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ABSTRACT 

Autism Spectrum Disorder (ASD) is a neurodevelopmental disorder marked by social and 

behavioral deficits, including pronounced inflexibility. Behavioral interventions often fail to 

generalize, possibly due to difficulties in flexibly applying learned skills. One type of knowledge 

representation that contributes to flexible behavior is termed, schema, and are generalized 

representations formed by extracting common features across numerous similar experiences. In 

the brain, encoding of schemas relies on two brain regions – the hippocampus (HPC) for schema-

incongruent and the medial prefrontal cortex (mPFC) for schema-congruent associations. Children 

with ASD exhibit structural enlargement of the HPC and diminished communication between the 

mPFC and other brain regions. Based on these findings, I hypothesized that inflexibility in ASD 

is directly related to impairments in schema use and that there is reduced connectivity between the 

HPC and mPFC in ASD which serves a possible mechanism for schema disruption. Two studies 

were conducted to answer these questions. First in Study 1, children with and without ASD 

completed an associative memory task while undergoing a functional magnetic resonance imaging 

(fMRI) scan. Typically developing (TD) children exhibited sensitivity to schema at encoding in 

the mPFC and HPC. Children with ASD exhibited no sensitivity in the HPC, while mPFC 

sensitivity was only observed in those rated as being more flexible, suggesting a reliance on more 

typical schema use for greater flexibility in ASD. In Study 2, a largescale repository of resting 

state fMRI was utilized to assess HPC functional connectivity in children with and without ASD. 
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Replicated across two samples and relative to TD children, autistic children exhibited significantly 

dysregulated connectivity between the HPC and numerous brain networks. Included in the findings 

was significant underconnectivity between the HPC and mPFC region observed in Study 1. Taken 

together, these two studies suggest that activation in regions subserving schema use are atypical 

and are related to flexibility problems and are underconnected in ASD.  
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CHAPTER I: GENERAL INTRODUCTION 

 

Introduction 

Autism spectrum disorder (ASD) is a neurodevelopmental disorder occurring in as many 

as 2% of children (Baron-Cohen et al., 2009; Blumberg et al., 2013; Y.-K. S. Kim et al., 2011; 

Lai et al., 2014), and is continuing to see increased prevalence (Baio et al., 2018; Christensen et 

al., 2018; Maenner et al., 2020). Although primarily diagnosed in children, ASD is a pervasive 

disorder that persists beyond childhood and continues throughout adult life (Lai et al., 2014). Its 

symptoms are marked by impaired social communication and interaction as well as engagement 

in a limited set of restrictive and repetitive interests and behaviors (American Psychiatric 

Association, 2013). These impairments can manifest as a reduced number of friends, impaired 

social skills, diminished theory of mind (understanding of the inner states of oneself and others), 

and severe rigidity and inflexibility in thoughts, actions, and emotions (American Psychiatric 

Association, 2013). Children and adults with ASD report poorer perceived quality of life and 

exhibit worse professional and educational attainment (Boucher et al., 2012; Lai et al., 2014; 

Taylor et al., 2015). 

 Children with ASD also display broad deficits in executive function, including in 

behavioral flexibility (American Psychiatric Association, 2013; Demetriou et al., 2017; 

Kenworthy, Case, et al., 2010; Solomon et al., 2009). Executive functions represent range of 

skills and behaviors that allow for strategic pursuit of goals and meeting of task demands 

(Banich et al., 2009; Diamond, 2013). A prominent framework proposed by Friedman & Miyake 

(2017) identifies three related but functionally distinct subdomains that comprise executive 

function. First, inhibiting represents the ability to suppress responses that hinder goal direct 
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behavior, including prepotent responses. Second, updating represents the ability to reevaluate 

and revise as well as hold and manipulate information in working memory. Third, shifting 

represents the ability to be flexibly adapt to situations and switch between task demands (N. P. 

Friedman & Miyake, 2017). Across both real-world and laboratory settings, children with ASD 

have exhibited executive function deficits in all three subdomains throughout development 

(Demetriou et al., 2017; Kenworthy, Yerys, et al., 2010; Lopez et al., 2005; Rosenthal et al., 

2013; Wallace et al., 2016). The degree of impairment in executive function, and flexibility in 

particular, has been linked with both impairment in social skills (Faja et al., 2016; Geurts et al., 

2009; Leung et al., 2016; Pellicano et al., 2017) and restricted and repetitive behaviors (Leung & 

Zakzanis, 2014; Lopez et al., 2005). Moreover, inflexibility has also been associated with overall 

reduction in perceived quality of life (de Vries & Geurts, 2015; Dijkhuis et al., 2017) and 

academic success in ASD (Pellicano et al., 2017; St. John et al., 2018) while greater flexibility in 

has been associated with socially adaptive outcomes (Bertollo et al., 2020; Pugliese et al., 2015, 

2016).  

 There are numerous intervention approaches to treating symptoms in individuals with 

ASD that try to enhance quality of life and build social skills. Cognitive behavioral treatment 

approaches, particularly for individuals with non-impaired intellectual functioning, often focus 

on social deficits since they are most often thought by clinicians and parents to be the drivers of 

the impaired quality of life (Lai et al., 2014). Common treatment approaches often focus on 

explicit teaching of rules and scripts for social behaviors, e.g. how to initiate social interactions 

(Bhat et al., 2014; Ganz et al., 2008; Rao et al., 2008; Woods & Poulson, 2006). These 

approaches leverage the observations that memory abilities are thought to be spared in ASD. 
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Specifically, children with ASD exhibit intact knowledge of facts and events (Boucher et al., 

2012; Walenski et al., 2008), spatial learning (Barnes et al., 2008), skill learning (Nemeth et al., 

2010), priming (Coderre et al., 2017; Parma et al., 2013) and classical conditioning (Sears et al., 

1994), with only autobiographical (Bruck et al., 2007; Crane & Goddard, 2008) and source (Lind 

& Bowler, 2009) memory exhibiting consistent deficits in ASD. Thus, intervention approaches 

leverage these strengths in order to teach new skills. 

 While these treatment approaches yield improvement in social skills and communication 

ability within clinical settings (Bhat et al., 2014; Rao et al., 2008), it is common to find that gains 

fail to generalize when children are exposed to novel situations or social partners not present in 

the treatment sessions (Reagon & Higbee, 2009; Woods & Poulson, 2006). Inconsistent findings 

in treatment generalization are bolstered by conflicting findings in the literature on category and 

rule-based learning in ASD. Specifically, children with ASD are typically able to learn 

exemplars of categories without impairment (Froehlich et al., 2012; Snape et al., 2018; Soulières 

et al., 2011; Vladusich et al., 2010), however, there are mixed findings about whether children 

with ASD are able to generalize that knowledge (Molesworth et al., 2005; Soulières et al., 2011) 

or if they experience difficulty (Froehlich et al., 2012; Klinger & Dawson, 2001). Together these 

findings suggest children with ASD are able to learn discrete information whether it is social 

scripts or category rules, but that some children have deficits in the flexible application of this 

information. 

 

Schema Representations in the Brain 

A prime exemplar of flexible cognition is the formation and use of flexible knowledge 
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representations termed schema (Ghosh & Gilboa, 2014; Gilboa & Marlatte, 2017; Robin & 

Moscovitch, 2017). Through repeated exposures to the same or similar types of experiences, 

common representational elements or features across the various exposures are stripped away 

from their episodic and event-unique elements yielding schemas. Thus, schemas are constructs 

that are broad frameworks encompassing the shared elements of the exposures but removed from 

features that are unique to a single or very few exposures. The resulting schemas allow for 

flexible representation of context dependent information which results in more efficient encoding 

and retrieval of complex information in the future (van Kesteren et al., 2012). Schemas are 

thereby able to more efficiently inform an individual about the world around them in the context 

of both what to expect and how to behave. These processes also affect memories for events. For 

example, if typically developing (TD) children attend a doctor’s appointment they are more 

likely to report remembering events consistent within a broader understanding of doctor’s 

appointments (e.g. being weighed) versus those that are irrelevant, and are also more likely to 

endorse these schema consistent events occurring even if they did not (Ornstein et al., 2006). 

However, context-insensitivity in event schemas has been observed in high-functioning autistic 

children and adolescents. Within a well understood event such as a birthday party, autistic 

children recall the same number of context relevant and irrelevant details following scene 

encoding in contrast to TD controls who recalled more context relevant than irrelevant details 

(Bowler et al., 2014; Gaigg et al., 2015; Loth et al., 2011). These differences at recall occur 

despite evidence that autistic children are able to learn categories (e.g. be able to identify that an 

event is a birthday party). Suggesting that these children don’t necessarily have trouble 

identifying categories (Vladusich et al., 2010) or learning from prototypes (Soulières et al., 2011) 
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although autistic children may use atypical strategies or learn more slowly but instead that 

underlying schemas that allow for flexible interpretations of the world do not subsequently form. 

Recent neural models of schema have shown creation and use of schemas depends on the 

interaction of two main brain regions, the medial temporal lobe (MTL) and medial prefrontal 

cortex (mPFC) (Gilboa & Marlatte, 2017; Sekeres et al., 2018; van Kesteren et al., 2013). 

Specifically within healthy adults, the mPFC is preferentially engaged during the encoding of 

schema consistent, or congruent, information while the left MTL is recruited for arbitrary 

information not congruent with preexisting schema knowledge (Brod et al., 2017; Tse et al., 

2007; van Kesteren et al., 2013). In addition to schema-dependent activations, functional 

connectivity during schema use results in an increase in connectivity between these regions, with 

conceptual models suggesting that mPFC functions as a schema detector and inhibits the 

hippocampus during encoding and retrieval (Brod et al., 2017; van Kesteren, Fernández, et al., 

2010).  

The hippocampus is the classically identified region subserving the encoding, 

consolidation, and subsequent retrieval of declarative knowledge (Eichenbaum, 1999; Opitz, 

2014; Tulving & Markowitsch, 1998). It is a subcortical MTL structure comprised of numerous, 

functionally distinct subregions including CA1-4, the dentate gyrus, and fimbria (Knierim, 

2015). Although declarative memory is largely intact in ASD, there are consistent structural 

differences observed in the hippocampi in individuals with ASD. Throughout development, 

children and adolescents with ASD exhibit significantly enlarged bilateral hippocampi relative to 

TD peers – although there are conflicting findings about whether differences persist into 

adulthood (Barnea-Goraly et al., 2014; W. Groen et al., 2010; Rojas et al., 2004). Overall 
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hippocampal volume naturally increases as a function of age in TD children and adolescents, and 

it is correlated with improved performance on memory recall and recognitions test (DeMaster et 

al., 2014; DeMaster & Ghetti, 2013; J. K. Lee et al., 2014). Importantly, this has led to 

speculation that the differences may be the result of a faster maturing hippocampus in ASD 

which provides compensatory support for other deficits observed in the disorder (Ullman & 

Pullman, 2015).  

 

Default Mode Network 

Importantly, both the mPFC and MTL are essential components of a resting state 

functional network called the Default Mode Network (DMN). Characterized during an awake, 

task-free “resting-state”, the DMN is a functional network classically believed to subserve 

processes involved in introspective and prospective thought (Raichle, 2015). The network 

comprises the mPFC and the posterior cingulate cortex (PCC), referred to as the midline core, as 

well as lateral and medial components including the medial temporal lobe structures of the 

hippocampus and parahippocampus. Functions ascribed to this network include knowledge of the 

self (Gusnard et al., 2001), prospective thought (Schacter et al., 2007), autobiographical memory 

(Spreng et al., 2009), and theory of mind (Spreng et al., 2009). Subnetworks within the DMN 

have been characterized, comprising separate MTL and dorsomedial prefrontal cortex (dmPFC) 

subsystems (Andrews-Hanna et al., 2010). Using 11 standard DMN seeds in healthy adults, 

Andrews-Hanna (2010) found evidence of two separate systems that interacted with the midline 

core at rest. A dmPFC subsystem comprising areas including the dMPFC and temporal pole 

showed preferential activity during thoughts directed toward present, personal states. The MTL 
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subsystem, comprised of areas including the hippocampus, parahippocampus and mPFC, was 

preferentially active for thoughts focused on future, personal states (Andrews-Hanna et al., 

2010). This subsystem was more prominent when the task required them to engage in thought 

focused on imagining what they would be doing at a later time point – a task that requires both 

prospective thought and theory of mind (Schacter et al., 2007), two known deficits in ASD 

(Happé & Frith, 2006; Spreng et al., 2009). 

In individuals with ASD, however, functions of the DMN are known to be significantly 

impaired and midline components of the DMN are underconnected. Children with ASD show 

broad impairment in functions associated with the DMN including autobiographical and source 

memory (Bruck et al., 2007; Crane & Goddard, 2008) which rely on the hippocampus (Cavanna 

& Trimble, 2006; Spreng et al., 2009). They also exhibit impairment engaging in prospective 

thought (Spreng et al., 2009) a function ascribed to the MTL subsystem described above. 

Additionally, theory of mind is a hallmark symptom of ASD and is believed to be a major 

component in some of the social deficits seen in the disorder (Yirmiya et al., 1998). This fact has 

spurred work examining connectivity within the DMN. Autistic children and adults show weaker 

functional connectivity between nodes making up the midline core (PCC and mPFC) of the 

DMN (Assaf et al., 2010; Doyle-Thomas et al., 2015; Eilam-Stock et al., 2014; Jann et al., 2015; 

Jung et al., 2014; Kennedy & Courchesne, 2008; Lynch et al., 2013; Monk et al., 2009; von dem 

Hagen et al., 2013; Weng et al., 2010; Wiggins et al., 2011; Yerys et al., 2015). Prefrontal 

regions, especially the anterior cingulate, also show consistently diminished white-matter tracts 

and structure connectivity in ASD (Ameis & Catani, 2015; Rane et al., 2015). Only one study 

has focused on the relationship of the hippocampus with the rest of the DMN (Monk et al., 
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2009). This study reported PCC-mPFC underconnectivity consistent with previous findings, but 

also HPC-PCC overconnectivity relative to TD. Importantly, these two differences were both 

correlated with symptom severity (Monk et al., 2009). These sets of findings motivate my 

perspective that the same broad dysregulation within the DMN associated with these symptoms 

are also creating a circumstance that impairs autistic children’s ability to build and subsequently 

utilize schemas.  

 

Goals 

These lines of research culminate in the hypothesis that children with ASD exhibit 

atypical utilization of the hippocampus that results in impairments in the formation and 

subsequent use of schemas because the hippocampus is significantly underconnected to the 

mPFC. While TD individuals use schemas to generalize and then apply learned knowledge to 

novel events, this ability appears to be impaired in ASD. The process of building and using 

schemas requires coordination between a number of brain areas that have been implicated in 

ASD pathology. The hippocampus has shown early enlargement in children diagnosed with ASD 

and there is diminished structural connectivity in prefrontal regions. A number of core 

impairments in the disorder, including theory of mind and prospective thought, rely on the 

functional connections within the DMN such as the hippocampus and mPFC. It has been 

theorized by previous studies that these dysfunctions are due to the fact that autistic children 

show markedly different patterns of connectivity within the DMN. Uniting these varied areas of 

research, I suggest a perspective that ties these finds into a single, cohesive perspective. Broad 

dysregulation of the DMN within ASD results in a pronounced difficulty in the building and use 
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of schemas which then results in the manifestation of core behavioral deficits in the disorder. It is 

possible that an inability to use broad schema representations results in an impairment in 

building flexible social schemas capable of adapting explicitly learned social behaviors into 

novel situations. Therefore, it is difficult for these children to transfer social skills from one 

classroom to another or from one social partner to another. Additionally, an inability to build 

flexible and adaptable systems may result in inflexible and rigid behaviors, and into repetitive 

behavioral routines, restricted interests, and executive function deficits in behavioral flexibility. 

