cerebellar hemispheres containing Purkinje cells (Hashimoto, Tayama, 

Murakawa, Yoshimoto, Miyazaki, Harada, & Kuroda, 1995). A more localized reduction 

was found in the cerebellar vermis lobules VI-VII (Courchesne et al., 2001) and this 

reduction in lobules VI-VII was found to be specific to autistic children when compared 

to typically developing (TD) peers as well as children with other comorbid disorders 

(Kaufmann, Cooper, Mostofsky, Capone, Kates, Newschaffer, et al., 2003).   

Not only have structural abnormalities been found in the cerebella of individuals 

with autism, but functional MRI (fMRI) studies have reported atypical cerebellar 

functioning in many of the cognitive and behavioral domains affected by autism (e.g. 

attention, facial expression, semantic processing) (Allen, Buxton, Wong, & Courchesne, 

1997; Allen & Courchesne, 2003; Critchley, Daly, Bullmore, Williams, Van Amelsvoort, 

Robertson, et al., 2000; Harris, Chabris, Clark, Urban, Aharon, Steele, et al., 2006). 

Moreover, the cerebellum is one of the most widely connected structures of the brain, 

communicating with many other brain structures in the parietal and prefrontal cortices.  

Functional connectivity MRI (FCMRI), a technique that examines the concordance of 

MR signals among areas of the brain, has shown particularly robust functional 
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concordance between nuclei of the cerebellum and the dorsolateral prefrontal cortex 

(DLPFC) (Allen, McColl, Barnard, Ringe, Fleckstein, & Cullum, 2005).  Damage to the 

DLPFC can result in deficits in affect and social judgment (Baron-Cohen, 1995; Blair & 

Cipolotti, 2000).  Overall, evidence from various neuroimaging techniques suggests the 

potential for widespread effects related to structural and functional abnormalities of the 

cerebellum. 

Additionally, there is evidence to suggest that cerebellar pathology plays a role in 

the stereotypical behavior and repetitive interests (SBRI) observed in individuals with an 

autism spectrum disorder (Pierce & Courchesne, 2001; Rojas Peterson, Winterrowd, 

Reite, Rogers & Tregellas, 2006).  Defined as restricted patterns of interest that are 

intense, inflexible, and non-functional, as well as repetitive motor mannerisms (e.g. hand 

flapping, rocking), the DSM-IV (and proposed DSM-V) identifies these behaviors as part 

of the criteria for an autism diagnosis (APA, 2000).  Although these behaviors represent 

one of the major criteria of the disorder, there are few studies that have investigated the 

neurobiolological markers of such behaviors. Animal models of autistic behavior have 

shown reduced exploratory behaviors and deficits in non-selective attention in mice with 

hypoplasia of the cerebellar vermal lobules (DeLorey, Sahbaie, Hashemi, Homanics, & 

Clark, 2008) and increased repetitive behaviors in mice with Purkinje cell loss (Martin, 

Goldowitz, & Mittleman, 2010). The first study to investigate the relationship between 

cerebellar pathology and SBRI in children found a negative correlation between 

repetitive movements and cerebellar vermis lobules VI-VII (Pierce & Courchesne, 2001). 

In other words, reductions in cerebellar vermis size were correlated with increased 
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repetitive movements. Furthermore, while it is well known and widely accepted that the 

cerebellum is involved in motor control, and it has been suggested that autism may be 

related to a movement disorder (Leary & Hill, 1996; Nayate, Bradshaw, & Rinehart, 

2005), the relationship between cerebellar abnormality and the presence of abnormal 

movement in autism is not fully understood.  Further evidence is needed to support this 

link and establish the degree to which this relationship relates to other standard 

assessments that measure repetitive behavior severity in children with autism, including 

the Autism Diagnostic Observation Schedule (ADOS; Lord, Rutter, DiLavore, & Risi, 

2001) and the Autism Diagnostic Interview-Revised (ADI-R; Le Couteur, Lord, & 

Rutter, 2003). 

Although it is clear that cerebellar abnormality is evident in children with autism 

spectrum disorders, it is not clear when this pathology first occurs.  Most evidence from 

postmortem studies suggests that cerebellar pathology in autism has a prenatal origin 

(Bailey, Luther, Dean, Harding, Janota, Montgomery, et al., 1998; Ritvo, Freeman, 

Scheibel, Duong, Robinson, Guthrie, et al., 1986; Kemper & Bauman, 1998; Shi, Smith, 

Malkova, Tse, Su, & Patterson, 2009; Whitney, Kemper, Rosene, Bauman, & Blatt, 

2008; Williams, Hauser, Purpura, DeLong, & Swisher, 1980). However, this hypothesis 

has not been determined with any certainty. This question can be addressed using 

prenatal ultrasound. Prenatal ultrasound offers the opportunity to investigate, in vivo, the 

point at which the first signs of pathology are thought to occur: in utero. Measurement of 

the transverse cerebellar diameter is standard in routine ultrasound examinations, along 

with various other standard measurements of fetal growth, and is considered one of the 
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most reliable measures (Hill, Guzick, Fries, Hixson & Rivello, 1990). The TCD is highly 

correlated with gestational age (Campbell, Nardi, Vintzileos, Rodis, Turner, & Egan, 

1991) and normative data is accessible (Hill, et al., 1990; Serhatlioglu, Kocakoc, Kiris, 

Sapmaz, Boztosun, & Bozgeyik, 2003; Snijders & Nicolaides, 1994; Verburg, Steegers, 

De Ridder, Snijders, Smith, Hofman, et al., 2008). A retrospective investigation of 

prenatal ultrasound records, comparing the records of children diagnosed with an autism 

spectrum disorder to TD peers, may reveal potential anatomical differences in cerebellar 

size. This approach can help determine whether there is cerebellar pathology this early 

and may help identify children who may be at risk for later development of autism.  

Presently, the only study investigating prenatal abnormalities using ultrasound did 

not include measurements of the cerebellum (Hobbs, Kennedy, DuBray, Bigler, Petersen, 

McMahon, & Lainhart, 2007). This preliminary study suggested that other fetal head and 

body size measurements are not abnormal during the second trimester for children with a 

later diagnosis of autism. The findings could also suggest these particular measurements 

are not indicative of autistic pathology, that pathology is not detectable through 

ultrasound, or that neuropathological changes in brain development do not occur before 

the second prenatal trimester.  Further investigation is needed to better understand these 

issues and identify when neuropathology first occurs. 

The retrospective investigation of prenatal ultrasound measurements presents an 

additional opportunity to investigate the relationship between cerebellar development and 

the severity of SBRI.  Studies have shown that stereotypical movements and other motor 

abnormalities can be seen as early as infancy (Baranek, 1999; Landa & Garrett-Mayer, 
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2006; Teitelbaum, Teitelbaum, Nye, Fryman, & Maurer, 1998), which suggests that the 

underlying neural pathology is already in place and further supports an investigation into 

prenatal cerebellar development. In addition to the collection of prenatal ultrasound 

records, the collection of autism diagnostic information from a large sample of children 

may provide further support regarding the link between the presence and severity of 

SBRI and cerebellar developmental pathology.  Quantitative information regarding such 

behaviors is available from subscales of standard diagnostic tools (e.g. ADOS, ADI-R). 

The purpose of this study will be to contribute to the understanding of prenatal 

neuropathology in autism by focusing on the brain structure known to demonstrate 

consistent neuroanatomic abnormality—the cerebellum. The primary prediction being 

made is that a reduction of Purkinje neurons during prenatal development will present as 

cerebellar hypoplasia. The secondary prediction will attempt to further support a 

cerebellar role in stereotyped behavior and repetitive interests. A retrospective analysis of 

prenatal ultrasound records and autism diagnostic information will test these hypotheses, 

predicting that records from children who have been diagnosed with an autism spectrum 

disorder will show reductions in transverse cerebellar diameter measurements when 

compared to TD peers, and that greater reductions will correlate with increased 

stereotypical and repetitive behaviors.    
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Chapter Two: Integrative Analysis 

The following integrative analysis provides a theoretical rationale for the potential 

relationship between developmental abnormalities of the prenatal cerebellum and autism 

spectrum disorders. In addition, a theoretical basis for exploring the relationship between 

prenatal ultrasound measurements of the cerebellum and later severity of stereotypical 

behaviors and repetitive interests (SBRI) in children with ASD will be presented. 