Thus, a schema memory impairment may have pervasive effects uniting the seemingly disparate 

social and non-social symptoms of ASD. These hypotheses result in two primary dissertation 

goals to first characterize the neural correlates of schema use in children with ASD and then to 

assess differences in hippocampal functional connectivity in children with ASD. 

 

Study 1: Neural Correlates of Schema-Dependent Memory  

  The first study for this dissertation tested the hypotheses regarding differences in neural 

correlates of schema-dependent memory at time of encoding in children with and without ASD. 

It also tested the hypothesis that atypical recruitment of the mPFC and hippocampus during 

schema encoding would be associated with greater impairment in behavioral flexibility. 

Although a neural model of schema use has been clearly delineated in healthy adults (Brod et al., 

2017; Tse et al., 2007; van Kesteren et al., 2013), there is only one previous study in children 

that was performed only with TD children and without schema ambiguous trials (Brod & Shing, 

2019). Using the same stimuli and similar task structure to van Kesteren (2013), we first 

endeavored to replicate adult findings that exhibit a liner relationship between schema 
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congruency and both increased mPFC and decreased MTL engagement. There is still a paucity 

of research on schema-dependent activations in childhood, and in particular, how similar TD 

children are to adults in the encoding of schema ambiguous trials that are less clear and thus 

more taxing to assess. Second, given evidence suggesting children with ASD have significant 

difficulties generalizing knowledge (Reagon & Higbee, 2009; Woods & Poulson, 2006), we 

tested whether children with ASD would exhibit broad schema insensitivity in both the mPFC 

and MTL. Significant findings from these analyses would be the first important link to explore 

possible mechanistic explanations in the apparent impairments in flexible generalization of 

knowledge in ASD. The results would have significant implications on many treatment 

approaches that focus on explicit teaching of rote rules with the assumption that children with 

ASD could easily generalize them to new situations. Finally, we explored the purported but 

heretofore uninvestigated relationship between behavioral flexibility and schema use by using 

the Flexibility Scale (Strang et al., 2017) to assess if greater schema-driven activations were 

associated with better behavioral flexibility. It has been posited that schema and flexible 

behavior are invariably linked (Ghosh & Gilboa, 2014; Sekeres et al., 2018), but the relationship 

has never been directly assessed. Significant findings would be the first empirically shown link 

between these two concepts. 

 

Study 2: Hippocampal Functional Connectivity in Autism Spectrum Disorder 

  The second study for this dissertation tested the hypothesis that children with ASD 

exhibit disruptions in hippocampal connectivity relative to TD children. Although prior research 

has consistently exhibited that there are broad disruptions in the DMN, especially in the midline 
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core, and that disruptions are associated with symptom severity, there has not been a systematic 

evaluation of the connectivity of the hippocampus either within or outside of the DMN. This 

project endeavored to correct that by assessing differences in hippocampal connectivity using a 

large-scale, public database of resting state fMRI data. Utilizing a large database that is capable 

of conducting a split-half, discovery-replication approach, hippocampal connectivity was 

assessed utilizing separate seeds for the functionally distinct anterior and posterior sections 

(Frank et al., 2019; Guo & Yang, 2020; Strange et al., 2014). While the first project of this 

dissertation attempts to address one function related to the hippocampus and its connectivity to 

the mPFC, this project attempts to capitalize on a possible mechanistic explanation for deficits. 

Schema-dependent encoding differences necessitate the connectivity between the two regions of 

interest (Brod et al., 2017; van Kesteren, Fernández, et al., 2010), thus one explanation for the 

absence of schema-sensitivity in autism may rely on aberrant connectivity between the regions. 

Significant findings would have significant implications both for how flexible knowledge 

representations are not appropriately constructed and/or utilized in ASD, but more broadly 

further broadens the picture is what of known of wider DMN disruptions in ASD. Secondly, we 

attempted to test the hypothesis that executive functioning plays a significant role in functional 

connectivity differences, such that greater impairment in executive functioning is associated with 

broader disruptions in connectivity. These findings would directly help inform patterns of 

behavioral and cognitive rigidity and its relation to neurobiological differences between 

individuals with and without ASD. 

  These two projects attempt to extend upon what is known in brain-based differences in 

the structure and function of the hippocampus and mPFC in children with ASD and tie it to real-
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world expression of everyday impairments. Through task-based and resting-state fMRI, these 

two projects aim to characterize how flexibility impairments are directly linked to aberrations in 

the recruitment and functional connectivity of the hippocampus. 
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CHAPTER II: NEURAL CORRELATES OF SCHEMA-DEPENDENT MEMORY IN 

TYPICAL DEVELOPMENT AND AUTISMa  

 

Introduction 

Integration of new experiences into prior knowledge serves to facilitate memory and 

promote flexible behavior in everyday life. One example of such integration is represented by 

schemas, which are conceptual knowledge frameworks formed from extracting common 

elements shared across similar experiences. Schemas scaffold the acquisition of new knowledge 

and promote flexible adaptation to the environment by enabling generalization to new 

experiences (Schlichting & Preston, 2015; Spalding et al., 2018; Zeithamova et al., 2012). 

Studies in adults show that information that is congruent with schemas is recognized and recalled 

better (Bartlett, 1932; Bransford & Johnson, 1972; van Kesteren et al., 2012), and faster (Packard 

et al., 2017) than incongruent information. Further, typically developing (TD) children as young 

as 3-5 years old exhibit better recall for events consistent with schemas for autobiographical 

information (e.g., pediatrician visits, Bender et al., 1996; Ornstein et al., 2006), social and 

academic knowledge (Elischberger, 2005), and gender stereotypes (Bauer, 1993; Welch-ross & 

Schmidt, 1996). Children also exhibit greater false recollection for schema-congruent events 

(Hudson, 1990; Myles-Worsley et al., 1986). Thus, the formation and use of schemas starts early 

in development and is posited to aid in flexible adaptation to the environment (Ghosh & Gilboa, 

2014; Zeithamova et al., 2012, 2019). However, whether schema-based memory is associated 

with behavioral flexibility remains untested. 

                                                 
a This chapter comprises my preprint manuscript of Study 1 that has been submitted for publication to Journal of 

Neurodevelopmental Disorders and is reproduced here in its entirety 
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Here we investigate the association between schema-based memory and behavioral 

flexibility by capitalizing on autism spectrum disorder (ASD), a neurodevelopmental condition 

that is marked by behavioral inflexibility. Symptoms include impairments in social interaction 

and communication as well as repetitive and rigid engagement in restricted sets of behaviors and 

interests (American Psychiatric Association, 2013). Children with ASD prefer strict adherence to 

schedules and routines (Lai et al., 2014) and have greater difficulty switching between tasks 

(Poljac et al., 2017; Yerys et al., 2009). Moreover, behavioral inflexibility is associated with the 

two defining symptom domains of ASD, social interaction (Geurts et al., 2009) and restricted 

and repetitive behaviors (Leung & Zakzanis, 2014; Lopez et al., 2005), and also predicts socially 

adaptive outcomes (Bertollo et al., 2020; Pugliese et al., 2015, 2016), although the direct link 

between cognitive and behavioral flexibility remains tentative (Geurts et al., 2009). Behavioral 

studies in adults and children with ASD suggest a lack of reliance on schemas during memory 

performance across a wide range of contexts. While overall memory performance did not differ 

relative to TD, individuals with ASD remembered schema-congruent and incongruent elements 

equally on tests of word recall (Gaigg et al., 2015), narrative cued recall (Loth et al., 2011), and 

recognition of scene elements (Gaigg et al., 2015; Loth et al., 2008, 2011; Molesworth et al., 

2008). Further, difficulties with prototype formation (Klinger & Dawson, 2001) and 

generalization of category knowledge (Froehlich et al., 2012) also suggest problems with 

schematic processing in ASD. Whether atypical schema-based memory and behavioral 

inflexibility observed in ASD are associated is unknown. 

The neural basis of schema use has been sufficiently delineated in studies with adults, 

which provides a basis to formulate testable hypotheses in TD and in ASD. Studies with TD 
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adults indicate that schema-dependent encoding relies on the reciprocal relationship between the 

medial prefrontal cortex (mPFC) and medial temporal lobe (MTL) (Tse et al., 2007; van 

Kesteren, Rijpkema, et al., 2010). Arbitrary associations between stimuli that are not congruent 

with pre-existing schema knowledge are primarily encoded in the hippocampus, whereas the 

encoding of greater schema-congruency relies on recruitment of the mPFC (Z.-X. Liu et al., 

2016; Spalding et al., 2015; van Kesteren et al., 2012). This mPFC-MTL gradient of schema-

congruency was characterized by van Kesteren et al. (2013) using a subsequent memory 

paradigm for scene-object pairings that were schema-congruent, -intermediate, and -incongruent. 

Specifically, mPFC and MTL traded off during encoding of subsequently remembered pairings, 

such that mPFC was engaged for congruent pairs while MTL was engaged for incongruent pairs; 

further, stronger functional connectivity between the two regions supported encoding of schema-

congruency. Further work has suggested a posterior to anterior specificity axis within the MTL 

(Guo & Yang, 2020; Robin & Moscovitch, 2017; Sekeres et al., 2018), with posterior 

hippocampus binding highly detailed and event-specific representations which progressively 

transition to gist representations anteriorly as a function of experience-based generalization 

(Breveglieri et al., 2013). Together, this work highlights the importance of MTL regions and 

mPFC in representing specific and schematic knowledge, respectively.  

Two studies of typical development suggest that mPFC also supports immature schema-

based memory. First, during retrieval of newly learned schemas (e.g., artificial animal 

categories), 8-12 year old children engaged the mPFC, but to a lesser extent than adults (Brod et 

al., 2017). MTL activation, however, did not differ between groups. Second, during encoding of 

subsequently remembered object-scene pairs, participants aged 6-7, 18-22, and 67-74 years 
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engaged the mPFC to a greater extent for schema-congruent than incongruent pairs (Brod & 

Shing, 2019); this study did not include children between 7-18 years or pairs with an 

intermediate level of schema-congruence. Nevertheless, it appears that similar to adults, mPFC 

supports schema-based memory formation in typical development.  

  The present study was motivated by three goals. First, we aimed to replicate in TD 

children the mPFC-MTL gradient supporting episodic memory formation varying in schema-

congruency, as was observed in adults by van Kesteren et al. (2013). Using their stimuli and 

similar study design, we hypothesized selective recruitment of the mPFC and MTL based on 

schema congruency of subsequently remembered object-scene image pairs, as classified by 

children’s subjective ratings of congruency with schematic knowledge (incongruent, 

intermediate, and congruent). Our study fills the gaps left by Brod and Shing’s (2019) study, 

such as the inclusion of 8-15 year-old children, pairs of intermediate congruency, and subjective 

rather than canonical congruency classification during encoding. In light of the reviewed 

findings, we predicted that schema-congruency would facilitate object and associative 

recognition memory and engage mPFC whereas schema-incongruency would engage MTL. 

Second, we aimed to examine the neural correlates of schema-based episodic memory in children 

with ASD. Since past studies reported no advantage of schema-congruency in memory 

facilitation, we predicted that children with ASD would demonstrate neither schema-related 

memory facilitation nor schema-dependent brain activation. Third, we aimed to assess the 

putative relationship between schema-based memory and behavioral flexibility. Theoretical 

models reviewed earlier suggest that integrative memory processing serves adaptation to novel 

events, and thus, promotes flexible behavior. Such flexibility is impaired in autistic children to 
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varying degrees, which can be measured by parental reports of their everyday behavior on 

questionnaires such as the Flexibility Scale (Strang et al., 2017). The Flexibility Scale was 

designed to tap behavioral and social flexibility specifically in ASD, and therefore, it has limited 

sensitivity in TD children. Thus, we predicted that schema-based memory and mPFC 

engagement would by higher for more flexible children with ASD. 

 

Methods 

Participants 

Nineteen TD children and 12 children diagnosed with ASD ranging in age from 8-15 

years old (Table 1) participated in the study, complying with consenting guidelines for both 

Georgetown University and Children’s National Health System’s Institutional Review Boards. 

Two additional ASD and one TD child were recruited and excluded for performance and head 

motion reasons (see data processing). The TD children were recruited from the greater 

Washington, DC community and institutional research databases. The children with ASD were 

recruited through the Center for Autism Spectrum Disorders (CASD) at Children’s National 

Hospital in Washington, DC. 

 ASD diagnosis was established by expert clinical evaluation (CASD staff) using 

Diagnostic and Statistical Manual of Mental Disorders Fifth Edition (DSM-5) criteria (American 

Psychiatric Association, 2013) and confirmed through completion of an Autism Diagnostic 

Observation Schedule (ADOS) (Lord et al., 2000) and/or Autism Diagnostic Interview - Revised 

(ADI-R) (Lord et al., 1994) using the criteria from the NICHD/NIDCD Collaborative Programs 

for Excellence in Autism (Lainhart et al., 2006). Mean scores are presented in Table 1. 
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Exclusion criteria were (1) Full-Scale IQ estimate below 80 as measured by the Wechsler 

Abbreviated Scale of Intelligence (WASI) (Wechsler, 2011); (2) Diagnosis of a neurological 

disorder or condition (e.g. epilepsy) by parent report; (3) Psychiatric diagnoses for TD children 

based on parental report on the Child and Adolescent Symptom Inventory (CASI) (Lavigne et 

al., 2009); (4) Contraindications for MRI compliance including the presence of metal implants or 

pregnancy. Additionally, participants with ASD taking stimulant medication (n = 3) withheld 

medication for the 24 hours prior to participating and 2 additional ASD participants were taking 

antidepressant medication which was not withdrawn during participation. All remaining children 

were not medicated. 

 

Behavioral Assessments  

Parents completed a demographic questionnaire, the CASI for assessing psychopathology 

exclusion criteria in TD, the Behavior Rating Inventory of Executive Function (BRIEF) (Gioia et 

al., 2000), which provides three indices, Behavioral Regulation (BRI) a measure of impairment 

in regulating emotion, response inhibition, and flexibility, Metacognition (MI) a measure of 

impairment in working memory, planning and organizing, and actively self-monitoring, as well 

as the total score, and the Global Executive Composite (GEC) a measure of overall executive 

function utilizing all subscales. Parents also completed the Flexibility Scale (Strang et al., 2017), 

a non-normed 50 item questionnaire designed to assess clinically significant levels of behavioral 

inflexibility in real world settings, including subscales for routines/rituals, transitions/change, 

special interests, social flexibility, and generativity as well as a total score as a global measure of 

flexibility problems. This total raw score from this scale was used for correlating with 
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subsequent brain activation, rather than indices from the BRIEF because it was designed 

specifically to assess variability in behavioral flexibility in children with ASD. All children were 

administered the Vocabulary and Matrix Reasoning subtests from the WASI to obtain an 

estimate of IQ (Wechsler, 2011). 

 

Associative Memory Task 

fMRI was performed during the encoding phase of the associative memory task adapted 

from van Kesteren et al. (2013), using 146 of the original 185 object-scene image pairs selected 

for cultural and age appropriateness (Figure 1A) which were then randomized into A or B 

versions of the task. Both versions utilized the same images of objects and of scenes, but the 

pairings differed such that an object paired with one scene in version A was paired with a 

different scene in version B, yielding two pairing orders. Following randomization, the A version 

contained 1 fewer congruent trial than intermediate or incongruent (48, 49, and 49 respectively) 

while version B contained one fewer incongruent than congruent or intermediate trial based on 

adult ratings of the pairs. The location of the object on screen was randomized for each task 

version at creation with the object appearing as the right image during half of the trials and the 

left image for half. 

 The stimuli were presented in E-Prime (Psychological Software Tools, Inc, PA) both 

inside and outside the scanner. Children first completed a practice block on a laptop outside the 

scanner consisting of 8 image pairs that were not repeated during the in-scanner task. During 

encoding, participants were presented with object-scene pairs and instructed to choose how well 

the two images go together from (1) Does not go together (representing schema-incongruence), 
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(2) Kind of goes together (representing intermediate schema-congruence) and (3) Goes together 

very well (representing schema-congruence) (see Figure 1A). Three encoding runs were 

administered, each including 48/49 image pairs and lasting 5:50/6:10 minutes, respectively, with 

exposure duration of 2 seconds and 4-10 second jittered inter-trial intervals. Responses were 

collected on a button box held in their dominant hand (5 left, 26 right). After a 20 min delay, 

object recognition (Figure 1B) and scene association (Figure 1C) were tested on a laptop outside 

the scanner, for the 146 encoded pairs in addition to 52 novel pairs. Each trial began with the 

presentation of an object and required a response of old (the object was seen at encoding) or new 

(not previously seen). If a participant decided the object was old, they were asked to choose 

which one of three scenes was associated with the object at encoding (presented alongside it). If 

the participant decided an object was new, however, participants were not prompted to identify 

the association, even if the object was old, and instead advanced to the next trial.  

 

Imaging Parameters 

 Imaging was performed on a 3T Trio Siemens scanner (Erlangen, Germany) at 

Georgetown University. High resolution T1-weighted structural scans (MPRAGE) were acquired 

before each of the three trial blocks, lasting 4:18. MPRAGE scans were collected with the 

parameters of TE/TR=2.52ms/1900ms, TI=900ms, 9-degree flip angle, 1 slab, 1mm2 voxels, 176 

sagittal slices with a 1.0mm thickness, FOV=256x256mm2. Each MPRAGE scan was used to 

align the subsequent functional acquisition to the orientation of the hippocampus to maximize 

coverage and signal of the MTL. Functional acquisition included a T2*-sensitive gradient echo 

pulse sequence with the parameters of TE/TR=30ms/2000ms, 90-degree flip angle, 3mm2 voxels, 
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51 interleaved transverse ascending slices (width = 2.5mm, gap width = 0.5mm, effective width 

= 3mm).  

 

 

 

 

 

 

 

fMRI Processing 

Figure 2.1 Associative Memory Task 

Encoding task performed by participants. (A) Participants viewed object-

scene pairs in the scanner for 2s with 4-10s fixations, making a 1-3 

discrimination of how well the two go together. After a 20 minute delay, 

participants completed a recognition task requiring that they (B) first identify 

if a presented object was new or old and then (B) which scene was paired 

with the object during the in-scanner encoding.  
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Functional images were analyzed using SPM12 (Wellcome Department of Cognitive 

Neurology, London, UK) with Matlab 2018a (Mathworks, 2018). Preprocessing of the data 

excluded the first 3 TRs for signal stabilization from each of the three runs, which were 

subsequently concatenated for further processing. The preprocessing pipeline included slice-time 

correction, motion correction, co-registration to each participant’s MPRAGE, warping to the 

MNI template, and smoothing with an 8mm FWHM Gaussian kernel. Responses were modeled 

using the temporal derivative and time dispersion alongside the canonical hemodynamic 

response function. Each function was modeled for six conditions defined at the first level 

analyses by each of the three levels of Congruency separately for subsequently remembered 

(Hits) and forgotten (Miss) image pairs yielding 6 condition regressors (congruent Hit, congruent 

Miss, intermediate Hit, intermediate Miss, incongruent Hit, and incongruent Miss) as well as 10 

regressors of no interest: 6 regressors for head motion, 1 to flag and de-weight volumes where 

total scan-to-scan head motion exceeded 1.5mm (half voxel) and 3 regressors for run number to 

control for the concatenation. Level of Congruency was classified on an individual basis, using 

the participant’s ratings at encoding. “Hits” were defined as trials for which the participant 

accurately identified both the object and its associated scene at recognition, whereas “miss” 

items were those where either the object or associated scene were not recognized. Contrasts of 

interest included Hit > Miss for each of the three levels of Congruency yielding 3 contrasts (e.g. 

congruent Hit > congruent Miss, intermediate Hit > intermediate Miss, and incongruent Hit > 

incongruent Miss). Excluded subjects included two participants (1 TD and 1 ASD) without any 

misses in one or more Congruency condition and another (ASD) for exceeding motion criteria of 

>15% of volumes exceeding a ½ voxel (1.5mm) scan-to-scan head movement. The final samples 
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did not differ in either average framewise displacement (ASD = 0.30mm; SD = 0.15 TD= 

0.28mm; SD = 0.22, p = 0.371) or in the average number of >1.5 mm volumes (out of 152 total, 

ASD = 9.08; SD = 12.43, TD = 14.58; SD = 21.02, p = 0.210). 

 

Results 

Behavioral Results 

Demographic and executive function assessment 

 TD children and those with ASD did not differ on gender composition, age, IQ, or years 

of maternal education, used as a proxy for socioeconomic status, ps > 0.178 (Table 1). Parents 

rated children with ASD significantly higher than TD children on BRIEF composite index 

scores, the BRI t(30) = 2.19 , d = 0.838, p = 0.043, and the MI t(30) = 4.487, d = 1.663, p < 

0.001, GEC t(30) = 4.467, d = 1.621, p < 0.001. Similarly, the ASD group scored significantly 

higher on the Flexibility Scale total raw score relative to TD children (t(30) = 4.173, d = 1.663, p 

= 0.001), indicating greater difficulty with flexible behavior; this scale is not normed.  
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TABLE 2.1 ASSOCIATIVE MEMORY STUDY DEMOGRAPHIC 

CHARACTERISTICS  

 TD ASD 

Gender (Female) 19 (5) 12 (3) 

Age 11.77 (2.51) 13.18 (1.73) 

IQ 122.85 (12.86) 114.17 (13.19) 

Maternal Ed 18.21 (3.29) 16.50 (3.45) 

Flexibility Scale* 17.74 (13.36) 61.67 (34.89) 

BRIEF MI* 50.38 (25.42) 77.50 (37.67) 

BRIEF BRI* 45.58 (14.86) 70.92 (15.59) 

BRIEF GEC* 45.01 (16.41) 70.00 (14.23) 

ADI-R Soc - 20.33 (5.48) 

ADI-R Comm - 14.44 (5.99) 

ADI-R RRB - 4.44 (2.79) 

Table includes only participants included in the final analyses 

Group differences tested with T-tests or Chi-square test  

*Differences where p > 0.05  

Typical Developing (TD), Autism Spectrum Disorder (ASD), Behavior Rating 

Inventory of Executive Function (BRIEF), Metacognition Index T-Score (MI), 

Behavioral Regulation Index T-Score (BRI), Autism Diagnostic Interview - 

Revised (ADI-R) Social (Soc) Communication (Comm) & Repetitive & 

Repetitive Behaviors (RRB) 

 

Associative Memory Encoding Performance 

Three measures of encoding task performance were analyzed using R (R Core Team, 

2019): Congruency rating, or the percent of object-scene pairs subjectively rated as congruent 

(“Goes together very well”), intermediate (“Kind of goes together”), and incongruent (“Does not 

go together”), rating response time, and an item analysis of Congruency rating across 

participants for intra- and intergroup rating consistency. 

First, group differences in the percent of stimuli pairs rated at each Congruency level 

were assessed with a Group (ASD, TD) X Congruency (congruent, intermediate, incongruent) 

mixed Analysis of Variance (ANOVA) with Group as a between subjects factor and Congruency 
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as a within subjects factor. There was a significant main effect of Congruency, F(2,57) = 12.80, 

ηp
2 = 0.31, p < 0.001, such that more pairs were rated as incongruent than intermediate t(30) = 

9.24, p < 0.001, or congruent, t(30) = 14.00, p < 0.001, and more pairs were rated as intermediate 

than congruent, t(30) = 4.33, p < 0.001 (Figure 2A). Importantly, the main effect of Group and 

its interaction with Congruency were not significant (ps > 0.810), indicating that the proportions 

of each rating did not differ between ASD and TD children. 

Second, group differences in mean rating response time were assessed at encoding with a 

Group X Congruency ANOVA as performed above. There was a main effect of Congruency, 

F(2,57) = 3.39, ηp
2 = 0.11, p = 0.04, with significantly slower response times for intermediate 

pairs than either congruent, t(30) = 8.13, p <0.001, or incongruent, t(30)=7.24, p < 0.001 – which 

were not significantly different from each other, p > 0.090, (Figure 2.2B). Neither the main effect 

of Group nor its interaction with Congruency were significant, indicating that response latency 

for the three levels of Congruency did not differ between ASD and TD children.  

Third, we assessed agreement of stimuli pair ratings across children both within the TD 

and ASD groups as well as between them. Spearman rank-order correlations were computed 

between each participant’s ratings (1, 2, or 3 corresponding to incongruent, intermediate, and 

congruent, respectively) across the 146 stimuli pairs and the ratings of every other participant 

(see Supporting Information (SI) Figure 2.1 for correlation matrix). Next, t-tests compared the 

mean rho values between and across groups – the within group mean correlation for the ASD 

group (mean ρ = 0.55, SD = 0.15) did not differ from that for the TD group (mean ρ = 0.58, SD = 

0.11), p = 0.376, indicating that the level of agreement of congruency rating among children in 

each group, was similar for TD and ASD groups. Further, the mean within-group correlation 
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(ASD-ASD and TD-TD, mean ρ = 0.56, SD = 0.15) did not differ from the mean correlation 

across groups (ASD-TD, mean ρ = 0.52, SD = 0.12), p = 0.191, further indicating that items 

were rated similarly by participants. The 0.52-0.58 range of rho values, however, indicate 

moderate agreement among TD children as well as among children with ASD, suggesting 

relatively weak schematic knowledge of real-world objects and their context, regardless of 

diagnostic status, relative to the typical adults the task has been used with in the past.  

In sum, performance on the encoding task did not differ between ASD and TD groups in 

the distribution of stimuli pairs by congruency, rating latency, and agreement in subjective rating 

across stimuli pairs. Overall, despite selecting stimuli pairs balanced for adult ratings of 

congruency, children in both groups rated more stimuli pairs as incongruent than congruent, with 

intermediate pairs in-between, which had the longest rating latencies. Further, agreement among 

children in each group in the level of schema-congruency of stimuli pairs was moderate.  

 

Recognition Memory Performance 

Out of scanner memory performance included recognition of objects encoded during 

scanning and their associated scene. First for object recognition, percent balanced accuracy for 

each level of congruency was calculated by averaging the percent object hits and percent correct 

rejections for lure objects. Balanced accuracy was utilized to correct for the significant 

imbalance in congruency rating distribution, with over 50% of stimuli pairs rated as incongruent 

rather than intermediate or congruent. Second, for correctly recognized old objects the percent of 

correctly recognized scene associations was calculated as association hits.  



27 

 

A Group (ASD, TD) X Congruency (congruent, intermediate, incongruent) ANOVA for 

percent balanced accuracy yielded a significant main effect for congruency F(2,57) = 4.84, ηp
2 = 

0.15, p = 0.010, such that children exhibited better recognition accuracy for objects in congruent 

than in incongruent t(59) = 3.09, p = 0.003 pairs, with no difference relative to intermediate, ps > 

0.231. The main effect of group reached trend level significance, F(2,57) = 3.72, ηp
2 = 0.12, p = 

0.057, such that TD children exhibited better object recognition than ASD children (Figure 

2.2C). The Group X Congruency interaction did not reach significance, p = 0.700. 

A Group X Congruency ANOVA for association hits revealed a significant main effect 

for Congruency, F(2,87) = 29.69, ηp
2 = 0.405, p < 0.001, with children exhibiting better 

recognition for congruent scenes than intermediate t(30) = 2.55, p = 0.013, and incongruent t(30) 

= 6.73, p < 0.001 , as well as better recognition for intermediate than incongruent t(30) = 4.93, p 

< 0.001. Further, there was neither a significant main effect for Group nor an interaction with 

Congruency (ps > 0.12), indicating that the percent of overall association recognition and 

differences by congruency were similar between groups (Figure 2.2D). 
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Figure 2.2 Behavioral Performance 

(A) At encoding, participants rated significantly more images as incongruent than 

intermediate or congruent, and more intermediate than congruent. There was no 

difference, however, between the two groups or interaction with their ratings. (B) 

Response time for intermediate pairs was significantly slower than incongruent or 

congruent, without any group differences. (C) There were no significant differences in 

object recognition due to either Congruency or group (D) The participants remembered 

significantly more congruent scenes than intermediate or incongruent, and more 

Intermediate than incongruent. 
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In sum, as predicted, TD children exhibited enhanced memory for both objects and 

associated scenes that were congruent with schemas than incongruent. Contrary to prediction of 

deficits, ASD children also demonstrated schema-sensitivity memory facilitation, although a 

marginally significant group difference suggested lower object memory in children with ASD.  

 

Imaging Results 

 The analytic approach for the imaging data was delineated into two stages. First, voxel-

wise analyses for schema-sensitive activations associated with subsequently remembered object-

scene pairs were performed in anatomical masks for the mPFC and MTL for testing hypotheses 

and in the whole brain for exploratory purposes. Second, voxel-wise analyses were performed 

assessing the interaction of Flexibility Scale raw scores with Congruency to test the hypothesis 

about the relationship between behavioral flexibility and schema-based memory formation in 

mPFC and subsequently in an exploratory whole brain analysis. 

 

Imaging – Schema Evoked  

Three anatomical masks were defined using the AAL atlas (Tzourio-Mazoyer et al., 

2002), the left and right MTL which included the hippocampus and parahippocampus, and the 

mPFC which encompassed bilateral anterior cingulate gyrus, gyrus rectus, and frontal medial 

orbital gyrus. For each mask as well as in the whole brain, one-way ANOVAs were performed to 

identify voxels differing by Congruency (congruent, intermediate, incongruent) for the 

Associative Hits > Miss contrast, separately for each group with GLM Flex Fast2 

(http://mrtools.mgh.harvard.edu/). To control for multiple comparisons, 3dclustersim was used 
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for each mask to determine significant cluster size at p < 0.05 for the MTL (2-sided, nearest 

neighbor 2; p = 0.001; k = 9) and the mPFC (2-sided, nearest neighbor 2; p = 0.005; k = 47) 

masks, and for the whole brain (2-sided, nearest neighbor 2; p = 0.005; k = 159). Groups were 

directly compared with Group X Congruency ANOVAs in each mask and the whole brain.  

First, results in TD children showed a significant cluster sensitive to Congruency (Figure 

2.3A) in the mPFC, specifically within the pregenual anterior cingulate (k = 207, peak = -3, 48, 

0) spanning BA10/11/32. The left MTL also exhibited a significant cluster (Figure 2.3B) 

sensitive to congruency within the anterior hippocampus (k = 10, peak = -15, -6, -27) spanning 

both the hippocampus and parahippocampus. No significant clusters were observed within the 

right MTL mask. These results were also observed when the ANOVAs were repeated to control 

for age, gender, and performance differences likely to influence activation, such as number of 

remembered pairs and reaction time at encoding (see SI for full details).  