Rationale for the use of prenatal ultrasound measures of the transverse cerebellar 

diameter (TCD) is provided. It is hypothesized that reductions in the size of the TCD will 

be associated with increased risk for autism diagnosis and greater severity of SBRI. To 

provide support for these hypotheses, an overview of the literature on cerebellar 

abnormalities in autism will be presented, including evidence for when this pathology is 

thought to originate. Additionally, existing support for a link between cerebellar 

abnormalities and the presence and severity of SBRI will be provided. The integrative 

analysis begins with an overview of the diagnostic criteria, prevalence, and etiological 

theories of ASD. Next, literature evidencing cerebellar abnormalities in ASD is presented 

in order to establish the importance of examining the development of the cerebellum in 

children with ASD. A review of the literature supporting a prenatal origin for cerebellar 

abnormalities illustrates the importance of exploring existing records of the prenatal 

transverse cerebellar diameter (TCD). Finally, the cerebellar role in SBRI is discussed, 

and the argument for the relationship between SBRI, the cerebellum, and autism is 

presented. 
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Autism Spectrum Disorders 

Diagnostic Criteria and Proposed Changes 

The first clinical accounts of ASD were published over half a century ago as 

clinicians began to take notice of peculiar patterns of social, language, motor and 

cognitive skills and deficits in children (Kanner, 1943; Wing, 1981). Many different 

conceptualizations of ASD have emerged since then, from Infantile Autism (PDDs) 

(DSM-III, APA, 1980) to Autistic Disorder (DSM-III-R, APA, 1987) to adding 

Asperger’s Disorder as a subtype (DSM-IV, APA, 1994). The most current version of the 

DSM (DSM-IV-TR, APA, 2000) conceptualizes autism as distinct disorders within a 

wider category of Pervasive Developmental Disorders (PDD). These disorders include 

Autistic Disorder, Asperger’s Disorder, and Pervasive Developmental Disorder, Not 

Otherwise Specified (PDD-NOS), each with varying presentations of the diagnostic triad: 

(1) social interaction, (2) communication, and (3) restrictive repetitive and stereotyped 

patterns of behaviors and interests.  

Current controversy surrounds whether Autistic Disorder, Asperger’s Disorder, 

and PDD-NOS represent qualitatively distinct diagnoses, or the disorders are better 

understood as a single spectrum of disorders (ASD) with varying degrees of severity 

across several qualitative domains. Proposed changes in DSM-V include dissolving the 

separate diagnoses in favor of a broader diagnosis of Autism Spectrum Disorder, with 

severity qualifiers. In addition, the DSM-V Work Group on Neurodevelopmental 

Disorders proposes to combine the social interaction and communication domains into 

one social-communication domain. Distinctions between individuals with ASD will be 
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based on severity in relation to chronological age and developmental levels. Rationale for 

the proposed changes includes low rates of reliability and validity when distinguishing 

between the three separate diagnoses (www.dsm5.org). Though the prevalence of ASD in 

the population is fairly consistent across studies, the prevalence of subtypes tends to be 

quite varied, suggesting diagnostic imprecision among clinicians (Lord & Bishop, 2010). 

However, diagnostic variability could be in part due to imprecise diagnostic tools. 

Though current rationale supports a diagnostic spectrum, the heterogeneity in cognitive 

level, adaptive function, language abilities and social and communicative abnormalities 

among individuals on the autism spectrum support the need for continued research to 

identify true subtypes. Behavioral observation methods have proven difficult to reliably 

qualify diagnostic distinctions.  Research linking the underlying neurobiology to 

behavioral symptoms may help in the identification of true subtypes and could inform 

potential differences in etiology.  

Prevalence and Etiology 

Autism is the fastest growing developmental disability, which has seen a 600% 

increase over the past two decades. Approximately 1.5 million Americans live with ASD. 

With current estimates citing as many as 1 in 110 children, 1 in 70 males, develop ASD 

(ADDM, 2009), autism is more common than juvenile diabetes or childhood cancer.  The 

Autism Society estimates that the lifetime cost of caring for a child with autism ranges 

from $3.5 to $5 million, with the United States facing almost $90 billion annually in costs 

for autism, making it a major public health concern (www.autism-society.org). The 

increased prevalence can partly be accounted for by widening diagnostic criteria, 
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increased public awareness, and methodological differences between studies (Fombonne, 

2005; Wing & Potter, 2002). However, changes in diagnostic criteria, which assumes in 

part that children currently diagnosed with autism would have previously been given 

another diagnoses, does not fully account for the increasing incidence (Rutter, 2005; 

Shattuck, 2006). 

The rising prevalence has also raised major concerns about possible 

environmental causes, both post- and prenatally. Although prenatal viral exposure, early 

childhood vaccinations, and antibiotics have all been hypothesized to trigger ASD, 

studies have yet to find convincing evidence to support these hypotheses (Fallon, 2005; 

Kawashima et al., 2000; Libbey, Sweeten, McMahon, & Fujinami, 2005).  Other studies 

have cited factors such as parental age, multiple pregnancies, low birth weight, and 

exposure to medications during pregnancy (Zhang, Lv, Tian, Miao, Xi, Hertz-Picciottto, 

& Qi, 2010; Gardener, Spiegelman, & Buka, 2011).  

While environmental factors are still being explored, evidence suggests a strong, 

yet complex genetic basis (Folstein & Rosen-Sheidley, 2001; Moy & Nadler, 2008). 

Heritability estimates, calculated from monozygotic twin concordance rates and sibling 

recurrence rates, have been cited between 60% and 96% (Bonora et al., 2006; Boyle, Van 

Naarden Braun, & Yeargin-Allsopp, 2005; Hallmayer et al., 2011), making autism one of 

the most heritable neurodevelopmental disorders. Not surprisingly, the concordance rates 

are significantly lower in dizygotic twin pairs: 0% to 24% (Bailey et al., 1995; Boyle et 

al., 2005; Ritvo et al., 1985). Recently reported, the largest twin study to date included 

192 pairs of identical and fraternal twins and found that ASD occurred in both children in 
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77% of male and 50% of female identical twins. ASD occurred in both children in 31% 

of male and 36% of female fraternal twins. While this study confirmed a genetic 

contribution, their model suggested that only 38% of cases could be attributed to genetic 

factors, compared to the much higher rates suggested by previous studies. Because rates 

for non-twin siblings are much lower than the reported 31-36% found among fraternal 

twins, shared environmental (i.e., womb) factors seemed to be at play in 58% of cases. As 

suggested by this recent study, and in concordance with most other developmental 

disorders, a complex interaction between genetic susceptibility and environmental 

triggers is most likely at play. Further research is needed to explore these interactions and 

the resulting brain abnormalities to help determine the etiology of autism. 

Brain Abnormalities in ASD  

Autism is a brain-based, pervasive developmental disorder. Many major brain 

structures have been implicated in ASD, including the cerebral cortex, limbic system, 

corpus callosum, basal ganglia, brainstem, and cerebellum (Acosta & Pearl, 2004; Allen, 

2006; Bailey et al., 1996; Baron-Cohen et al., 2000; Courchesne, 1997; Folstein & 

Rowen-Sheidley, 2001). Additionally, CT, MRI-based brain volume measurement, 

postmortem brain weight, and head circumference measurement have provided a body of 

evidence that suggests that some individuals with autism have an overall abnormal brain 

size (Bailey et al., 1993; Courchesne et al., 1999; Courchesne et al., 2001; Fombonne et 

al., 1999; Gillberg & de Souza, 2002; Piven et al., 1995).  

Utilizing head circumference as an index for brain size during the first few years 

of life, researchers have identified a phenomena in a majority of children with ASD. 
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Specifically, infants undergo a period of brain overgrowth during a stage of development 

that seems to coincide with the onset of many behavioral symptoms.  This period of 

excessive brain growth is then followed by an abnormally flat rate of growth (Courchesne 

et al., 2003). Structural MRI studies report that the frontal lobes are particularly enlarged 

in children two to four years old, with less change occurring in the occipital lobe.  

Though this finding may implicate the frontal cortex as one of the main sites of 

abnormality in autism, further research into the atypical development of other brain 

regions during infancy (e.g., the cerebellum) is necessary to understand the full picture of 

cerebral development. 