Second, in order to determine whether mPFC and MTL traded off by congruency 

condition, they were directly compared by extracting the contrast estimates for each TD 

participant from the two observed clusters and submitting to a region of interest (ROI: mPFC, 

left MTL) X Congruency (congruent, intermediate, incongruent) repeated measures ANOVA. 

While main effects were not significant (ps > 0.406), a ROI X Congruency interaction F(2,57) = 

15.9, ηp
2 = 0.36, p <0.001 was observed (Figure 2.3C), such that mPFC activation was higher 

during encoding of intermediate pairs relative to congruent pairs t(30) = 4.30, p < 0.001 whereas 

left MTL activation showed the reverse, higher during encoding of congruent pairs relative to 

intermediate pairs t(30) = 3.37, p = 0.001; incongruent pairs did not differ significantly from 

congruent pairs for either region (p = 0.254). At each level of congruency, the two regions 
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differed significantly for congruent pairs (left MTL > mPFC), t(30) = 3.17, p = 0.002, and for 

intermediate pairs (mPFC > left MTL), t(30) = 4.87, p < 0.001, but not for incongruent pairs (p = 

0.117). Additionally, we determined whether the observed trade off by congruency between the 

two regions was present at the individual level. A significant correlation was found between 

activation in the mPFC for intermediate pairs and the MTL for congruent pairs (r = 0.386, p 

=0.003) (Figure 2.3D).  
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Figure 2.3 Schema-dependent activation in TD children 

(A) TD children exhibited a cluster sensitive to schema-congruency in the mPFC and (B) 

left MTL. (C) Congruency X ROI interaction indicating a trade-off by congruency such 

that memory for intermediate pairs was supported by mPFC (dark bar) and congruent 

pairs by MTL. (D) Trade-off showing MTL activations in Congruent trials correlated 

with mPFC activations for Intermediate trials indicating the degree of mPFC engagement 

is related to MTL engagement. 
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Third, in the ASD group, no voxels sensitive to congruency reached the corrected level of 

significance in either MTL mask or the mPFC. Similarly, direct comparison of the TD and ASD 

groups with a Group by Congruency ANOVA within each of the three masks yielded no 

significant clusters that survived correction.  

Fourth, whole brain analysis revealed that only one region differed by Congruency in the 

TD group, the same mPFC cluster (k = 207, peak = -3, 48, 0) that was observed with the mask 

limited analysis. Similar to the mask-limited analysis, in children with ASD, no significant 

clusters sensitive to Congruency were found to survive whole-brain correction. Finally, the two-

way ANOVA yielded no significant interaction or main effects for either Group or Congruency. 

In sum, TD children exhibited mPFC and MTL engagement as a function of Congruency, 

preferentially engaging the anterior left MTL during encoding of subsequently remembered 

congruent pairs and the mPFC for intermediate pairs, with no difference for incongruent pairs. 

Further, the mPFC cluster survived whole-brain correction as well. In contrast, children with 

ASD failed to exhibit any significant activation sensitive to schema congruency during encoding 

of subsequently remembered object-scene pairs in either mPFC, MTL, or the whole-brain. 

 

Imaging – Association with Flexibility 

Two analysis were conducted to examine the association between schema-based memory 

encoding and behavioral flexibility. First, in order to test the hypothesis that mPFC engagement 

is associated with behavioral flexibility in children with ASD, a voxel-wise Congruency 

(congruent, intermediate, incongruent) X Flexibility (Total Score continuous variable) ANOVA 

was performed with GLMFlex Fast 2, separately in the mPFC and MTL mask. Secondly, this 
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same ANOVA was also performed in the whole brain to explore additional regions supporting 

congruency-sensitive encoding that vary by flexibility for the children with ASD. Due to the 

design of the Flexibility scale, TD children exhibited a pronounced floor effect that precluded 

enough variability to probe a relationship between activation and behavioral flexibility. 

First, the mPFC mask-based analysis revealed a Congruency X Flexibility interaction in 

one cluster (k = 49, peak =9, 63, 6) anterior to the cluster observed in one-way ANOVA for 

congruency in TD children (Figure 2.4A), while there were no clusters that reached corrected 

threshold within the MTL masks. Within the mPFC cluster, association with individual 

differences in behavioral flexibility varied such that activation during encoding of successfully 

remembered object-scene pairs of intermediate congruency was moderately negative (r = -0.51) 

whereas it was weakly positive for congruent (r = 0.30) and incongruent (r = 0.09) pairs (Figure 

2.4B-D). Therefore, children with ASD who were more flexible in everyday behavior (lower 

Flexibility Total Score) engaged the mPFC more for intermediate pairs, similar to the TD 

children. These results were also observed when the analyses were repeated to control for age, 

gender, and performance differences likely to influence activation, such as number of 

remembered pairs and reaction time at encoding (see SI for full details). 
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Figure 2.4 Schema-dependent activation in ASD varied by behavioral flexibility 

A) Congruency X Flexibility interaction was observed in a cluster in mPFC. Extracted Beta 

values from mPFC cluster showing (B) a mild positive relationship between inflexibility (higher 

score) and activation Congruent, (C) a moderate negative relationship for Intermediate, and (D) 

minimal relationship for Incongruent trials. 
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Second, in whole brain analysis, no clusters showed a Congruency X Flexibility 

interaction at the corrected threshold (p < 0.005, k=159), however, two subthreshold clusters 

were observed in left dorsolateral prefrontal cortex (dlPFC, k =96, peak = -45, 27, 24) spanning 

BA8/9 and an anterior cluster in left rostrolateral prefrontal cortex (rlPFC, k =23, peak = -27, 51, 

-3) spanning BA10/46 (Figure 2.5). Similar to the mPFC cluster reported above, activation 

during encoding intermediate pairs in both regions showed a moderate negative correlation with 

flexibility (dlPFC, r = -0.61; rlPFC, r = -0.50), whereas it was moderately positive for congruent 

(dlPFC, r = 0.56; rlPFC, r = 0.51) and weakly positive for incongruent (dlPFC, r = 0.24; rlPFC, r 

= 0.25) pairs.  

 

Figure 2.5 Flexibility-dependent schema activation in left lateral PFC for children with ASD 

Results from whole-brain, exploratory analysis yielding (A) dlPFC cluster with (B-D) 

flexibility exhibiting minimal to moderate positive relationships between flexibility score and 

activation in Congruent and Incongruent pairs by a moderate negative relationship in 

Intermediate pairs and (E) rlPFC cluster with (F-H) flexibility exhibiting minimal to moderate 

positive relationships between flexibility scorer and activation in Congruent and Incongruent 

pairs by a moderate negative relationship in Intermediate pairs 
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In sum, schema-based encoding of subsequently remembered information was associated 

with behavioral flexibility in ASD. Children with ASD engaged mPFC during encoding of 

object-scene pairs of intermediate congruency similar to TD children, however, the extent of 

engagement was higher in those who exhibited more flexible behavior in everyday life. Further, 

two lateral frontal regions, dlPFC and rlPFC, which were not observed in typical schema 

encoding in TD children, also exhibited a similar association with flexibility, albeit, less reliably.  

  

Discussion 

Our study revealed four main findings regarding the neural correlates of schema-based 

memory formation in late childhood and adolescence and in relation to behavioral flexibility. 

First, as hypothesized from adult reports, schema-congruency facilitated associative memory in 

TD children and distinguished encoding-related activation for subsequently remembered 

associations in mPFC and left anterior MTL. In contrast to adult reports, however, mPFC was 

engaged during encoding of object-scene pairs rated as intermediate relative to those rated as 

congruent, whereas left MTL was engaged during encoding pairs rated as congruent relative to 

those rated as intermediate. Second, in contrast to the hypothesis, associative memory 

performance in children with ASD was facilitated by schema congruency similar to TD children, 

however, they had overall lower object memory. Third, as hypothesized, children with ASD who 

were rated higher by parents on behavioral flexibility engaged mPFC in a manner consistent with 

TD children – greater recruitment during the encoding of subsequently remembered intermediate 

pairs. Fourth, two lateral prefrontal regions, not observed in TD children or previously with TD 
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adults, also showed an association with flexibility in children with ASD in exploratory whole 

brain analysis.  

Our behavioral results shed new light on schema related associative memory in children. 

A unique strength of our design was the examination of schema-congruency effects based on 

subjective ratings, which accommodate idiosyncratic notions of object-scene associations. Rating 

agreement among children in each group was moderate, indicating heterogeneity in schemas of 

real-world objects. Such heterogeneity may be representative of incomplete or weak schema 

formation during a period when schemas are actively under construction with increasing number 

of life experiences. If this reflects developmental immaturity, rating agreement ought to increase 

with age. This prediction was borne out in the TD sample (r = 0.309, p < 0.001), but not in the 

ASD sample (r = 0.060, p = 0.607), perhaps due to sample size constraints or atypical 

developmental trajectories of schema formation in ASD. One disadvantage of subjective 

congruency-classification is that the proportion of pairs classified at each congruency level could 

not be controlled. While the included stimuli-pairs were balanced across congruency levels based 

on adult norms, autistic and TD children classified many more pairs as incongruent relative to 

intermediate or congruent. While this imbalance did not influence memory measurement because 

we calculated balanced object recognition accuracy, the departure from an adult-like distribution 

by congruency suggests immature schematic knowledge, perhaps also resulting from limited 

real-world experience compared to adults.  

Object and association recognition were facilitated by schema-congruency as expected in 

TD children, and unexpectedly, also in autistic children. Previous findings show associative 

memory facilitation by higher congruency with schematic knowledge in both TD children 
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(Bender et al., 1996; Elischberger, 2005; Ornstein et al., 2006) and adults (Packard et al., 2017; 

van Kesteren et al., 2012). The facilitation observed in ASD children was unexpected based on 

prior literature showing diminished or absent schema facilitation in memory performance 

(Bowler et al., 2008; Loth et al., 2011). However, these prior studies rely largely on free recall or 

word recognition and often have encoding-recall delays of an hour or more. This is important 

given that differences in task structure can manipulate the strength of congruency based memory 

facilitation, including our use of recognition rather than free recall and changes in the proportion 

of trials creating an “isolation effect” whereby there is better memory for the lowest proportion 

category (Brod et al., 2013; van Kesteren et al., 2012). As fewer pairs were rated as congruent 

than incongruent, these proportion differences may have boosted memory for congruent pairs on 

our pictorial recognition task. As a result, the design may be particularly strong in drawing out 

schema-based memory facilitation even in a group where it is not typically observed. 

Nevertheless, facilitation of object recognition and associative memory in both autistic and TD 

children suggests sufficient schema development to support memory formation. 

Despite behavioral similarities with adult reports, our imaging findings revealed that 

mPFC and MTL was recruited by different congruency conditions than adults. Specifically, Van 

Kesteren et al (2013) observed a trade-off between mPFC and MTL by congruency, with 

preferential mPFC engagement for congruent and MTL for incongruent pairs. Our TD children 

showed a different pattern of trade-off, with preferential mPFC engagement for intermediate and 

MTL for congruent pairs (Figure 3). Additional analyses verified that the results were not an 

artifact of age or gender distribution or differences in either encoding rating latency or number of 

associative hits trials (see SI). Neural correlates in autistic children were similar to TD children 
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in that mPFC was engaged during encoding of subsequently remembered pairs of intermediate 

congruency, but it depended on degree of behavioral flexibility – children rated as more flexible 

by parents had higher mPFC activation. As with the TD findings, these results held after 

controlling for age, gender, response time, and associative hit trials (see SI). Association with 

behavioral flexibility was not observed for the MTL. Additionally, flexible children with ASD 

also recruited the dlPFC and rlPFC for intermediate pairs, a region not observed in TD children 

or implicated in previous studies with adults. The low scores and small range in TD children 

precluded the ability to test whether the same effect would be observed in TD children. In 

drawing comparison with Van Kesteren et al (2013) study, it is important to note that we used 

the same stimuli but modified the design for suitability to our younger participants. We reduced 

the encoding-recognition delay from one day to twenty minutes, used pictures as recognition 

probes rather than single word descriptions (i.e. re-presenting of the image of a playroom rather 

than just presenting the word ‘Playroom’), and used a three-level congruency scale rather than a 

continuous rating scale. It is unclear whether these design differences led to the observed distinct 

pattern of neural recruitment. A parsimonious interpretation, in light of the adult-like pattern of 

memory performance, is that the observed mPFC and MTL trade-off between intermediate and 

high levels of congruency, represents a developmental difference, with findings from ASD 

providing the first evidence for linkage between schema-encoding and behavioral flexibility. 

Two theoretical frameworks that converge on the relationship between mPFC and MTL 

in representing abstract knowledge are useful for considering the present findings. The Schema 

Linked Interactions between Medial prefrontal and Medial temporal regions (SLIMM) 

framework proposes that reciprocal communication between the mPFC, which represents 
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associative frameworks of knowledge or schemas, and MTL, which represents non-associative 

information, underlies the formation and use of schema knowledge (van Kesteren et al., 2012). 

As schemas are formed and strengthened through reactivation, the mPFC detects schema 

congruent information and inhibits engagement of the MTL. It is hypothesized that the inhibition 

of the MTL prevents interference that can arise from reactivation of numerous past, similar 

representations (Sekeres et al., 2018; van Kesteren et al., 2012). Category learning represents a 

second model that provides a complimentary lens to interpret our findings as category 

knowledge has been posited to be a simple form of schema (Gilboa & Marlatte, 2017; Patterson 

et al., 2007; Renoult et al., 2019). Categories are formed by extracting prototypical information, 

with generalized representations of a category encoded by the mPFC and exemplar-specific 

information encoded by other regions, including the MTL (for review see Zeithamova et al., 

2019). Both schema and prototype knowledge are representations which are extracted from 

elements across experiences and are designed to be flexibly utilized in the accommodation of 

new information (Ghosh et al., 2014; Schlichting & Preston, 2015; Zeithamova & Preston, 

2010).  

Our findings suggest a downward extension of the above frameworks to accommodate 

findings from children that reflect weaker schema representations. Stimuli pairs of intermediate 

congruency had longer classification response times suggesting effortful evaluation. mPFC is 

known to play a role in deliberative cognition in the face of uncertainty (Ridderinkhof, 2004). Its 

engagement for the intermediate (rather than congruent) pairs in children may reflect the 

deliberative evaluation necessary in the face of weakly instantiated schemas. This finding is 

consistent with the hypothesized role of the mPFC as a detector for schema congruency. Less 
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clear, however, is the seemingly opposite pattern of MTL engagement for subsequently 

remembered congruent pairs in children relative to incongruent pairs in adult studies. It is 

important to note that the observed MTL cluster lies anterior to that reported in adults by Van 

Kesteren et al (2013), with no overlap. The anterior MTL is associated with gist representations 

in adults (Brunec et al., 2018; Gilboa & Marlatte, 2017), which are context-associative 

representations that provide the basis for schema development (Sekeres et al., 2018). Thus, 

developing brains may lack sufficient inhibition from the mPFC to MTL, and as predicted by 

SLIMM, the observed anterior MTL response likely represents reactivated gist representations 

that are similar to the congruent associations. In sum, anterior MTL and mPFC engagement 

during memory formation of object-scene associations of high and intermediate congruency in 

children, represent an immature state of schema representation.  

It is important to note that our findings stand in contrast to the only other study to have 

examined mPFC engagement during schema-dependent encoding in TD children using a similar 

object-scene association paradigm (Brod & Shing, 2019). Similar to our findings, they reported 

behavioral schema-based memory facilitation for congruent pairs in both the adults and children 

following an incidental encoding task where participants were asked to decide if object-scene 

pairs were congruent or incongruent. Unlike our findings, they reported greater mPFC activation 

for subsequently remembered congruent pairs, without an effect of age. Notable differences in 

the design of their study relative to ours are inclusion of binary encoding classification 

(congruent or incongruent only), and younger (6-7 years old) and older (18-22 & 67-74 years 

old) participants than in our study. In light of our finding of moderate encoding ratings 

agreement, it is likely that the younger sample in Brod and Shing’s study rated as congruent, 
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those pairs which would have been rated as intermediate were that option available. In such a 

case, the activation associated with the deliberative evaluation may be captured in their 

congruent trials. It is not clear though, if children are more likely to treat cases of intermediate 

schema congruency as congruent or incongruent. As a result, our findings represent a greater 

spectrum of congruency that may be obscured in a binary approach of congruent or incongruent 

ratings if there is a bias towards considering moderate congruency as congruent rather than 

incongruent. Nonetheless, taken together these studies highlight the need for examining a broad 

spectrum of schema-congruency with dimensional rather than categorical classification.  

Our results in children with ASD showing prefrontal dependence on behavioral flexibility 

provide a novel preliminary insight into the relationship between abstract mnemonic 

representation and executive function. mPFC activation during encoding of subsequently 

remembered object-scene pairs was observed in the subset of autistic children who exhibited 

more flexibility in everyday behavior. These neural correlates were typical, as mPFC was more 

engaged for intermediate congruency, just like their TD peers. While this dependence on 

behavioral flexibility supports the association between abstract knowledge representation and 

flexible adaptation to the environment posited by the theoretical models (Ghosh et al., 2014; 

Richter et al., 2019; Robin & Moscovitch, 2017), its raises the question of causality – does good 

executive function promote typical abstract representations or does the ability to represent 

abstract knowledge typically by mPFC promote better adjustment to real-world challenges? This 

question cannot be adjudicated by the present results and requires longitudinal designs to 

separate cause and effect. We consider our results preliminary due to the small ASD sample and 

await replication in larger samples. A second novel finding from the ASD sample was the 
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discovery of lateral prefrontal involvement in flexibility-dependent schema-based memory 

formation. In exploratory analysis, left rlPFC and dlPfC were recruited by the flexible children to 

a greater extent along with mPFC. While mPFC has been implicated in associative, prototype-

based learning, both the dlPFC and rlPFC have been implicated in rule-based, exemplar learning 

(Zeithamova et al., 2019). The rlPFC is preferentially engaged in category learning tasks when 

individuals are able to learn a finite number of classification rules (Paniukov & Davis, 2018), 

and has also been implicated in flexible cognition such as multitasking (Gilbert et al., 2006), 

integration of relational association and analogical reasoning (Crone, 2009; Wright et al., 2008), 

and episodic memory retrieval (DeMaster & Ghetti, 2013; Spaniol et al., 2009) . Similarly, the 

dlPFC has also been implicated in rule-based learning tasks (Badre & D’Esposito, 2009) and task 

switching (Hyafil et al., 2009). Thus, autistic children with better behavioral flexibility appear to 

utilize two parallel representations in tandem, abstract and rule-based, for memory formation of 

ambiguous associative information. Further confirmation in future studies is required with a 

larger sample as well as with a measure that is sensitive to normative variation in flexibility.  

 Our results in ASD conform to the broader literature of structural and functional 

differences in both the MTL and mPFC and provide some clinical implications. Both the primary 

regions of interest for this study are components of the larger Default Mode Network (DMN). 

The DMN is a functional network important for theory of mind, introspection, and prospective 

planning (Andrews-Hanna et al., 2010; Raichle, 2015), all of which are known deficits in ASD 

(Au-Yeung et al., 2014; Fivush & Haden, 2003; Lind et al., 2014). During task-free rest, autistic 

children consistently show mPFC underconnectivity relative to TD (Assaf et al., 2010; Jung et 

al., 2014; Lynch et al., 2013; Washington et al., 2014; Yerys et al., 2015), although connectivity 
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with the MTL remains largely unexplored in ASD. Given the link between schema-dependent 

activations and MTL-mPFC functional connectivity strength (van Kesteren, Fernández, et al., 

2010), our findings suggest a novel lens to view previous DMN findings, especially in light of 

the association between mPFC-DMN underconnectivity and cognitive flexibility in set-shifting 

tasks (Vatansever et al., 2016). Thus, theory of mind, schema and abstract representation, 

executive function, and known DMN disruptions in ASD all share the common nexus of reliance 

on the mPFC. While less is known about the functional connectivity of the MTL in ASD, greater 

functional connectivity between the MTL and posterior cingulate is associated with greater 

symptom severity (Monk et al., 2009) and greater hippocampal volume has been observed 

throughout childhood in ASD (Barnea-Goraly et al., 2014; W. Groen et al., 2010; Via et al., 

2011). It remains to be seen whether disruptions in the DMN are directly tied to schema deficits, 

as well as whether it is schema deficits that are responsible for flexibility problems or if 

problems with flexibility result in atypical schema use. Despite the preliminary nature of results 

due to our small sample, these brain-based differences begin to offer an interpretation of real-

world flexibility problems observed in some children with ASD. Distribution of flexibility scores 

of our ASD sample appears to display a clear bimodal division between high and low flexibility, 

which conforms to findings from recent application of data-driven methods to transdiagnostic 

samples suggesting inflexibility as a distinct subtype of executive function deficits (Vaidya et al., 

2020). Thus, problems with flexibility in behavior and associated abstract knowledge 

representation may characterize a subset of ASD children and moreover may not be limited to 

ASD but broadly represented across disorders with executive dysfunction.  
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  The present study is the first to characterize neural representations of schema in children 

in late childhood and adolescence and the first to provide evidence, albeit preliminary, of 

differences in schema-dependent brain activations in children with ASD and the connection 

between behavioral flexibility and schema. The generalization of our findings is limited by the 

relatively small sample of children with ASD and extrapolation to observed adult findings due to 

a lack of direct developmental comparison group of adults. Further work is required to fully 

understand developmental trajectories of schema models and assess flexibility through 

assessments more sensitive to variability of flexibility in non-clinical samples. Nevertheless, this 

study provides the first important link. 
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Supplemental Information 

Encoding Performance – Rating Agreement across Participants 

Each participant’s (ASD.1-12 & TD.1-19) ratings of congruency (incongruent-1, 

intermediate-2, and congruent-3) across the 146 stimuli pairs were correlated with every other 

participant within the same task version (A,B), yielding a Spearman’s Rho values for each 

participant with every other participant (Fig SI 2.1).  

Figure SI 2.1 Correlation matrices for rating agreements 

Spearman rho values are color-coded (0-1) and grouped in the appropriate task version (A,B); no 

negative correlations were observed. Red squares mark within group (TD-TD and ASD-ASD) 

correlations while values outside correspond to between group (ASD-TD) correlations. 

 

Subsequent t-tests were performed on rho values to assess within and between group 

agreement. Differences for within group agreement was assessed by comparing average ASD-

ASD (mean ρ = 0.55, SD = 0.15) to average TD-TD (mean ρ = 0.58, SD = 0.11) rhos, while 

between group agreement was assessed by comparing the average within group (ASD-ASD and 

TD-TD combined, mean ρ = 0.56, SD = 0.15) to between group (ASD-TD, mean ρ = 0.52, SD = 
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0.12) rhos. There were no significant differences between within-group agreement of the TD and 

ASD participants, t(59) = 0.8, p = 0.376, and between the between-group agreement and the 

within-group agreement, t(59) = 0.5, p=0.191. While the moderate rho values (0.52-0.58) 

indicate significant heterogeneity in ratings between participants, the absence of any significant 

differences in the t-tests suggest the two groups show consistent levels of agreement within and 

between groups, and therefore all groups can be said to exhibit no differences in their agreement 

in rating image pairs.  

 

Imaging – Control Analyses  

 In order to assess the potential confounding effects of differences in demographic (age 

and gender) and performance (classification rating response time at encoding, total number of 

hits) variables, the ANOVA examining differences by Congruency (Congruent, Intermediate, 

Incongruent) in TD children and the Congruency X Flexibility ANOVA in children with ASD 

were repeated with each of the confounding variables. These Analyses of Covariance 

(ANCOVAs) were performed in the left MTL (p < 0.05 corrected threshold of k = 9 at p < 0.005) 

and mPFC (p < 0.05 corrected threshold of k = 58 at p < 0.005) masks separately for each group.  

 First, we wanted to determine whether the observed mPFC and left MTL activations were 

a function of maturational differences, in light of the relatively wide age range of the samples (8 

– 15 years). The ANCOVAs including age replicated the results of the ANOVAs without age in 

TD, mPFC (k = 207, peak = -3, 48, 0) and MTL (k = 9, peak = -15, -6, -27) (SI 2.2) and the 

Congruency X Flexibility interaction in ASD in a same mPFC cluster (k = 44 peak = 9, 63, 6), 

which exhibited the same relationship between flexibility and the three levels of congruency (SI 
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2.3). Thus, these results indicate that the observed results in the main text did not depend on 

maturational differences. 

 

Figure SI 2.2 Congruency differences in TD children after controlling for age  

Results of a one-way ANCOVA by Congruency (Congruent, Intermediate, Incongruent) with 

age as a covariate in the TD sample with the Associative Hits>Miss trials contrast, in the mPFC 

mask (A) and the left MTL mask (B); extracted beta values from each cluster are plotted in (C). 
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Figure SI 2.3 Congruency differences in ASD children after controlling for age 

Results of the Congruency (Congruent, Intermediate, Incongruent) X Flexibility with Age as a 

covariate in the ASD sample with the Associative Hits>Miss trials contrast. A significant cluster 

(A) was observed matching the cluster in the main text showing the same positive Congruent 

(B), negative Intermediate (C), and negligible Incongruent (D) relationships. 
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Second, we wanted to determine whether the observed activations were due to individual 

variability in associative memory performance. The ANCOVA including the number of hit trials 

revealed similar clusters in TD children, mPFC (k = 62, peak = 6, 54, -6) and MTL (k = 24, peak 

= -30, -12, -21) as those with the ANOVA without hit trials (SI 2.4). Similarly, children with 

ASD exhibited a Congruency X Flexibility interaction in the same cluster (k = 43 peak = 9, 63, 

6) with the same relationship between flexibility and the three levels of congruency as was 

observed without the covariate (SI 2.5). The similarities indicate that observed results did not 

depend on differences in memory performance. 
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Figure SI 2.4 Congruency differences in TD children after controlling for the number of 

associative hits 

Results of the one-way ANCOVA by Congruency (Congruent, Intermediate, Incongruent) with 

number of associate hits as a covariate in the TD sample with the Associative Hits>Miss trials 

contrast, in the mPFC (A) and the left MTL mask (B); extracted beta values from each cluster are 

plotted in (C). 
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Figure SI 2.5 Congruency differences in ASD children after controlling for the number of 

associative hits 

Results of the Congruency (Congruent, Intermediate, Incongruent) X Flexibility with Associate 

Hits as a covariate in the ASD sample with the Associative Hits>Miss trials contrast A 

significant cluster (A) was observed matching the cluster in the main text showing the same 

positive Congruent (B), negative Intermediate (C), and negligible Incongruent (D) relationships. 
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Third, we wanted to determine whether differences were a function of time spent 

consciously deliberating on pairs, which resulted in significantly slower response times for 

Intermediate pairs and thus more time spent actively thinking about those pairs relative to 

Congruent and Incongruent. The ANCOVA resulted in similar clusters in TD children, mPFC (k 

= 206, peak = -3, 48, 0) and MTL (k = 9, peak = -15, -6, -27) as those with the ANOVA without 

response time (SI 2.6). Similarly, children with ASD exhibited a Congruency X Flexibility 

interaction in the same cluster (k = 47 peak = 11, 63, 1) with the same relationship between 

flexibility and the three levels of congruency as was observed without response time as a 

covariate (SI 2.7). The similarities indicate that observed results did not depend on encoding 

response time. 
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Figure SI 2.6 Congruency differences in TD children after controlling for response time 

Results of the one-way ANCOVA by Congruency (Congruent, Intermediate, Incongruent) with 

average Response Time as a covariate in the TD sample with the Associative Hits>Miss trials 

contrast, in the mPFC (A) and the left MTL mask (B); extracted beta values from each cluster are 

plotted in (C). 
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Figure SI 2.7 Congruency differences in ASD children after controlling for response time 

Results of the Congruency (Congruent, Intermediate, Incongruent) X Flexibility with Associate 

Hits as a covariate in the ASD sample with the Associative Hits>Miss trials contrast A 

significant cluster (A) was observed matching the cluster in the main text showing the same 

positive Congruent (B), negative Intermediate (C), and negligible Incongruent (D) relationships. 
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Fourth, we wanted to determine whether the observed differences were an artifact of 

gender which was biased towards males (74%). The ANCOVA resulted in similar clusters, 

mPFC (k = 58, peak = -12, -12, -21) and MTL (k=8, peak = -3, -47, -2) as those with the 

ANOVA without gender (SI 2.8). Similarly, children with ASD exhibited the Congruency X 

Flexibility interaction in the same cluster (k = 43 peak = 16, 63, 0) with the same relationship 

between flexibility and the three levels of congruency as was observed without the covariate (SI 

2.9). The similarities indicate that observed results did not depend on gender differences. 
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Figure SI 2.8 Congruency differences in TD children after controlling for gender 

Results of the one-way ANCOVA by Congruency (Congruent, Intermediate, Incongruent) with 

gender as a covariate in the TD sample with the Associative Hits>Miss trials contrast, in the 

mPFC (A) and the left MTL mask (B); extracted beta values from each cluster are plotted in (C). 
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Figure SI 2.9 Congruency differences in ASD children after controlling for gender 

Results of the Congruency (Congruent, Intermediate, Incongruent) X Flexibility with Associate 

Hits as a covariate in the ASD sample with the Associative Hits>Miss trials contrast A 

significant cluster (A) was observed matching the cluster in the main text showing the same 

positive Congruent (B), negative Intermediate (C), and negligible Incongruent (D) relationships. 
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In sum, controlling for age, gender, associative memory performance, and encoding 

response time, did not change the primary results reported in the main text, that mPFC and MTL 

activations were driven by a tradeoff between intermediate and congruent pairs in TD children 

and that mPFC activation for encoding successfully remembered object-scene pairs of 

intermediate congruency varied by the behavioral flexibility of children with ASD. 
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CHAPTER III: RESTING STATE FUNCTIONAL CONNECTIVITY ANALYSIS OF 

MULTI-SITE DATA: METHODOLOGICAL CONSIDERATIONS 

 

Introduction 

  Our findings exhibiting atypical recruitment of the hippocampus and medial prefrontal 

cortex (mPFC) during schema-dependent encoding in autism spectrum disorder (ASD) resulted 

in a number of unresolved questions. In particular, although behavioral flexibility partially 

accounts for differences in mPFC recruitment of children with ASD, the hippocampus remained 

insensitive to schema relative to TD children. As a means of investigating broader hippocampal 

differences in ASD, we planned to characterize the functional connectivity of the hippocampus 

utilizing the Autism Brain Imaging Data Exchange (ABIDE) II dataset – a largescale, public 

repository of resting state fMRI data of children and adults with and without ASD (Di Martino et 

al., 2017). There are multiple benefits to utilizing a large, multisite dataset that is publicly 

available. First, use of the dataset allows for analyses to be conducted on samples too large to be 

collected by a single site, while ABIDE consists of over 500 participants who meet our criteria of 

similar ages, IQ, and assessment batteries. First, this large a sample permits both substantial 

power to detect differences and the ability to conduct data analysis in a split-half approach and 

thus a chance to immediately test the replicability of the findings within two separate sub-

samples. Second, the use the public database furthers a commitment to open science and thereby 

encouraging other researchers to replicate our findings on their own. Beyond the use of a 

publicly available dataset, an additional effort was made to further commit to open science 



62 

 

research by transitioning to two new open source software packages, fMRIPrep (Esteban et al., 

2019) and xcpEngine (Ciric et al., 2017) for data preprocessing and analysis.  