The Cerebellum 

Cerebellar Anatomy 

The cerebellum (translated as “little brain”) is a highly compact structure 

containing a surface area roughly equivalent to one whole cerebral hemisphere (Bower & 

Parsons, 2003). Though it represents only about 10% of total cerebral volume, it contains 

more neurons than the rest of the brain combined (cerebral cortex, 12 to 15 billion 

neurons; spinal cord, 1 billion neurons; cerebellum, 70 billion neurons) (Ito, 1984; 

Williams and Herrup, 1988). Like the cerebral cortex, the cerebellum is made up of two 

hemispheres, connected by a medial grey matter region called the vermis. The cerebellar 

cortex is primarily made up of Purkinje cells, which are some of the largest neurons in 

the human brain and constitute the sole output from the cerebellar cortex. The Purkinje 

cells’ elaborate dendritic arbors form nearly two-dimensional layers through which 

parallel fibers from deeper cerebellar cortex layers pass. Purkinje cells send inhibitory 
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projections to the deep cerebellar nucei, which inhibit the output from these nuclei to 

other brain regions (Eccles & Szentgothai, 1967).  

The cerebellum is divided into subregions based on anatomic, functional, and 

phylogenetic divisions (Allen et al., 2010; Barlow, 2002). Phylogenetically, the 

archicerebellum is the oldest and first to develop, followed by the paleocerebellum 

(anterior lobe) and then the neocerebellum (posterior lobe). Functional roles within the 

cerebellum correspond to both medial-lateral and posterior-anterior divisions.  

Researchers have localized various functions of the cerebellum, including motor 

coordination, cognitive functioning, balance and eye tracking. Allen and colleagues 

(1997) found that while the anterior cerebellum is largely responsible for motor tasks, the 

posterior cerebellum plays a role in higher order tasks like selective attention.  

Cerebellar Function   

Although the traditional role of the cerebellum was thought to be one exclusively 

for motor coordination, the opinion that the cerebellum is purely a motor region is 

becoming a marginal viewpoint as emerging evidence supports a cerebellar role in a wide 

variety of cognitive and emotional tasks. A landmark clinical report of patients with 

cerebellar lesions coined the term “Cerebellar Cognitive Affective Syndrome,” describing 

a wide variety of observed behavioral changes, including flattened affect, behavioral 

disinhibition, and deficits in planning, set –shifting, visuospatial and language skills 

(Schmahmann & Sherman, 1998). These findings have been confirmed by additional 

studies of patients with cerebellar lesions who have similar cognitive and behavioral 

deficits (Akshoomoff & Courchesne, 1992; Akshoomoff & Courchesne, 1994; 
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Townsend, Courchesne, Covington, Harris, Lyden, et al., 1999). Functional 

neuroimaging studies, moreover, have observed cerebellar activation during non-motor 

tasks. These include, but are not limited to, tasks that involve attention (Allen et al., 

1997), facial processing (Critchley et al., 2000) and detection of auditory stimuli (Gomot, 

Bernard, Davis, Belmonte, Ashwin, Bullmore, et al., 2006). 

 Though evidence is mounting for cerebellar involvement in a wide range of 

cognitive and affective functions, in addition to motor functions, the precise role that the 

cerebellum plays in these functions is still unclear.  Given the cerebellum’s widespread 

anatomical connections to all major brain regions, and its large afferent: efferent ratio 

(40:1) (Allen et al., 2005), it would suggest that the cerebellum is playing some sort of 

integration or modulating role in these various other functions. Indeed, researchers have 

found evidence that the cerebellum contributes to higher functions during development, 

as a modulator of mental and social functions early in childhood. For example, data was 

collected on the intellectual, language, and executive functions of 26 children who had 

undergone surgery for the removal of cerebellar tumors. Children with right cerebellar 

tumors showed deficits in auditory sequential memory and language processing, while 

those with left cerebellar tumors presented with deficits on tests of spatial and 

visuospatial memory. Tumors removed from the vermis resulted in two profiles: (1) post-

surgical mutism, speech disorders, and language disturbances and (2) behavioral 

disturbances, including irritability and behaviors resembling autism (Riva & Giorgi, 

2000). Further research will continue to challenge the historical view that the cerebellum 
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is strictly involved in motor coordination through a better understanding of the role of the 

cerebellum in a wide range of functions.  

Cerebellar Abnormalities in ASD 

In Vivo Evidence 

While behavioral observations and neuropsychological assessments have 

implicated cerebellar pathology in behaviors resembling autism, magnetic resonance 

imaging (MRI) has provided a wealth of in vivo evidence for cerebellar anatomic 

abnormality in ASD. Studies of total cerebellar volume have reported significant 

increases in the cerebella of children with ASD compared to typically developing (TD) 

controls at ages 3 to 4 (Sparks et al., 2002), 7 to 11(Herbert et al., 2003) and 6 to 14 

(Palmen et al., 2004). However, these studies did not separate grey and white matter 

volumes. When grey and white matter volumes were separated, grey matter volumes did 

not differ from normal, but white matter volumes were significantly (39%) increased in 

two to three year old male children with ASD (Courchesne et al., 2001). Courchesne and 

colleagues (2001) also showed that following this early overgrowth, development of 

white matter seems to slow. Children with autism reportedly only experienced a 7% 

increase in white matter from early childhood (2-3) to adolescence (12-16), which is in 

contrast to the typical 50% increase in white matter growth over time.  

Grey matter growth trajectories seem to be atypical in male children with autism 

as well. This study showed that while TD children experienced a 12% increase in 

cerebellar grey matter between the ages of 2-3 and 6-9, ASD children showed a 1% 

decrease during the same developmental period.  These divergent developmental 
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trajectories between grey and white matter among male children with and without autism 

suggest that over time, differences in white matter volumes are diminishing, while grey 

matter differences are growing to significant reductions by later adolescence. Contrasting 

evidence from a statistically different approach that reports localized differences in tissue 

concentration, rather than the actual structural volume, have reported bilateral 

(McAlonan, Cheung, Cheung, Suckling, Lam, Tai, et al., 2005) and left cerebellar 

hemisphere (Boddaert, Chabane, Gervais, Good, Bourgeois, Plumet, et al., 2004) 

reductions in white matter concentration. Additional studies, with separate analysis of 

grey and white matter, at various developmental stages are needed to better understand 

overall cerebellar anatomical abnormalities in ASD. 

A more consistent finding is a reduction in the size of one or more regions of the 

cerebellar vermis. In the largest MRI study of autism to date, investigators showed 

significant reductions in the cerebellar vermis of children with ASD across all age groups 

(6 months to 20 years) (Hashimoto et al., 1995). A more localized reduction was found in 

the posterior cerebellar vermis lobules VI-VII (Courchesne et al., 2001) and this 

reduction was found to be specific to autistic children when compared to typically 

developing (TD) peers as well as children with Fragile X or Down Syndrome (Kaufmann 

et al., 2003).  Though less commonly reported, a reduction in the anterior vermis lobules 

I-V has also been shown (Courchesne, Yeung-Courchesne, Press, Hesslink, & Jernigan, 

1988; Hashimoto et. al., 1995). However, these findings have also been disputed by 

studies showing these lobules to be increased (Akshoomoff et al., 2004; Piven, Nehme, 
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Simon, Barta, Pearlson, & Folstein, 1992). Further imaging research, perhaps from other 

techniques, is needed to better understand cerebellar development. 

While structural imaging studies provide important information into how the 

cerebellum is developing abnormally, and thus possibly functioning differently in 

individuals with autism, there are much fewer studies that have targeted cerebellar 

function in ASD. Exisiting evidence does, however, consistently report atypical 

cerebellar functioning. Functional MRI (fMRI) studies have demonstrated decreased 

cerebellar activation during higher-order cognitive tasks, including attention (Allen & 

Courchesne, 2003), novel auditory detection (Gomot et al., 2006), visual-motor learning 

(Muller, Kleinhaus, Kemmotsu, Peirce, & Courchesne, 2003), semantic processing 

(Harris et al., 2006), and facial expression (Critchley et al., 2000). On the other hand, 

fMRI has shown increased cerebellar activation during simple sensory and motor tasks 

(Allen, Muller, & Courchesne, 2004; Muller, Pierce, Ambrose, Allen, & Courchesne, 

2001). Allen (2006) has suggested that a slight pattern may be emerging in cerebellar 

dysfunction in autism, such that cerebellar activation is decreased during higher-order 

tasks, yet increased during basic motor and speech processes. Also suggested is the 

possibility that these differences in function may indicate structural differences at the 

most basic neuronal level. 