  Despite the benefits of using a large public dataset and open-source software, there were 

two methodological concerns raised that needed to be addressed before full analyses could be 

conducted. First, head motion is a primary confound for accurate estimation of functional 

connectivity and the selection of the appropriate motion correction pipeline needs to be 

determined. Head motion is particular problematic in pediatric samples and therefore, 

determination of the optimal motion correction procedure is critical for the second goal of my 

dissertation. The design of xcpEngine is approach agnostic, and therefore, currently contains 9 

standardized pipelines for use to correct motion artifacts, with the additional ability to change 

design parameters of each as users see fit. While this allows for appropriate flexibility in the 

adoption of the software, the absence of a default pipeline requires piloting to determine the most 

appropriate motion correction pipeline for the data. Importantly, the field has also not adopted a 

standard approach to minimizing noise and artifacts that derive from head motion – which can 

dramatically impact results (Power et al., 2012; Satterthwaite et al., 2012; Van Dijk et al., 2012). 

Therefore, it was important to determine the most efficacious approach for the sample selected 

for the study. No study has applied all the standard pipelines for motion correction to the same 

pediatric dataset. 

 Second, the use of a multisite data repository introduces significant cross site variations. The 

ABIDE collection did not mandate the standardization of scan parameters across sites, and 

moreover, scanner makers and models differed across sites. Although it is possible to combine 

these sets and use the combine sample without correction, this approach can lead to significant 
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differences observed between sites (Fortin et al., 2017). Novel approaches have begun to be 

applied to multisite data that show promise in correcting to mitigate or remove the effects of 

collection site on the results. To address these methodological concerns, this chapter will first 

address the processes of evaluating 5 common pipelines to remove motion artifacts and then 

address the evaluation of ComBat Harmonization (Yu et al., 2018) as a means of correcting site 

effects in resting state fMRI data within this dataset. This method has never been applied for site-

correction to a pediatric dataset.  

 

Pipeline Variations 

  The first major consideration was the selection of a pipeline to address motion artifacts. 

Functional connectivity is especially sensitive to head motion, where even small amounts of 

motion can result in significant, spurious findings of increased connectivity (Power et al., 2012; 

Satterthwaite et al., 2012; Van Dijk et al., 2012). This is especially concerning for the ABIDE 

sample given both pediatric and clinical populations exhibit significantly higher motion during 

scans (Dosenbach et al., 2017; P. S. Lee et al., 2009; Satterthwaite et al., 2012). Due to the effect 

of motion, numerous approaches have been developed and are widely used as methods to address 

it, all with different methodologies and yielding different connectivity results (Ciric et al., 2017). 

Despite the numerous approaches, a single standard method of correcting for motion artifacts has 

not been embraced. To evaluate the effect of motion correction pipelines, a subsample of 

participants from the ABIDE sample from the hippocampal functional connectivity study (fully 

discussed in Chapter IV) was utilized as a pilot to assess the effect of 5 of the most common 

pipelines on correction efficacy by examine results of a simple group difference analysis. 
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  The Georgetown University sample from the ABIDE II repository comprising children 

(8-14 years of age) with ASD (n=51) and TD children (n=55) were utilized for the pilot (for full 

demographic see Chapter IV, Table 4.1). All resting state fMRI (rs-fMRI) data was preprocessed 

through the standard fMRIPrep v1.5.8 pipeline which includes brain extraction, motion 

correction, unwarping, slice-timing correction, registration, normalization, and denoising. Using 

that preprocessed data, 5 separate pipelines to address motion artifacts were evaluated: 

aCompCor5 (Chai et al., 2012), aCompCor50 (Muschelli et al., 2014), ICA-AROMA (Pruim et 

al., 2015), Spike-Regression (Satterthwaite et al., 2013), and Spike-Regression without GSR.  

  These pipelines were chosen based on their representation in the field at large. First, 

aCompCor5 is one of the most common methods partially due to its place as the default approach 

for CONN toolbox (Whitfield-Gabrieli & Nieto-Castanon, 2012). Almost all approaches utilize 

the signal in the white matter (WM) and cerebral spinal fluid (CSF) as a means of correcting for 

motion, under the assumption that any signal being detected in those regions is due to motion. 

The unique quality of aCompCor5 is that it eschews mean WM and CSF signal regression used 

in most approaches. Instead, principal component analysis (PCA) is performed and the 5 

principle components extracted from the WM and CSF are regressed out in lieu of mean signal 

(Chai et al., 2012), (see Table 3.1 for full comparison). Similarly, aCompCor50 utilizes the same 

approach except rather than utilizing a set number of components from the PCA, it includes a 

dynamic number of components for each individual that is sufficient to explain 50% of their 

variance in WM and 50% of their variance in CSF. As a result, aCompCor50 is more 

conservative as it often utilizes more components and more degrees of freedom, however, it has 

been shown to be more reliable in removing artifacts because it accounts for more WM and CSF 
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variance (Muschelli et al., 2014). Alternatively, while ICA-AROMA utilizes mean WM and 

CSF, it differs from other approaches in its use of independent component analysis (ICA) 

alongside predetermined classifiers to identify components and label them as signal or noise. It 

then attempts to regresses out the noise components leaving only components identified as 

signal. As a result, it utilizes very few degrees of freedom. Finally, both Spike-Regression 

approaches use signal spiking as a means to detect and regress out noise due to motion. 

Uniquely, it both detects and despikes the signal across volumes while also tagging and 

regressing out volumes in which a spike occurs. The standard Spike-Regression approach applies 

global signal regression (GSR) alongside WM and CSF regressions to account for motion-

induced noise. However, there is significant debate about whether GSR resolves or introduces 

distortions in the signal (Li et al., 2019; T. T. Liu et al., 2017; Saad et al., 2012), and thus an 

additional Spike-Regression approach was also used that is identical to the standard approach, 

but with GSR removed from the pipeline components.   

TABLE 3.1 XCPENGINE PIPELINE COMPONENTS 

 

aCompCor5 aCompCor50 
ICA-

AROMA 

Spike-

Regression 

Spike-

Regression 

without GSR 

Distortion 

Correction 
X X X X X 

Despiking    X X 

Removal of 

initial volumes 
X X X X X 

Motion 

realignment 
X X X X X 

Brain 

extraction 
X X X X X 

Demeaning 

and detrending 
X X  X X 
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aCompCor5 aCompCor50 
ICA-

AROMA 

Spike-

Regression 

Spike-

Regression 

without GSR 

Coregistration X X X X X 

Spatial 

smoothing 
  X   

ICA-AROMA   X   

6 alignment 

parameters 
X X  X X 

Mean WM & 

CSF regression 
  X X X 

Mean GSR   X X  

Derivative 6rps X X  X X 

Quadratic 6prs    X X 

Expansion 

(WM & CSF) 
   X X 

aCompCor 5 

CSF & 5 WM 
X     

aCompCor 

50% CSF & 

50% WM 
 X    

Bandpass 

Filter 0.01-

0.08hz 
X X X X X 

Spike 

Regressors 
   X X 

 

  Once the data had been subjected to all 5 pipelines, group (TD, ASD) t-tests were 

performed to assess functional connectivity differences. First, participants with significant 

motion (mean FD ≥ 0.5mm or DVARS ≥ 1.5) were removed from the analysis (TD = 2, ASD = 

5). Following, four hippocampal seeds were utilized to generate connectivity maps for each 

participant. Seeds comprised the left and right hippocampus, divided into an anterior and 

posterior section (for full details on seed selection and creation, see Chapter IV: Methods). Then, 
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Matlab 2019b (Mathworks, 2019) was used to perform voxel-wise, whole brain Group (TD, 

ASD) differences t-tests for each of the 5 pipelines, independently on the 4 hippocampal 

connectivity maps yielding varying clusters dependent on pipeline (Table 3.2). 

TABLE 3.2 DIFFERING CLUSTERS BY PIPELINE 

 Left Anterior 

Hippocampus 

Right Anterior 

Hippocampus 

Left Posterior 

Hippocampus 

Right Posterior 

Hippocampus 

aCompCor5 
• Right Vermis 

• Posterior 

Cerebellum 

 

• Inferior Frontal 

• PCC/Lingual 

• Precentral 

 

aCompCor50  • Fusiform Gyrus   

ICA-AROMA  
• Anterior 

Cerebellum 
• Inferior Frontal 

• Anterior 

Cerebellum 

Spike-Regression 

• Middle 

Occipital 

• Middle Frontal 

• mPFC 

• mPFC 

• Temporal Pole 
• mPFC 

• Superior 

Frontal 

• mPFC 

Spike-Regression 

without GSR 

• Inferior 

Frontal 

• mPFC 

• rlPFC 

• ACC 

• mPFC 

• Middle Frontal 

• mPFC 

• Precuneus 

• ACC 

• mPFC 

• Superior 

Frontal 

Green denotes TD > ASD; Blue denotes ASD >TD 

Anterior Cingulate Cortex (ACC), medial Prefrontal Cortex (mPFC), Posterior Cingulate 

Cortex (PCC), rostrolateral Prefrontal Cortex (rlPFC)  

  

  Although there were clear similarities between Spike-Regression with and without GSR, 

all other pipelines yielded widely different results (Fig 3.1, Table 3.2). Both Spike-regression 

pipelines exhibited clusters throughout the medial and lateral prefrontal cortex and displayed 

significant overlap. Outside of those two pipelines, there was pronounced heterogeneity across 

approaches. First, aCompCor5 exhibited most clusters within with the CSF of the lateral fissure 

and surrounding regions, including the cerebellum and the lingual gyrus – with the latter 

spanning the lateral fissure. It also exhibited clusters in the precentral and inferior temporal gyri. 

Despite similarities between the aCompCor5 and aCompCor50 pipelines, there was minimal 

overlap in the results with a single cluster whose peak is in the fusiform gyrus but spans the 
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lateral fissure into the anterior cerebellum. The differences observed between aCompCor5 and 

aCompCor50 are likely due to a significant reduction in degrees of freedom that resulted in a 

dramatically reduced sample size for the aCompCor50 analysis. In order to meet 50% of 

variance explained in both WM and CSF, between 15-148 (mean=52) components were required 

across participants. This resulted in degrees of freedom required for 24 participants exceeding 

the number of volumes available and thus motion artifact correction could not be conducted 

within those participants, as the number of measurements cannot be less than the degrees of 

freedom used. Finally, results of ICA-AROMA were also predominately within the CSF and 

spanning major fissures, with clusters in and around the cerebellomesencenphalic fissure and the 

cerebellar peduncle, in addition to an inferior frontal cluster. For individual pipeline differences 

by ROI see Figures SI 2.1-5. 

  Following these analyses, the decision was made to rule out aCompCor50 due to the high 

number of degrees of freedom required in this sample resulting in the exclusion of a large 

number of participants. The aCompCor5 pipeline was also ruled out over concerns related 

insufficient motion correction identified by cluster location. Regions on the periphery are the 

most susceptible to spurious, motion-derived clusters (Yan et al., 2013) and there should be no 

connectivity to the CSF or WM. The findings of many aCompCor5 peaks and clusters were 

within CSF and the surrounding peripheral cortex are suggestive of uncorrected motion artifacts 

still present in the data. Similarly, the majority of the ICA-AROMA clusters and cluster peaks 

are within the CSF of the cerebellomesencenphalic fissure, WM of the cerebral peduncle, and 

surrounding peripheral regions that are suggestive of motion artifacts. As a result, ICA-AROMA 

was also ruled out. Results from both Spike-Regression with and without GSR exhibit no clear 
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clusters suggestive of maintained motion artifacts. Therefore Spike-Regression was selected as 

the most appropriate correction method for the ABDIE dataset. The inclusion of GSR can have 

complicated effects on the data. There is evidence suggesting that GSR increases the rates of 

negative correlations, complicating interpretation of anticorrelations (Murphy et al., 2009; 

Weissenbacher et al., 2009), and if there are significant motion differences between comparison 

groups, the introduction of GSR decreases the magnitude of those differences resulting in 

minimization or loss of group differences (Saad et al., 2012). However, GSR has been shown to 

Figure 3.1 Overlay of analysis pipelines in group t-test 

 

Results from a Group (TD, ASD) t-test for all aCompCor5 (Yellow) aCompCor50 (Purple), 

ICA-AROMA (Blue), Spike-Regression (Green) and Spike-Regression (Red). Results are 

from all 4 ROI analysis, overlaid at an uncorrected threshold of p = 0.005, k = 100. 
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be more efficacious in minimizing motion artifacts specifically in samples with high motion 

(Nalci et al., 2017; Yan et al., 2013). Given the study’s focus on a pediatric, clinical population 

the expectation is of a high motion sample. Therefore, Spike-Regression with GSR was chosen 

as the pipeline to be utilized.  

  Ultimately, the differences across the various pipelines emphasize the importance of pilot 

testing to best accommodate unique characteristics of your sample. While each pipeline 

validation paper is able to show better correction performance than other pipelines, it’s essential 

to note that each analysis from these validations was performed on separate samples (Chai et al., 

2012; Muschelli et al., 2014; Pruim et al., 2015; Satterthwaite et al., 2013). Thus, these 

differences may result from differences in sample characteristics, such as degree of motion, age, 

and even diagnosis. This is bolstered by recent work finding that approaches like the aCompCor 

family may be the best approach for low motion data, but perform significantly worse in higher 

motion samples and that selection of pipelines greatly impacts the ability to detect diagnostic 

group differences (Parkes et al., 2018). Thus, selection of an appropriate pipeline should be 

tailored to the specific characteristics and needs of the sample. Therefore, a single, field-wide 

pipeline to process data would be an imperfect solution. Instead, time and care should be made to 

select and test pipelines best suited for your sample.  

 

Cross-site Harmonization 

  The second methodological concern is related to the use of a multi-site data repository. 

While the ability to rely on a large-scale database of hundreds has numerous benefits, there are 

novel concerns not present with a single site study. As with many multi-site fMRI repositories, 
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the ABIDE dataset (Di Martino et al., 2014) has two major sources of variability that must be 

addressed: (I) Most sites use different acquisition parameters for their fMRI data and (II) sites 

use different scanner models from different manufacturers.  

  Among the sites selected for the study, each site utilizes different scan parameters (see 

Table 4.2) for both their structural and functional runs, resulting in data collected with different 

TR/TE, number of volumes, run time, and voxel-sizes. In order to minimize the effects variable 

scan parameters cause, more recent studies have standardized scan parameters across collection 

sites in order to minimize site differences (L. Friedman et al., 2006; Glover et al., 2012; 

Kochunov et al., 2018). Even with collections using identical scan parameters, however, studies 

have continued to find that site difference persist in the data (Jovicich et al., 2016; Noble et al., 

2017). The most likely cause of these persistent differences can be attributed to the scanners 

themselves. Scanners from different manufacturers and model variations within manufacturers 

utilize slightly different methods and yield different results as a function of differences at both 

the hardware and software level. As a result, it is difficult to directly compare across sites, 

without acknowledging and attempting to account for significant variations based on site. 