Postmortem Evidence 

Since the first neuropathological postmortem study of individuals with autism, 

Purkinje cell reduction has been reported in almost all investigations of the cerebellum in 

autism (Bailey et al. 1998; Fehlow, Bernstein, Tennstedt, & Walther, 1993; Bauman & 
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Kemper, 2005; Kemper & Bauman, 1998; Lee, Martin-Ruiz, Graham, Court, Jaros, 

Perry, et al., 2002; Ritvo et al., 1986; Vargas et al., 2005; Wegiel, 2004; Williams et al., 

1980).  Though the amount varies by case, as much as a 41% reduction in Purkinje cells 

has been cited (Wegiel, 2004), and reductions in the size of Purkinje cells have also been 

shown (Fatemi, Halt, Realmuto, Earle, Kist, Thuras, et al., 2002). Immunochemistry 

studies of the cerebellum suggest that Purkinje cell reduction may occur throughout 

development (Whitney et al., 2009; Vargas et al., 2005). Although there are negative 

findings, this is a striking consistency considering the heterogeneity of ASD. 

It remains uncertain whether this reduction in cells is diffuse or localized. Some 

studies report that neuronal reduction is restricted to the posterior cerebellum (Bauman & 

Kemper, 1985; Kemper & Bauman, 1998; Whitney et al., 2008), while others report a 

more diffuse pathology (Lee et al., 2002; Ritvo et al., 1986; Williams et al., 1980). 

Variability in the anatomic distribution of Purkinje cell reduction was reported even 

within studies that reported a majority trend (Bailey et al., 1998; Lee et al., 2002). 

Considering the heterogeneity present in ASD, and the variable patterns of brain 

development, it is not surprising that inconsistent distributions of pathology have been 

found.  

Though Purkinje cell reduction is the most consistently reported pathology in 

postmortem studies of autism, other cellular and neurochemical pathologies have been 

reported. For example, granule cell reductions have been reported (Bauman & Kemper, 

1994; Vargas et al., 2005) and reductions in cells have been found in cerebellar regions 

other than the cortex. Bauman and Kemper have reported reduced numbers of cells in the 
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deep cerebellar nuclei, including the fastigial, globose, and emoliform nuclei. Changes in 

neurotransmitters observed in postmortem studies suggest that the cerebellum may be 

vulnerable to atypical development or neuronal loss, including reduced levels of 

neuroregulatory proteins in the cerebellum (Fatemi, Halt, Stary, Realmuto, Jalai-

Mousavi, & 2001; Fatemi, Stary, Halt, & Realmuto, 2001) and reduced levels of 

neurotrophin 3 (NT3) (Mount, Dreyfus, & Black, 1994).  

 A series of studies by Sajdel-Sulkowska and colleagues have explored oxidative 

stress damage to proteins in autistic cerebella. Reported increases in 3-nitrotyrosine (3-

NT) in the cerebellum of individuals with autism suggest that a disruption in oxidative 

homeostasis plays an important role in neurodevelopment (Sajdel-Sulkowska, Lipinksi, 

Windom, Audhya, & McGinnis, 2008). From a subset of the cases analyzed for 3-NT, the 

authors examined the damage caused by increases in oxidative stress as measured by a 

marker of DNA modification (8-OH-dG) and found a 63% increase in the ASD cerebella 

(Sajdel-Sulkowska, Xu, & Koibuchi, 2009).  Finally, after exploring whether the increase 

is oxidative stress is brain region-specific, the cerebellar hemispheres and the putamen 

were the most consistently reported (Sajdel-Sulkowska, Xu, McGinnis, & Koibuchi, 

2011). 

Postmortem studies also offer a timeline for when this cell reduction may first 

occur, suggesting a prenatal origin (Bailey et al., 1998; Ritvo et al., 1986; Whitney et al., 

2009; Williams et al., 1980). Gliosis is a reactive cellular process that occurs after insult 

to the central nervous system, and is a normative process that occurs during the pruning 

of neuronal connections. Basket cells are neurons whose fibers form a basket-like nest in 
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which a Purkinje cell rests. The absence of reactive gliosis (Kemper & Bauman, 1998; 

Ritvo et al., 1986; Williams et al., 1980), and the lack of empty basket cells (Bailey et al., 

1998) in postmortem reports of brains of individuals with autism provide strong evidence 

for an early (i.e. prenatal) reduction in Purkinje neurons. In other words, the decrease in 

Purkinje cell numbers without the expected gliosis or empty basket cells suggests that 

these abnormalities were acquired early in development. Additionally, Kemper and 

Bauman (1998) have proposed a more specific point in gestation. Their postmortem 

investigation also reported that a lack of retrograde atrophy in the inferior olivary 

neurons, which is typically observed following cerebellar lesions. The inferior olive is a 

large gray nucleus that forms the interior of the olive on each side of the medulla 

oblongata and has connections with the thalamus, cerebellum, and spinal cord. They 

propose that because the area in the brain where olivary climbing fiber axons synapse 

with Purkinje cell dentrites is no longer evident in the human fetal brain after 30 weeks 

gestation, cerebellar lesions due to Purkinje cell reductions are most likely at or before 

this time in gestation. Additional data supports a loss in the latter part of gestation, and 

further suggests that Purkinje cells not only reduced, but that these cells are generated 

and then die off (Whitney et al., 2009). Further investigation into the timeline of Purkinje 

cell loss is needed, and novel ways to explore prenatal cerebellar development are 

critical. 

In Utero Evidence 

Evidence from recent animal studies further supports altered prenatal cerebellar 

development in autism due to maternal immune activation (Shi et al., 2009; Wallace, 
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Veerisetty, Paul, May, Miguel-Hidalgo, & Bennett, 2010) and prenatal chemical 

exposure (Ingram, Peckham, Tisdale, & Rodier, 2000; Rodier, Ingram, Tisdale, & Croog, 

1997). Shi and colleagues (2009) examined maternal infection as a risk factor for 

cerebellar pathology. Pregnant mice were either infected with influenza or had their 

immune systems synthetically activated in the absence of the virus. Adult offspring from 

both groups of mothers displayed localized deficits in Purkinje cells in lobule VII of the 

cerebellum, suggesting that deficits are likely caused by the mothers’ immune reaction. 

Delayed migration of granule cells was also observed in lobules VI and VII. Both results 

are remarkably similar to the cerebellar pathology seen in autism and suggest a similar 

maternal immune reaction during pregnancy may influence the development of autism in 

children. A more recent study exposed pregnant rats to E. coli, another form of 

intrauterine infection, and examined behavioral outcomes in addition to cerebellar 

development. One group of exposed pups was later examined for Purkinje cell density, 

area and volume, while the other group of pups was followed to observe motor 

coordination. Exposed pups showed decreases in Purkinje cell numbers, density, and 

volume, as well as impaired balance and motor coordination (Wallace et al., 2010).  

Another body of animal research has explored prenatal exposure to valproic acid 

(VPA), a chemical compound that has found clinical use as an anticonvulsant and mood-

stabilizing drug. One study found that exposing rats to VPA during neural tube (i.e., 

central nervous system) development caused significant reductions in Purkinje cells in 

the cerebellar vermis, and though not significant, noticeable reductions in the cerebellar 

hemispheres as well (Ingram et al., 2000).  Paralleling findings from human cases of 
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autism, vermal reductions were greater in the posterior lobe than anterior lobe. Rodier 

and colleagues (1997) compared control rats to rats exposed to VPA on day 12.5 and 

found cerebellar neuron numbers were reduced in VPA-exposed rats. Purkinje cells were 

significantly reduced in vermis posterior lobules VI-VIII and IX, but not anterior lobules 

IV-V. Linear measures of the lobules also showed reductions in size of the most posterior 

lobules, but normal size anterior lobules (Rodier et al., 1997). Taken together, results 

from in utero animal studies appear very similar to the cerebellar effects observed in 

human cases of autism, and further support ongoing investigations of prenatal cerebellar 

development.  

Stereotypical Behaviors and Repetitive Interests in ASD 

Diagnostic Criteria and Proposed Changes 

Though autism is often colloquially described as a social or communication 

disorder, the stereotypical behaviors and repetitive interests (SBRI) of autism are an 

equally important component of the diagnostic triad, and can cause significant 

impairments in social skills and overall functioning. Current diagnostic criteria specify at 

least one symptom from the SBRI domain must be present.  Briefly, the four possible 

symptoms include: (1) a preoccupation with stereotyped and restricted patterns of 

interest, abnormal in focus or intensity, (2) inflexible adherence to specific, nonfunctional 

routines or rituals, (3) stereotyped and repetitive motor mannerisms, and (4) persistent 

preoccupation with parts of objects (DSM-IV-TR, APA, 2000). Often referred to as self-

stimulatory behaviors, stereotyped motor or verbal behaviors typically include hand 

flapping, rocking, chewing, humming, or spinning. Although rigid and repetitive 
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behavior in young children is somewhat normative, the diagnostic criterion specifies that 

the symptoms limit and impair everyday functioning. 