  Significant sample variation is not a confound unique to neuroimaging and correction 

approaches are frequently utilized, with methods from fields such a genomics now being 

modified and applied to neuroimaging data. Questions about systematic, cross-batch variability 

have been raised as a point of concern in genomics data since the late 1990’s (Lander, 1999), 

with normalization approaches entering use in the early 2000’s (Schadt et al., 2001; Tseng et al., 

2001; Yang et al., 2002). Batch effects in genomics are analogous to site effects seen in fMRI 

research, where non-biological factors can have significant effects on the collection and results 
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of data. For example, replication of microarray expressions have been shown to be sensitive to 

brand of reagent, change in the time of day the experiment is completed, and even subtle changes 

in the atmospheric ozone (Fare et al., 2003; Rhodes et al., 2004), similar to how small changes in 

fMRI scan parameters or effects in brand of scanner can result in alterations to the data collection 

and output. Although some methods to appropriately model and adjust for batch effects had been 

found, including normalization approaches, they require large number of total samples and 

recommend over 25 batches to appropriately correct for batch effects – equivalent to 25 sites of 

fMRI data. However, a more recent Bayesian estimation approach has been developed that offers 

accurate to robust correction with as few as 2 batches, called “Combating Batch Effects when 

Combining Batches” or ComBat (W. E. Johnson et al., 2007). This approach provides a simple 

approach where microarray data from all sites are pooled into a single batch, and model 

assumptions are created based on the mean (referred to as location) and variance (referred to as 

scale) of the pooled sample. The mean and variance of each individual batch are then 

standardized to the model assumptions.  

 Since its application to genomics data, ComBat Harmonization has begun to be applied to 

neuroimaging data. The initial comparison of several harmonization techniques from other fields 

was performed with Diffusion Tensor Imaging (DTI) data collected across multiple sites. Of the 

approaches, ComBat was the most successful approach in removing site effects for structural 

connectivity analyses (Fortin et al., 2017). Since, it has also been applied to functionally 

connectivity analyses using rs-fMRI, where it has successfully removed site effects for data 

preprocessed with a Spike-Regression with GSR approach (Yu et al., 2018). The neuroimaging 

implementation of ComBat functions nearly identical to the genomics approach, only functional 
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connectivity strengths are utilized for normalization. Harmonization is performed immediately 

before offline connectivity analyses are conducted, using the connectivity matrix for each 

individual – the matrix can be made up of seed-to-voxel, seed-to-ROI, or seed-to-parcel 

connectivity strengths. The matrix of each individual is then normalized on basis of Site and any 

pre-identified biological sources of variability, most commonly consisting of age, sex, and 

diagnosis. Using a series of Bayesian estimations, the matrix is normalized to remove the effect 

of site while maintaining the effect of the identified biological variables. 

 ComBat Harmonization was piloted using the full sample from the hippocampal 

functional connectivity study. Following preprocessing and motion correction with Spike-

Regression (with Global Signal Regression), left and right hippocampi from the aal atlas, divided 

into anterior and posterior sections, were used as the 4 seeds in a seed-to-parcel functional 

connectivity analysis using  

the Schaefer 400 cortical parcellation. Using the R implementation of ComBat 

(https://github.com/Jfortin1/ComBatHarmonization), each participant’s 4x400 connectivity 

matrix was utilized with an inclusion of their collection site as well as age, sex, and diagnosis to 

control for biological variables of interest. The resulting post-harmonization connectivity 

strengths were more normalized to each other, represented by decreased spread in signal 

intensity and amount of signal variance values in each site (Fig 3.2) 

https://github.com/Jfortin1/ComBatHarmonization
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  Success of harmonization was quantified using a series of regressions pre- and post-

harmonization. Prior to harmonization, a multiple linear regression was performed using 

predictors of Site, Age, Sex, and Diagnosis for Functional Connectivity values as the outcome. 

The regression found that each was highly significant (ps < 0.001). Follow-up Tukey post-hoc 

tests found that each site was significantly different from each other (Fig 3.3A), suggesting 

significant variation exists between all sites except between NYU and SDSU. Importantly, not 

only was Age, Sex, and Diagnosis significant in the full model, when a regression was run with 

Age, Sex, and Diagnosis within each site individually, all three were significant in almost all 

cases (Fig 3.3C). These results show that before harmonization, these variables significant 

impacted connectivity strengths. The same analyses were repeated following ComBat 

harmonization, with full regression finding Age, Sex, and Diagnosis remaining significant (ps < 

0.001) except for Site (p = 0.749). Follow-up Tukey post-hoc tests found that sites were no 

Figure 3.2 Signal intensity and variation density plot pre- and post-harmonization 
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longer different from each other (Fig 3.3B), but similar Age, Sex, and Diagnosis relationships 

remained within each site post-harmonization (Fig 3.3D). These findings suggest that the effect 

of site have been successfully removed from the data while sparing important biological 

variables of interest.  

  

 

Figure 3.3 Group and Biological variability pre- and post-harmonization 
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 In summary, variability in scanner manufacturer and model as well as scan parameters 

can add unwanted sources of difference to neuroimaging data and results. The ABIDE dataset, 

and in particular the five sites selected for the hippocampal connectivity study, exhibit significant 

differences across sites in connectivity strengths. ComBat Harmonization, an approach to correct 

batch effects in genomics data and since applied to rs-fMRI, can successfully remove the effect 

of site in the ABIDE sample while maintaining variability driven be age, sex, and diagnosis. 
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Supplemental Information 

 

 

Individual pipeline differences by seed are reported below. 

 

 
 

 
 

 

Figure SI 3.1 aCompCor5 

Voxel-wise Group t-test differences by hippocampal seed using aCompCor5 motion 

correction approach 
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Figure SI 3.2 aCompCor50 

Voxel-wise Group t-test differences by hippocampal seed using aCompCor50 motion 

correction approach 
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Figure SI 3.3 ICA-ARIMA 

Voxel-wise Group t-test differences by hippocampal seed using ICA-AROMA motion 

correction approach 
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Figure SI 3.4 Spike-Regression with GSR 

Voxel-wise Group t-test differences by hippocampal seed using Spike-Regression with 

GSR motion correction approach 
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Figure SI 3.5 Spike-Regression without GSR 

Voxel-wise Group t-test differences by hippocampal seed using Spike-Regression 

without GSR motion correction approach 
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CHAPTER IV: HIPPOCAMPAL FUNCTIONAL CONNECTIVITY IN AUTISM 

SPECTRUM DISORDER 

 

Introduction 

  The hippocampus is a medial temporal lobe structure that has long been identified as 

essential for the encoding, consolidation, and retrieval of declarative memory (Eichenbaum, 

1999; Opitz, 2014; Tulving & Markowitsch, 1998). Within the hippocampus, declarative 

knowledge representations follow an anterior to posterior gradient of specificity with a gradual 

transition from detailed, specific representations in the posterior to course, gist representations in 

the anterior (Dalton et al., 2019; DeMaster et al., 2014; Frank et al., 2019; Strange et al., 2014). 

Outside of long-standing research on declarative memory, the hippocampus plays a significant 

role in numerous other cognitive processes. Processes relying on discrete and specific 

information such as spatial navigation (Epstein et al., 2017; Hunsaker & Kesner, 2013; Nadel et 

al., 2013) selectively engage more posterior regions while more abstract and relational cognition 

such as such as prospective planning (Andrews-Hanna et al., 2010), imagination (Addis et al., 

2009; Zeidman & Maguire, 2016), and decision making (A. Johnson et al., 2007) rely on 

recruitment of more anterior portions.  

  Many hippocampal functions further rely on connections with cortical regions (G. Groen 

et al., 2011; van Kesteren, Fernández, et al., 2010; Woolley et al., 2015), that have been well 

delineated in adults at rest, in the brain’s intrinsic, “task-free” state. The hippocampus is a 

component of the Default Mode Network (DMN), a functional network believed to subserve 

processes involved knowledge of the self (Gusnard et al., 2001), prospective thought (Schacter et 
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al., 2007), autobiographical memory (Spreng et al., 2009), and theory of mind (Spreng et al., 

2009). Within the DMN, the hippocampus is a member of a discreet subnetwork identified as the 

medial temporal lobe (MTL) subsystem comprised of the hippocampus, inferior parietal lobule, 

and retrosplenial cortex among other regions (Andrews-Hanna et al., 2010), which coincides 

with a previously identified hippocampal-parietal memory network (Vincent et al., 2006). 

Importantly, hippocampal functional connectivity in adults also varies along the anterior-

posterior axis, with the anterior regions exhibiting greater mPFC connectivity while posterior 

regions exhibit greater lateral connectivity to the inferior frontal and angular gyri (Adnan et al., 

2016; Frank et al., 2019).  

  Throughout development, there are important differences in the structure and function of 

the hippocampus that change during childhood and continuing through adolescence. The 

hippocampus comprises a number of subregions that exhibit significant variation in volume 

relative to adult. Growth of those subregions are not linear, in fact some subregions exhibit 

volumes consistent with adults by age 6 while other continue to increase or decrease in volume 

through adolescence (Tamnes et al., 2018). This is important because volume of subregions as 

well as connectivity strengths of the hippocampus to cortical regions are directly associated with 

episodic memory retrieval success (DeMaster et al., 2014; DeMaster & Ghetti, 2013). Despite 

changes in volume and connectivity strengths throughout development, the hippocampus of 

children exhibit stronger connectivity to the same regions exhibiting greater hippocampal 

connectivity in adults, just to a much weaker degree (Blankenship et al., 2017; Riggins et al., 

2016). 
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 Structural differences of the hippocampus have also been found in neurodevelopmental 

disorders including attention-deficit hyperactivity disorder (Hoogman et al., 2017), pediatric 

depression (Barch et al., 2019), and schizophrenia (Kalmady et al., 2017). Abnormal structure 

and function of the hippocampus has also been consistently identified in autism spectrum 

disorder (ASD). Children and adolescents with ASD exhibit significant enlargement of 

hippocampal volume relative to typically developing children, although there is still conflicting 

findings about whether volume differences persist into adulthood (Barnea-Goraly et al., 2014; 

Dager et al., 2007; W. Groen et al., 2010; Rojas et al., 2004). While there are consistent 

differences in hippocampal structure in childhood, there has not been a systematic 

characterization of resting hippocampal functional connectivity in ASD despite the DMN’s link 

to impairments in ASD (Assaf et al., 2010; Monk et al., 2009; Washington et al., 2014; Yerys et 

al., 2015).  

  Autistic children show broad impairment in functions associated with the DMN, 

including autobiographical and source memory (Bruck et al., 2007; Crane & Goddard, 2008) 

which rely on the hippocampus (Cavanna & Trimble, 2006; Spreng et al., 2009) as well as 

engaging in prospective thought and theory of mind (Lind et al., 2014; Lind & Bowler, 2009; 

Skewes et al., 2015; Spreng et al., 2009). Additionally, theory of mind is a hallmark symptom of 

ASD and is believed to be a major component in some of the social deficits seen in autistic 

children (Yirmiya et al., 1998). Within the DMN, autistic children show weaker connectivity 

between the midline core of the DMN, made up of the posterior cingulate (PCC) and medial 

prefrontal cortex (mPFC) (Jung et al., 2014; Kennedy & Courchesne, 2008; Yerys et al., 2015). 

Only one study has emphasized the relationship of the hippocampus with the rest of the DMN, 
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through its focus on PCC connectivity (Monk et al., 2009). While reporting posterior cingulate to 

mPFC underconnectivity consistent with previous findings, it also overconnectivity between the 

hippocampus and posterior cingulate relative to TD individuals. Importantly, these differences 

were correlated with symptom severity (Monk et al., 2009).  

  In ASD, executive function deficits have also been established as an area of significant 

impairment (American Psychiatric Association, 2013; Demetriou et al., 2017; Kenworthy, Case, 

et al., 2010; Solomon et al., 2009), and in particular the subdomain of flexibility (Faja et al., 

2016; Geurts et al., 2009; Leung et al., 2016; Leung & Zakzanis, 2014; Lopez et al., 2005; 

Pellicano et al., 2017). While no direct links have been established between hippocampal 

structure or function and flexibility, there are tentative links between broader executive function 

and memory performance. Specifically, typically developing children with better executive 

functioning perform better on a fact recall task (Rajan & Bell, 2015) and children with ASD who 

exhibit better executive function also exhibit less impairment on relational memory tasks relative 

to TD children (Maister et al., 2013), although these studies do not decompose executive 

function into flexibility and other constituent subdomains. Additionally, our findings reported in 

Chapter II suggest flexibility significantly impacts a memory system reliant on connectivity 

between the hippocampus and mPFC. Outside of autism, however, there is evidence suggesting 

hippocampal deterioration in dementia is associated with broader executive function deficits, 

even after controlling for whole brain volume loss (Evans et al., 2018; McGough et al., 2018), 

drawing a weak link between executive function and unimpaired hippocampal functioning. The 

relationship in autism and typical development remains unclear. 
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  This study was motivated by two goals. We aimed to characterize the functional 

connectivity of the hippocampus in children with ASD, relative to typically developing (TD) 

children and then to examine the relationship between hippocampal connectivity and executive 

function.  

  First, in light of work showing differences in hippocampal volume in autistic children and 

known impairments in the DMN at rest, our study fills the gaps left by the absence of systematic 

exploration of hippocampal connectivity. Capitalizing on a large-scale public database of resting 

state fMRI data, we assessed differences in network-level connectivity between the Yeo 7 

network segregation (Yeo et al., 2011) and the hippocampus by decomposing left and right 

hippocampal ROIs into anterior and posterior divisions. Using a network-level approach allows 

us to assess differences in hippocampal connectivity to functionally defined segregations within 

the brain. Using this approach, we can characterize heretofore unexplored differences in 

hippocampal connectivity within the DMN, a network that includes the anterior hippocampus, as 

well as to other relevant networks. Subsequently, significant networks were further investigated 

at the parcel-level. Since functional networks are anatomically dispersed, follow-ups were 

required to assess more precise anatomical location driving the significant network findings. 

Using a parcel represent meaningful, functional units as they are defined by their local and global 

connectivity patterns (Schaefer et al., 2018) and allows for a more useful decomposition than 

simple voxel-wise comparisons.  We hypothesized that there would be significant 

underconnectivity to the DMN, consistent with the notion that the hippocampus is a member of a 

subnetwork responsible for prospective thought and theory of mind, which is impaired in ASD.  
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  Second, we aimed to directly assess differences in executive function on functional 

connectivity of the hippocampus. Due to the absence of a specific measure of flexibility, a global 

measure of executive function (BRIEF GEC) was used to assess the role of broader executive 

function on connectivity differences. Subsequently, executive function subdomains were 

investigated by assessing BRIEF subscales, including Shift as a proxy for behavioral flexibility, 

to investigate if one domain contributed more than others in the significant executive function 

findings. Given the impact of executive function on hippocampally driven memory processes in 

ASD, we hypothesize that children with ASD who exhibit more typical levels of executive 

function will also exhibit more typical hippocampal connectivity. Conversely, those with more 

impaired executive function will show more atypical patterns of connectivity. 