 As previously noted, the most current revisions to the DSM-V proposes to 

combine the social and communication domains, while maintaining a separate diagnostic 

domain for what is proposed to be called, “Fixated Interest and Repetitive Behaviors.” 

Within this domain, children will now need two of the following symptoms: (1) 

stereotyped or repetitive speech, motor movements, or use of objects (2) excessive 

adherence to routines and ritualized patterns of verbal or nonverbal behavior, or 

excessive resistance to change, (3) highly restricted, fixated interests that are abnormal in 

intensity or focus, and (4) hyper- or hypo-activity to sensory input or unusual interest in 

sensory aspects of the environment. Of note are the explicit inclusion of unusual sensory 

behaviors and verbal behaviors. 

Early Detection  

Although autism is difficult to reliably diagnose prior to age two or three, the 

proposed diagnostic changes include examples particularly relevant for younger children. 

In addition, as researchers have been making strides toward identifying children at much 

younger ages, a body of evidence has emerged suggesting that SBRI may be among some 

of the first observable symptoms (Baranek, 1999; Teitelbaum, Teitelbaum, Nye, Fryman, 

& Maurer, 1998; Watt, Wetherby, Barber, & Morgan, 2008; Werner, Dawson, Munson, 

& Osterling, 2005). A retrospective investigation using home videos of children explored 

the usefulness of sensory-motor behaviors as early predictors of autism during infancy. 

Comparing children with ASD to both typically developing (TD) children and children 
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with other developmental disabilities (DD), results demonstrated that by 9-12 months of 

age, motor (e.g., unusual posturing) and object (e.g., mouthing, visual staring, object 

play) stereotypy ratings could reliably discriminate the three groups of children (Baranek, 

1999). In another retrospective video analysis, researchers were able to detect movement 

disturbances in children with ASD as young as 4-6 months.  Using a movement analysis 

system, as opposed to clinician raters, they analyzed movements involved in the major 

motor milestones from birth to walking (i.e., lying, sitting, crawling, standing). All of the 

17 ASD children studied showed disturbances of movement, suggesting that disordered 

movement plays a central role in autism (Teitelbaum et al., 1998). However, these 

findings were not replicated by a similar study which used a clinician developed coding 

system for scoring motor behaviors (Ozonoff, Young, Goldring, Greiss-Hess, Herrera, 

Seele, et al., 2008) Werner and colleagues (2005) developed and used the Early 

Development Interview to gather retrospective parent reports of social/communication, 

regulatory, and SBRI symptoms from birth to 2 years in large sample of 3-4 year old 

ASD, DD, and TD children. Significant differences in SBRI were found among all three 

groups at 16-18 months. Significant differences between the ASD and TD children were 

observed much earlier.  

 Prospective studies following children with known risk for autism have found 

similar results.  A longitudinal observation of children at risk for autism reported the 

presence of SBRI by two years of age in a significant majority of children later diagnosed 

with ASD. Using the Systematic Observation of Red Flags of ASD (SORF; Woods & 

Wetherby 2002), Wetherby et al. (2004) identified 9 red flags that distinguished children 
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from ASD, DD, and TD groups by a mean of 21 months of age.  Two of these symptoms 

related to SBRI: repetitive movements with objects and repetitive movements with the 

body. While 50-72% of the ASD group demonstrated such behaviors, 0% of the TD 

group demonstrated either SBRI behavior. Another study compared the same three 

groups of children, with known diagnoses at age 2. Video behavior samples were 

obtained from recorded administrations of the Communication and Symbolic Behavior 

Scales Developmental Profile (CSBS-DP; Wetherby and Prizant, 2002). Children with 

ASD demonstrated significantly higher frequency and longer duration of SBRI with 

objects, body, and sensory behaviors than both the TD and DD groups (Watt et al., 2008). 

Overall, evidence seems to suggest that SBRI and motor abnormalities may be early 

indicators of ASD. Although researchers have yet to fully determine SBRI utility in early 

detection, the presence of these behaviors at such a young age further supports that the 

underlying neuropathology must be in place very early in autism, motivating 

investigations into the biological markers of SBRI. 

Cerebellar Contributions to SBRI 

 Similar to the multiple brain regions proposed to contribute to ASD, a comparable 

variety of structures have been linked to SBRI in individuals with autism.  The caudate 

nucleus (Sears, Vest, Mohamed, Bailey, Ranson, & Piven, 1999; Hollander, Phillips, 

Chaplin, Zagursky, Novotny, Wasserman, et al., 2005; Rojas et al., 2006), putamen, right 

superior frontal gyrus, amygdala, cingulate cortex (Thakkar, Polli, Joseph, Tuch, 

Hadjikhani, Barton, et al., 2008), and the cerebellum (Pierce & Courchesne, 2001; Rojas 
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et al., 2006) have all been associated with SBRI severity. For purposes of the current 

investigation, cerebellar contributions will be explored. 

Neuroimaging Studies 

Relatively few neuroimaging studies have explored the neurological basis for 

motor manifestations and restricted interests in autism. Furthermore, while it is well 

recognized that the cerebellum is involved in motor control (Ito, 1984), and it has been 

suggested that autism involves a movement disorder (Nayate et al., 2005; Teitelbaum et 

al., 1998), even fewer studies have directly examined the role of the cerebellum in SBRI. 

Pierce & Courchesne (2001) cite the first link between the restricted range of interests 

and stereotyped behaviors in autism and cerebellar pathology. Using MRI, measures of 

the cerebellar vermis, whole brain volume, and frontal lobes were collected for 14 ASD 

and 14 TD children. In addition, behavioral measures of exploration habits and motor 

movements were collected during 8-minute experimental sessions in which the children 

were told to “go play” in a testing room, strategically set up with 10 exploration 

containers (e.g. bags and boxes) and 20 objects. ASD children spent significantly less 

time exploring the room, and time spent in active exploration was significantly correlated 

with posterior vermis lobules VI-VII for ASD children only. Children with ASD also 

explored significantly fewer containers.  Again, the number of containers explored was 

positively correlated with vermis lobules VI-VII, meaning smaller cerebellar lobules 

were related to less exploration. Finally, while overall levels of motor activity did not 

differ significantly between groups, children with autism were more likely to engage in 

repetitive movements, and this was negatively correlated with lobules VI-VII.  
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A more recent study of regional grey matter volumes replicated anatomical 

abnormalities in brain regions associated with impairments in autism.  In addition 

regional volume differences were correlated with several autism symptom measures. 

Controlling for age and whole brain grey matter volumes, 24 ASD and 23 TD male brain 

volumes were compared. The ASD group showed several volume increases in the limbic 

and frontal regions. Regions exhibiting smaller volumes in the ASD group were observed 

exclusively in the cerebellum and smaller cerebellar region volumes were associated with 

higher SBRI domain scores (Rojas et al., 2006). Further evidence is needed to support the 

link between SBRI severity and cerebellar developmental pathology. 

Animal Models 

As mentioned earlier, animal models provide a wealth of evidence into the 

possible underlying neurobiology and etiology of autism. Like human studies of the 

cerebellum’s role in SBRI, few animal studies have reported models in which cerebellar 

pathology is observed in conjunction with SBRI, but two previously mentioned models 

support both exposure to pharmacological agents and maternal immune activation.  

 Research examining sodium valproate (valproic acid, VPA) exposure to rats in 

utero has simulated the cerebellar pathology seen in autism, but connections to the 

behavioral symptoms seen in autism have been made as well. Among other brain 

abnormalities, offspring of female rats injected with VPA on day 12.5 of gestation show 

smaller cerebella with a reduction in Purkinje cells in the hemispheres and vermis 

(Ingram et al., 2000; Rodier et al., 1997). Based on the overall anatomical similarities to 

human brain abnormalities in ASD, a follow up study by Schneider and Przewlocki 
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(2005) aimed to explore the behavioral changes in rats exposed at that exact point in 

gestation. Compared with the control group, VPA rats demonstrated more repetitive and 

stereotyped behaviors for longer durations of time, as well as reduced exploratory 

activity, among other behavioral markers similar to ASD. Another study involving both 

pre- and post-natal VPA exposure reported aberrant motor movements, which have all 

been linked to cerebellar activity (Wolf, LaRegina, & Tolbert, 1996). Overall, animal 

models of rats exposed to VPA provide clues to the underlying neurobiology of autism 

and support a cerebellar contribution to the development of SBRI.  

Wallace and colleagues (2010) innovatively employed both postmortem and 

behavioral analyses to the same group of rat pups exposed to E Coli. One group of 

exposed pups was later examined for anatomical abnormalities, with reductions in 

Purkinje cell density, area and volume reported. The group of pups was followed to 

observe motor coordination. Similar to the behavioral results found by Schneider and 

Przewlocki (2005), exposed pups showed impaired balance and motor coordination 

(Wallace et al., 2010). Considering the cerebellum’s well-known role in motor function 

and its consistent pathology in ASD, further support for the cerebellum’s role in SBRI is 

needed. Additionally, animal models suggest that prenatally induced cerebellar pathology 

can result in the presence of SBRI. An investigation into prenatal cerebellar pathology, 

and its relationship to SBRI severity may offer support to these promising lines of 

investigation into the etiology of autism. 
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Summary 

Autism is a neurodevelopmental disorder with a staggering prevalence that 

continues to rise. Although the etiology remains uncertain, research suggests a strong, yet 

complex genetic component in interaction with a host of possible environmental 

contributions. Several brain regions are thought to develop abnormally in individuals 

with ASD, with the cerebellum being the most consistently reported across various 

experimental paradigms. A reduction in Purkinje cells, the main neuron of the cerebellar 

cortex, is the most commonly reported abnormality. Evidence from neuroimaging studies 

reports that cerebellar anatomic abnormalities are evident in early childhood. 

Additionally, postmortem analysis and animal models suggests that Purkinje cell 

pathology may begin prenatally, yet an investigation into prenatal cerebellar anatomical 

abnormalities has yet to be conducted. 

Animal models also suggest that prenatal cerebellar pathology may contribute to 

the development of SBRI, potentially one of the earliest observable behavioral risk 

factors for the development of ASD. SBRI can be observed in children as young as 

infancy, and has been shown to reliably discriminate children with ASD from TD and 

DD peers. Additionally, two neuroimaging studies of individuals with autism have 

connected cerebellar pathology to both observed and reported SBRI severity. However, 

the underlying neurobiology of SBRI is not fully understood and innovative ways to 

connect cerebellar neuropathology to SBRI severity need to be explored.  

The current study proposes an innovative way to investigate both anatomic 

prenatal cerebellar development in autism as well as the more specific connection of 
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prenatal cerebellar pathology to later SBRI severity in ASD. Through a large-scale 

retrospective investigation of the prenatal ultrasound records of children with and without 

an ASD diagnosis, anatomic group differences in the size of the TCD will be examined. 

Along with other prenatal ultrasound measures, the TCD will also be explored as a 

potential risk factor for the development of ASD. Finally, prenatal TCD measurements 

will be correlated with SBRI severity scores as measured by standardized assessments. 

The current study predicts that prenatal cerebellar size will differ between groups, 

significantly predict the development of ASD, and negatively correlate with SBRI 

severity scores.  
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Chapter Three: Proposed Research Study 

Statement of Problem 

 Autism is a poorly understood developmental disorder. It is also one of the most 

prevalent (ADDM, 2009). Although there have been significant advances in the 

management of symptoms, there is no known cause and the biological markers of autism 

remain unclear. Many different brain structures are implicated in autism, but the 

cerebellum remains the most consistently reported site of abnormality (Allen, 2006). 

There is indirect evidence to suggest that cerebellar pathology begins as early as in utero 

(Bailey, et al., 1998; Kemper & Bauman, 1998; Kemper, at al., 1999; Ritvo, et al., 1986; 

Shi et al., 2009; Whitney, et al., 2009; Williams, et al., 1980), but this has yet to be 

determined with any certainty and is generally limited to small samples of post-mortem 

data.  Further research is needed to confirm this hypothesis, ideally through a large 

sampling of in vivo, prenatal measurements of the cerebellum.  Prenatal ultrasound offers 

such information through the routine, reliable measurement of the transverse cerebellar 

diameter (TCD) (Campbell, et al., 1991; Hill et al., 1990; Verburg, et al., 2008). 

Although this information is readily accessible, prenatal measurements of the cerebellum 

have yet to be explored in autism. 

 In addition, a large sampling of TCD measurements provides the opportunity to 

explore another proposed correlate of cerebellar pathology: stereotypical behaviors and 

repetitive interests (SBRI). Animal studies have shown that abnormalities of cerebellar 

development are associated with such autistic traits as reduced exploration and increased 

repetitive movements (Deloray, et al., 2008; Martin et al., 2010; Schneider & Przewlocki, 
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2005; Wagner et al., 2006). Analyses of the brains of children on the autism spectrum 

have shown similar correlations between cerebellar pathology and increased SBRI 

severity (Akshoomoff et al., 2004; Pierce & Courchesne, 2001).  Most importantly, there 

is evidence to suggest that such stereotypical movements can be seen as early as infancy 

in children later diagnosed with autism, and that these movements can reliably 

discriminate children on the spectrum from their typically developing peers and children 

with other developmental delays (Baraknek, 1999; Teitelbaum et al., 1998).  This 

suggests the possibility that such behaviors may be among the first reliable behavioral 

markers for autism—prior to higher-level social and representational abnormalities (e.g. 

communication, theory of mind).  Further, it suggests that if such abnormal behaviors are 

reliably observed at such a young age, the correlating anatomical neuropathology may be 

observable as well.  Prenatal ultrasound measures of the brain can explore the underlying 

neurobiological correlates of such early and salient sensory-motor processes.   

Statement of Purpose 

 The aim of the current study is to contribute to the understanding of the 

developmental neuropathology in autism spectrum disorders. More specifically, this 

study will seek to identify the earliest point of cerebellar pathology by examining existing 

prenatal measurements of the transverse cerebellar diameter (TCD), comparing the 

medical records of children diagnosed with autism and those of typically developing 

children. A reduction in Purkinje cells of the cerebellum has been demonstrated as the 

most common form of cerebellar neuropathology, motivating a retrospective 

investigation into possible size reductions in the prenatal cerebella of children with a later 
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autism spectrum diagnosis.  Additionally, this study will seek to further support the link 

between cerebellar pathology and the presence of SBRI in individuals with autism.  By 

means of collecting diagnostic information for children diagnosed on the autism 

spectrum, the link between severity of SBRI and TCD size will be explored.  

 This study will address two gaps in literature, as there have been no studies 

investigating prenatal measurements of the cerebellum (TCD) in autism and researchers 

have yet to explore the link between the prenatal cerebellum and SBRI—both of which 

will be investigated on a relatively large scale. The current investigations will use both 

within-group and between-group analyses to examine the research questions. A large 

sample of prenatal medical records from mothers of children diagnosed with an ASD will 

be compared to the prenatal medical records of mothers of typically developing (TD) 

children. Additionally, information regarding overall autism severity, including subscales 

of SBRI severity, will be collected from those children with an autism diagnosis. 

Exploratory analyses will investigate a possible relationship between prenatal cerebellar 

size and autism risk and severity. A reduction in the size of the TCD is expected to be 

associated with increased autism diagnoses and greater severity of SBRI symptomology. 

Research Questions and Hypotheses 

Research question 1 

Are prenatal cerebellar measurements significantly smaller in children later 

diagnosed with an autism spectrum disorder (ASD) compared to typically developing 

(TD) controls? 

Hypothesis 1  
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Prenatal cerebellar size is hypothesized to be significantly smaller in children later 

diagnosed with an ASD compared to TD controls, controlling for gender and gestational 

age.   

Rationale 1  

The most consistently reported neuropathology in individuals with autism is a 

reduction in the number of Purkinje cells, the main neuron of the cerebellar cortex (Allen, 

2006). A large scale MRI study of children with autism found an overall volume 

reduction in the cerebellar vermis (Hashimoto et al., 1995), which contains Purkinje cells. 

A more localized reduction was found in vermis lobules VI-VII (Courchesne et al., 

2001), which was found to be specific to children with autism when compared to controls 

and children with other comorbidities (Kaufmann, Cooper, Mostofsky et al., 2003). 

Because evidence suggests that cerebellar abnormalities have a prenatal origin (Kemper 

& Bauman, 1998; Ritvo et al., 1986, Shi et al., 2009; Whitney et al., 2009; Williams et 

al., 1980), overall group differences between prenatal TCD measurements from ASD and 

TD groups are expected. 

Research Question 2  

Is cerebellar size related to later SBRI symptom severity? 

Hypothesis 2  

It is hypothesized that an inverse relationship exists between cerebellar size and 

SBRI diagnostic indicators, such that reductions in TCD will significantly correlate with 

increased severity of SBRI, as measured by the Restricted, Repetitive, and Stereotyped 

Patterns of Behavior subscale on the ADI-R. 
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Rationale 2   

Evidence from both animal models (DeLorey et al., 2008; Martin et al., 2010) and 

neuroimaging studies (Akshoomoff et al., 2004; Pierce & Courchesne, 2001) has shown a 

link between cerebellar pathology and increased SBRI. Other evidence from the early 

detection literature has shown that stereotypical movements are among the first reliable 

behavioral markers of autism (Baranek, 1999; Landa & Garrett-Mayer, 2006, Teitelbaum 

et al., 1998), suggesting that prenatal measurements of the cerebellum may be an 

appropriate point of development to detect pathology and further link this pathology to 

SBRI. Standard measurements of the prenatal cerebellum through ultrasound measures of 

the brain provide this information. 

Method 

Participants 

Two groups of mother-child dyads will participate in the study: 100 dyads 

including a child diagnosed with an autism spectrum disorder (ASD) and 100 typically 

developing (TD) dyads with no family history of ASD. Power analyses have been 

conducted to determine the statistical power with this projected number of participants. 

With a desired power level of .80 (Cohen, 1997), 100 mother-child dyads per group will 

enable the detection of a small effect size (d = 0.20; ∝ = .05). Mothers and children (both 

male and female) between the ages of 4 and 18 will be recruited to participate. Based on 

the current diagnostic capabilities, 4 years of age is the earliest point to reliably ensure 

that the ASD participants are on the autism spectrum and the TD participants are not.  
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ASDs in all participants will be idiopathic (i.e. medical causes of autism 

symptoms will be excluded). Potential dyads will be excluded if the child has been 

diagnosed with any other neurological condition or major psychiatric disorder (e.g. 

depression, bipolar disorder or a psychotic disorder). Potential participants will also be 

excluded if there is a history of alcohol, nicotine, or recreational drug use during 

pregnancy. Additionally, premature or multiple births will be excluded. No participant 

will be excluded based on race or ethnic background. All ASD participants will meet 

diagnostic criteria for autistic disorder, Asperger’s disorder, or pervasive developmental 

disorder-not otherwise specified (PDD-NOS) as defined by the DSM-IV (1994). 

Instrumentation  

Pre-screening questionnaire. Participants will consent to the completion of pre-

screening measures.  TD and ASD dyad mothers will consent to and complete a Pre-

Screening questionnaire. The Pre-Screening questionnaire will be used to determine each 

dyad’s eligibility to participate in the research study. The questionnaire will request basic 

demographic information for reporting purposes as well as the medical history of the 

mother and child, including information regarding pregnancy and childbirth. 

Social Communication Questionnaire (SCQ). In addition to the Pre-Screening 

questionnaire, ASD dyads will consent to and complete the Social Communication 

Questionnaire (SCQ; Rutter, Bailey, & Lord, 2003). The SCQ is a 40-item parent-report 

questionnaire that screens for autism spectrum disorders. Each item is scored 0 or 1, with 

1 being the score for endorsement of a symptom of an ASD. Ten of the forty questions 

address some behavioral aspect of SBRI. The SCQ is valid for children over 4 years of 
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age (with a mental age of 2) and results in a total score (range 0-39) with cut off points (≥ 

15 is indicative of an ASD) (sensitivity 0.85; specificity 0.75; Berumen, Rutter, Lord, 

Pickles, & Bailey, 1999). ASD dyads will be excluded if the child does not meet the cut 

off score.   

Autism Diagnostic Interview-Revised (ADI-R). The ADI-R will be used to 

collect information regarding SBRI severity.  The interview focuses on three functional 

domains: (A) language and communication, (B) reciprocal social interactions, and (C) 

restricted, repetitive, and stereotyped patterns of behavior. Results are scored and 

interpreted using a Diagnostic Algorithm. Subscale C of the algorithm is comprised of 

eight items (39, 67-71, 77-78), each with a severity score range from 0-2. The total 

subscale score is a sum of six of these items, resulting in an overall range of severity 

scores from 0-12. Inter-rater reliability (Lord, Rutter, & Le Couter, 1994) and test-retest 

reliability (Lord, Storoschuk, Rutter, & Pickles, 1993) estimates range from 0.93 to 0.97 

for the three domains. 

Consent and authorizations. Eligible participants will be provided a general 

consent form that explains the purpose, duration, risks, and benefits of the research study. 

Once informed consent is obtained, parents will be asked to sign Authorizations for the 

Use and Disclosure of Protected Health Information.  Separate forms will be provided for 

relevant health providers, including pregnancy/obstetrical and/or perinatology.  Each of 

the release forms will request for parents to provide contact information for their 

healthcare providers as well as a signature to authorize the research team to contact the 

medical providers and request copies of their medical records. 
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Prenatal ultrasound records. Routine prenatal ultrasound examinations are 

typically conducted around 18-20 weeks gestation to ensure normal fetal development. 

The transverse cerebellar diatmeter (TCD) is measured along with other correlates of 

gestational age, including head circumference, crown-rump length, femur length, and 

biparietal diameter. TCD (mm) is viewed in an axial plane; measuring the diameter 

between the widest, lateral most points of the cerebellar hemispheres (Chavez, Ananth, 

Smulian, Yeo, Oyelese, & Vintzileos, 2004; ISUOG, 2007). The TCD is considered one 

of the most reliable parameters of fetal growth (Hill et al., 1990) and is strongly 

associated with gestational age (r = 0.95, Campbell et al., 1981). Intra-class correlation 

coefficients are above 0.98 (Verburg et al., 2008).  No gender differences exist among 

male and female prenatal TCD measurements, as assessed by their respective correlations 

with GA (R2 =96.9%, p < 0.001, Female; R2 =97.0%, p < 0.001, Male; Holanda-Filho, 

Souza, Souza, Figueroa, Ferreira, & Cabral-Filho, 2011). 

Procedure 

Approval by Human Subjects Committee 

  This study will comply with the ethical standards set forth by the American 

Psychological Association. Approval by the Institutional Review Board at the University 

of Texas at Austin and the Educational Psychology Departmental Review Committee will 

be obtained. 

Recruitment 

ASD dyads will be recruited from a variety of sources, including the University of 

Texas Autism Program (UTAP), Dell Children’s Medical Center of Central Texas, the 
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Texas Child Study Center, the Center for Autism and Related Disorders, the Central 

Texas Autism Center, the Austin Psychological and Assessment Center, and the Autism 

Society of Greater Austin.  Flyers will be distributed to these and other groups with 

instructions on how to contact the research lab of the Principal Investigator. TD dyads 

will be recruited through flyers posted in the community and on the campus of The 

University of Texas at Austin, including the Education Building, the Psychology 

Building and the UT Child Development Centers. Newspaper, magazine, and website 

advertisements will also be used for the recruitment of participants. 

Research protocol 

Potential participants will first complete a telephone screening to determine their 

eligibility for the proposed study. Mothers of children with ASD will also be 

administered: (1) SCQ to determine ASD eligibility and  (2) a subset of questions from 

the ADI-R to determine SBRI severity (see Appendix A).  

If eligible, participants will be mailed a packet containing the general consent 

form for the study and copies of the medical release forms authorizing the use and 

disclosure of protected health information.  Participants will be asked to complete and 

sign these forms, allowing the research team to request the relevant medical records. 

Participants will be asked to return the signed release and consent forms to the research 

team in a provided self-addressed, stamped envelope. 

 Once the consent and release forms have been received, the research team will 

contact the provided medical professionals to request the participants’ medical records. 

For both ASD and TD dyads, records from their routine (i.e. 18-20 week) prenatal 
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ultrasound exam will be requested. For participants who may have obtained additional 

ultrasound exams at other gestational ages, these records will be requested as well for 

further exploratory analyses.  

Data Analysis & Expected Results 

The purposes of this study are (1) to examine the group differences in prenatal 

transverse cerebellar diameter (TCD) measurement between ASD and TD participants, 

and (2) to examine the relationship between prenatal TCD measurement and the severity 

of SBRI symptoms (e.g. ADI-R subscores) within the ASD group. Data will be analyzed 

using a two-way analysis of covariance and multiple regression analysis.  

Preliminary analysis  

A power analysis conducted using G*Power software, version 3.0 determined that 

200 participants were needed given the chosen effect size, power, and alpha parameters 

to obtain a significant result (d = 0.20; β = .80; ∝ = .05) for the primary analysis of 

covariance. Statistical Package for the Social Sciences (SPSS Inc., Chicago IL) software 

will be used to analyze data. Descriptive statistics, including means, standard deviations, 

ranges, and minimum and maximum values will be analyzed for each variable. Variables 

will be checked for normality and outliers. Assumptions for each analysis will be 

examined. 

Research question 1 

A two-way analysis of covariance (ANCOVA) will be conducted to determine 

potential differences among ASD and TD male and female participants on prenatal TCD 

measurement, controlling for the covariate of gestational age (GA). Because TCD is a 
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strong correlate for GA (r = 0.95, Campbell et al., 1981), removing the variation in TCD 

size due to GA is necessary to detect a significant relationship between diagnosis and 

TCD size. Additionally, the gender disparity among children diagnosed with ASD 

suggests the possibility of distinct etiological and developmental trajectories. Including 

gender as an independent variable in the analysis will allow for separate analysis of 

cerebellar development among males and females. It is hypothesized that a statistically 

significant main effect will exist between the mean TCD measurement for the ASD group 

and the mean TCD measurement for the TD control group.  

Research question 2  

Multiple regression analysis will be conducted to determine the relationship 

between prenatal TCD measurement and severity of SBRI, controlling for gender and 

gestational age. Using simultaneous regression, ASD participant’s SBRI severity score 

(e.g. 0-12), as measured by a subscale of the ADI-R, will be regressed on prenatal TCD 

size, gestational age, and gender. It is hypothesized that prenatal TCD size will explain a 

significant amount of the variance in SBRI severity, after controlling for gender and 

gestational age. Correlations will be observed for the independent variables’ relationship 

with the dependent variable. An alpha level of .05 will be used to determine statistical 

significance. The statistical significance of the standardized and unstandardized 

regression coefficients will be examined. 
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Chapter Four: Discussion 

Summary and Limitations 

 The proposed study seeks to explore prenatal cerebellar measurement and its 

efficacy in the assessment of autism risk, as well as its relationship to later stereotypical 

behaviors and repetitive interests (SBRI). Given findings that the cerebellum is the most 

consistent site of abnormality in individuals with ASD, and that there is strong evidence 

that pathology begins in utero, it is expected that significant differences in prenatal 

measurement of the transverse cerebellar diameter (TCD) will be evident when 

comparing typically developing children to children with an ASD diagnosis. 

Furthermore, given findings that support a relationship between cerebellar pathology and 

the severity of SBRI in individuals with autism, and that there is evidence to support the 

presence of SBRI in infancy, it is expected that prenatal cerebellar pathology will further 

support the link between the cerebellum and SBRI severity. 

 A major limitation of this study is the lack of control over the original acquisition 

of data. Because of the retrospective design, there is the potential for variability in the 

measurement of prenatal fetal biometry. Opportunely, the prenatal ultrasound measures 

of interest are standard in routine ultrasound examinations and have a high degree of 

inter-rater reliability.  Additionally, the use of the ADI-R will ensure a standard 

diagnostic measure is used consistently across all ASD participants. 

 Another challenge will be to recruit the large number of proposed participants. 

However, there are many recruitment avenues located in the greater Austin area, many of 

which are affiliated with The University of Texas at Austin.  The Child Development 
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Center in the Psychology Department, The University of Texas Autism Program (UTAP), 

The Allen Research Lab, and The Texas Child Study Center have recently began 

collaborating to create a database of families interested in participating in autism 

research. Furthermore, given that participation is limited to contact via phone, email, 

postal mail, and fax, participant recruitment is not restricted geographically. Finally, there 

is the possibility of collaborating with other research groups who may already have both 

prenatal ultrasound and autism diagnostic records for a portion of the proposed sample 

size.  

 Related to the challenge of meeting the overall participation goal, there are also 

concerns regarding the recruitment of adequate numbers of female ASD participants. 

Because of disparities in gender prevalence of ASD, the proportion of male and female 

ASD participants is expected to approximate the 4:1 ratio in the general population. 

Efforts will be made to recruit typically developing controls to match this 4:1 ratio, and 

because of the large proposed sample size, statistical analyses that control for gender will 

have the power necessary to detect significant findings. 

 Finally, a methodological limitation outlined by the current study is the exclusion 

of other fetal head and brain measurements. While the cerebellum is the most consistently 

reported site of abnormality, other brain regions are also implicated in ASD. 

Additionally, head circumference growth trajectories have been shown to differ in 

children with ASD. Further analysis would be needed to determine the relative strength 

of TCD as a risk factor for ASD compared to these other standard measurements (e.g. 

head circumference, biparietal diameter). Logistic regression, including TCD, HC, and 
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BPD as input risk factors could help determine whether TCD is the only routine prenatal 

neurobiological marker that reliably predicts autism risk. 

Implications and Future Directions 

Two of the main implications of the proposed study are further support for a 

cerebellar role in the development of ASD, and support for a prenatal origin for ASD 

pathology. The proposed project is the first step in a line of research aimed at evidencing 

the applicability of fetal cerebellar ultrasound to the prenatal identification of children at 

risk of developing autism. This pilot, retrospective investigation lays the foundation for 

subsequent prospective, longitudinal investigations following children at risk for 

developing autism. With risk being defined as a mother already having a child with a 

diagnosed ASD, an investigation following at-risk and control mothers throughout 

pregnancy will allow a more rigorous analysis.  Multiple scheduled ultrasound 

examinations with designated sonographers will provide more thorough and more reliable 

prenatal cerebellar growth trajectories. Finally, following the children postnatally will 

track brain and behavioral development, as well as potential outcome diagnoses. 

Another main implication for the proposed study is further support for a cerebellar 

role in SBRI. An understanding of the underlying neurobiological mechanisms of ASD is 

at the forefront of the objectives of the autism scientific community and the proposed 

study has the potential to make a great impact toward that goal. While animal models 

have strongly suggested a link between the cerebellum and such behaviors, there are few 

studies making this link with humans. This large-scale study has the potential to 

generalize findings across a wide age range and a wide range of ASD severity, suggesting 
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even more conclusive evidence for a cerebellar role in SBRI. Future prospective studies 

should ensure reliable and consistent quantification of SBRI severity from infancy, as this 

is a limitation of the current study, and may actually under represent the strength of the 

relationship between cerebellar pathology and SBRI serverity.  

The early identification of autism faces a major challenge in that current 

diagnostic standards rely on behavioral observation of a triad of deficits, all of which are 

quite variable even in typical development. The proposed study has the potential to 

identify a new method for assessing autism risk at the earliest point of development. 

Moreover, the proposed methodology makes use of existing technology and standards of 

prenatal care. Findings that reductions in TCD are significantly predictive of increased 

risk for ASD would support prenatal ultrasound as a tool for autism risk assessment and 

promote perinatologists to the frontlines of autism screening.  Earlier identification of 

autism risk will ultimately impact the known positive effects of early intervention, 

allowing parents and caregivers to tailor the child’s environment and developmental 

support from day one. Although prenatal cerebellar development is not expected to be 

indicative of a diagnosis, priming parents to the possible developmental needs of their 

child and educating them on ways to intervene early will only promote developmental 

outcomes. Future research is needed to identify the most appropriate intervention 

strategies for increasingly younger infants who may have known risk for developing 

ASD. 

Although early intervention is a vital component to the treatment of ASD, 

understanding the cause of autism is of even greater importance.  The proposed study has 
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the potential to contribute to this bigger question by helping to identify the origin of 

pathology.  A recent epidemiological study has started a shift in conceptualizing the 

“environmental” contributions to the development of autism. In the largest twin study to 

date, Hallmayer and colleagues (in press) confirmed the highly heritable nature of autism 

(77 percent of male and 50 percent of female identical twins, respectively, both 

developed autism).  Of note, however, was the rate of autism among fraternal twins: 31 

percent of males and 36 percent of females, which is much higher than the rate of autism 

between two non-twin siblings. This suggests that shared environment in the womb 

among twins, identical or fraternal, contributes to the development of autism. The 

proposed study has the potential to contribute to the timeline of pathology occurring in 

the prenatal environment, and may provided a targeted point in gestation to begin 

exploring the transactional nature between fetal development and the womb environment.  

Future research focused on elucidating the elements of the prenatal womb environment at 

various points in gestation, both typical and atypical, will help to inform the 

neurobiological mechanisms at play. Ultimately, an understanding of this developmental 

interaction may lead to very early pharmacological intervention and prevention strategies. 
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