 

Methods 

Participants 

  Participants were selected from the Autism Brain Imaging Data Exchange (ABIDE) II 

collection (Di Martino et al., 2017). ABIDE is a largescale data repository consisting of 

behavioral assessments, structural MRI, and resting state fMRI (rs-fMRI) of individuals with and 

without ASD who range from childhood through adulthood (4-63 years of age), collected from 

17 different neuroimaging sites. From this larger sample, sites were selected for these analyses 

based on 3 parameters (I) similarity in age with participants averaging 9-13 years of age, (II) use 

of a 3T scanner with a TR of 2-2.5s, and (III) completion of the Behavioral Rating Inventory of 

Executive Function (BRIEF) to measure executive functioning (Gioia et al., 2000). A total of 5 

sites met criteria: Georgetown University (GU), Kennedy Krieger Institute (KKI), New York 
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University (NYU), Oregon Health Sciences University (OHSU), and San Diego State University 

(SDSU) (see Table 4.1 for demographic characteristics). 

 

TABLE 4.1 ABIDE SITE DEMOGRAPHICS 

  GU KKI NYU OHSU SDSU 

N (n ASD) 106 (51) 211(56) 78 (48) 91 (37) 58 (33) 

Age 10.66 (1.63) 10.32 (1.28) 9.85 (4.93) 10.93 (2.04) 13.05 (3.16) 

N Male (%) 71 (66.98%) 140 (66.35%) 71 (91.03%) 57 (61.64%) 49 (84.48%) 

FIQ 
119.94 

(14.60) 

111.48 

(13.08) 

107.12 

(18.26) 

113.10 

(15.11) 

101.21 

(13.47) 

ADI Soc 19.55 (5.36) 19.58 (5.39) 17.04 (6.41) 19.59 (5.63) 19.03 (4.23) 

ADI Com 15.20 (4.68) 15.22 (4.45) 14.70 (5.03) 16.05 (4.14) 14.27 (4.85) 

ADI RRB 5.24 (2.36) 5.95 (2.09) 5.16 (2.72) 5.54 (2.41) 5.91 (2.27) 

Table includes all participants in the full datasets 

Autism Spectrum Disorder (ASD), Autism Diagnostic Interview - Revised (ADI-R) Social 

(Soc) Communication (Comm) & Repetitive & Repetitive Behaviors (RRB) 

 

Behavioral Assessments 

  While the full assessment batteries varied across site, numerous measures were 

consistent. Each sited reported a full-scale IQ (FIQ) based on either the completion of the 

Weschler Abbreviated Scale for Intelligence (WASI) (Wechsler, 2011) or Weschler Intelligence 

Scale for Children IV (WISC-IV) (Wechsler, 2003). Each site included autism diagnostic 

measures, reporting both he Autism Diagnostic Interview – Revised (ADI-R) (Lord et al., 1994) 

and either the Autism Diagnostic Observation Schedule (ADOS) 1 or 2 (Lord et al., 2000). Due 

to variations in ADOS scoring between versions, ADI-R scores were used for clinical cut-offs to 

determine meeting of ASD criteria in this study. The ADI and ADOS are not sensitive to typical 

amounts of variation in non-autistic individuals and therefore were only administered to ASD 
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children. Each site, however, also administered the Social Responsiveness Scale (SRS) 

(Constantino & Gruber, 2005), which designed to be sensitive enough to detect variation in 

autistic symptoms in both children with and without ASD. Finally, each site reported completion 

of the BRIEF (Gioia et al., 2000), a measure of executive function. The ABIDE dataset does not 

include a dedicated measure of flexibility, however, the BRIEF contains a subscale for Shift 

which probes behavioral flexibility. However, the Shift subscale represents only 7 items from the 

50-item inventory and does not as fully capture the nuanced facets of flexibility observed in the 

Flexibility Scale. Due to these limitations, the Global Executive Composite (GEC) score, and 

overall measure of executive function impairment, was utilized for primary analyses and Shift 

alongside the other subdomains were utilized in follow-up analyses. Prior to analysis participants 

from the five selected sites were excluded who were over the age of 18 (n=5), had FIQ below 80 

(n=20), or were ASD participants who failed to meet ADI-R clinical cut-offs for autism (n=4) 

yielding a total of 515 participants (ASD n=198, TD=317). 

 

Imaging Parameters 

  Scan parameters as well as scanner models used differed across all sites, shown in Table 

4.2. Despite differences, all sites utilized a 3T scanner, had at least 5 minutes and 120 volumes of 

rs-fMRI, and had similar TR’s of 2-2.5 seconds. Due to the differences in parameters, however, 

harmonization was performed pre-analysis to control for these effects (see ComBat 

Harmonization below). 
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TABLE 4.2 ABIDE SITE SCAN PARAMETERS 

  

 
GU KKI† NYU OHSU SDSU 

Scanner 
Siemens 

3T Trio 
Philips 3T Achieva 

Siemens 

3T Allegra 

Siemens 

3T TriTim 

GE 3T 

MR750 

Structural 

TR (ms) 2530 3500 / 3000 2530 2300 2683‡ 

TE (ms) 3.5 3.7 / 3.7 3.25 3.58 3.17 

TI (ms) 1100 1000 / 900 1100 900 600 

Flip Angle 7 8 / 8 7 10 8 

FOV (mm) 256x256 256x200 / 212x212 256x256 256x240 256x256 

Slice Thickness (mm) 1 1 / 1 1.33 1.1 1 

Matrix 256x256 256x256 / 224x224 256x192 256x256 256x192 

Num Slices 176 200 / 150 128 160 172 

Acquisition Time 8:05 8:08 / 4:25 8:07 9:14 4:54 

Coil 12Ch 8 Ch / 32 Ch 8 Ch 12 Ch 8 Ch 

Functional 

TR (ms) 2000 2500 2000 2500 2000 

TE (ms) 30 30 30 30 30 

Flip Angle 90 75 82 90 90 

FOV (mm) 192x192 256x256 240x240 240x240 220x220 

Slice Thickness (mm) 3 3 3 3.8 3.4 

Matrix 64x64 84x84 80x80 64x64 64x64 

Num Slices 43 47 34 36 42 

Acquisition Time 5:14 6:40 6:00 5:07 6:10 

Num Measurements 154 156 180 120 180 

†KKI structural was completed with an 8- (n= 151) or a 32-channel (n= 60) coil.  
‡GE scanners, like the one used in the SDSU sample, use a different calculation for TR. To be 

consistent for comparisons across sites it has been converted using TR=TI+n*ES, where n is 

the number phase encoding lines, as done in Di Martino et al. (2017). 

 

fMRI Data Processing  

  Data were preprocessed on Google Cloud Platform, a high-performance computing 

cluster, in a unix environment. Preprocessing was completed using the standard pipeline in 

fMRPrep v1.5.8 (Esteban et al., 2019) which includes brain extraction, motion correction, 

unwarping, slice-timing correction, registration, normalization, and denoising. Correction for 

motion artifacts was performed with xcpEngine (Ciric et al., 2017), using a Spike-Regression 
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approach that includes despiking around excessive motion volumes, 6 primary realignment 

parameters alongside their derivative and quadratic terms, mean white matter and cerebral spinal 

fluid signal regression, global signal regression (GSR), and spike regression for volumes 

exceeding motion parameters (Satterthwaite et al., 2013). Volumes tagged for excessive motion 

were those where head motion exceeded 0.5mm or a reported a DVARS above 1.5. To control 

for scan time differences across sites, only 4:00 minutes of scan time was utilized. For each 

participant, the first 4:00 minutes of good volumes, not exceeding the above motion criteria, with 

volumes either above motion threshold or after 4:00 minutes of good volumes being excluded. 

Although sites ultimately had a different number of volumes included in the analyses, it ensured 

that time was consistent across sites as reliability of findings vary as a function of scan time 

(Birn et al., 2013). Participants without 4:00 minutes of good volumes were excluded (n=26), 

resulting in a final sample of 488 (ASD n=182, TD n=306). 

  Functional connectivity analyses were then performed in Matlab 2019b (Mathworks, 

2019) using 4 anatomically defined seeds. Left and right hippocampi from the AAL atlas were 

divided into an anterior and posterior portion by finding the midpoint along the anterior to 

posterior axis (y = -21) and creating a 5mm gap by removing the coronal section at the midpoint 

and two sections in either direction (e.g. x= -19 to -23 inclusively) in FSLeyes. The resulting 

masks represent equal lengths of the anterior and posterior portions of the hippocampus. Since 

there are not clear functional lines dividing the anterior and posterior hippocampus and instead 

there is a gradual transition, the midline division with the inclusion of a gap further aids in 

delineating anterior from posterior portions of the hippocampus. Seed based connectivity 

analyses were conducted separately using four hippocampal seeds, left anterior hippocampus 
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(laHPC), left posterior hippocampus (lpHPC), right anterior hippocampus (raHPC), and right 

posterior hippocampus (rpHPC), to cortex segmented using the Schaefer400 parcellation atlas 

(Schaefer et al., 2018). The atlas is derived from 6-minute resting state scans from 1489 

participants, utilizing a hybrid approach that combines both local gradient and global similarities 

approaches to parcellate the cortex. The resulting parcellation comprises 400 parcels, which are 

functionally aligned to the Yeo 7 functional network segregation (Fig 4.1) The functional 

connectivity analyses yielded a 4x400 connectivity matrix for each individual with connectivity 

strengths between each of the 4 seeds and the 400 parcels.  

 

ComBat Harmonizaiton 

Due to the variability in scanners and scan parameters across sites, prior to group analysis 

ComBat Harmonization was performed. ComBat is an approach derived from genomics research 

to control for batch effects in data collection (W. E. Johnson et al., 2007). Since applied to 

neuroimaging data, it has been shown to significantly reduce or remove site and scanner specific 

effects in both structural (Fortin et al., 2017) and functional (Yu et al., 2018) connectivity Using 

the 4X400 matrix for each individual and their Site in addition to age, sex, and diagnosis, 

ComBat normalized each of the functional connectivity values to remove site differences while 

maintaining variables of interest, as described in Chapter III. In an offline linear model, there 

was a significant difference in connectivity strengths by site, with all sites significantly different 

from each other (ps < 0.001) except NYU and SDSU which were trending (p = 0.063). Post 

harmonization, however, there was no longer any site differences in connectivity strengths (ps > 

0.994), suggesting successful harmonization in the removal of site effects. Importantly, 
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differences stemming from age, sex, and diagnosis remained nearly unchanged post 

harmonization, suggesting signal differences deriving from other variables outside of Site were 

maintained (for full analyses see Chapter III).  

 

 

 

Split Half Approach 

  Analyses were performed using a split-half approach afforded by the large sample 

allowing for a discovery and replication sample that are matched at the participant level. The 

sample was divided into two groups in a two-tiered matching process, by first matching ASD 

participants to each other followed by matching ASD participants to TD participants. First, ASD 

Figure 4.1 Schaefer 400 parcellation matched to the Yeo 7 network 

Schaefer parcels (light boundaries) and their associated network affiliation to the Yeo 7 

network designation (colors) 
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children were matched in order to create two matched groups (Fig 4.2). For each site separately, 

each participant was matched to their nearest 

neighbor based on motion, age, IQ, sex, and 

ADI-R summary scores. Matched participants 

were then sorted into separate groups yielding 

two groupings matched at the participant-level 

for each site. Groups were then combined such 

that one of the matched ASD groupings from 

each site were combined into a Sample 1 and 

the others were combined into a Sample 2. The 

two groups were matched on all variables of 

interest, p’s > 0.407 (Table 4.3).  

 

TABLE 4.3 ASD PARTICIPANT LEVEL MATCHING 

Factor Sample 1 Sample 2 t/χ2 p 

Mean FD 0.15 (0.12) 0.15 (0.10) 0.683 0.496 

Age 10.81 (2.55) 11.10 (2.58) 0.762 0.447 

IQ 107.40 (15.07) 109.27 (15.45) 0.831 0.407 

N Male (%) 77 (84.61) 76 (83.52) 0.041 0.840 

ADI Soc 18.45 (5.90) 19.07 (4.91) 0.765 0.446 

ADI Comm 14.57 (4.57) 14.65 (4.65) 0.322 0.748 

ADI RRB 5.57 (2.07) 5.45 (2.36) 0.352 0.725 

Autism Diagnostic Interview - Revised (ADI-R) Social (Soc) Communication 

(Comm) & Repetitive & Repetitive Behaviors (RRB) 

 

Figure 4.2 ASD Matching Process 
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  Second, once ASD participants were matched to each other and sorted into two Samples, 

they were then matched to TD participants. For each of the 182 ASD participants, the nearest TD 

neighbor was determined using the same matching criteria of motion, age, IQ, and sex. The ADI-

R was not used in ASD-TD matching as it was not administered to TD children at any site. Once 

participant-level matching of each ASD participant to their nearest TD neighbor was complete, 

the matched TD participants were sorted into the same sample as their matching ASD 

participant. This process yielded two samples, both comprised of 91 ASD and 91 TD 

participants. The remaining 173 TD participants not matched to an ASD participant were 

excluded from the analysis. Follow-up t-tests and χ2 showed no difference between matched TD 

and ASD groups in motion, age, and sex but a significant difference in IQ when compared within 

each of the two samples (Table 4.4). Additional analyses were performed that indicate there are 

no differences between any subsample and that functional connectivity data are also highly 

consistent between all groups (Fig SI 3.1).  
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TABLE 4.4 ASD-TD PARTICIPANT MATCHING BY SAMPLE 

Sample 1 

Factor ASD TD  t/χ2 p 

Mean FD 0.15 (0.12) 0.14 (0.10) 0.763 0.447 

Age 10.81 (2.55) 10.42 (1.79) 1.200 0.232 

IQ 107.40 (15.07) 113.37 (11.37) 2.910 0.004* 

N Male (%) 77 (84.61) 69 (75.82) 2.171 0.140 

Sample 2 

Factor ASD TD t/χ2 p 

Mean FD 0.15 (0.10) 0.13 (0.08) 1.132 0.260 

Age 11.10 (2.58) 10.82 (2.01) 0.806 0.421 

IQ 109.27 (15.45) 114.89 (11.85) 2.751 0.007* 

N Male (%) 76 (83.52) 68 (74.73) 1.221 0.269 

Autism Spectrum Disorder (ASD), Typically Developing (TD) 

*Significant at p < 0.05 

 

Analysis Approach 

  Prior to analysis but post-harmonization, individual parcels from the Schaefer 400 

parcellation were averaged into network values based on their affiliation (Fig 4.1). Using 

Schaeffer’s Yeo 7 network labeling (Yeo et al., 2011), parcels belonging to each of the 7 

networks (Visual, Dorsal Attention, Salience/Ventral Attention, Somatomotor, Limbic, 

Frontoparietal/Control, Default) were averaged resulting in a network-wide connectivity strength 

from each hippocampal seed to each network. Analyses were then conducted in three stages. 

  First, initial analyses were performed in R (R Core Team, 2019) to assess group 

differences in functional connectivity strengths between the 4 hippocampal seeds and the 7 

network averages. Multivariate analyses of covariance (MANCOVAS) were performed for 
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connectivity strengths between the hippocampus and the 7 networks (Visual, Dorsal Attention, 

Salience/Ventral Attention, Somatomotor, Limbic, Frontoparietal/Control, Default) for Group 

(TD, ASD) using FIQ as a covariate since it differed between groups. Eight MANCOVAs were 

performed, one for each of the 4 hippocampal seeds separately in the two Samples. Significant 

network differences observed in both Samples were treated as robust and replicated findings for 

subsequent analyses. 

  Second, parcel level differences were assessed across samples. Given the diverse 

anatomical regions that comprise most networks, further analyses were performed to determine 

which parcels are most pronounced and replicated across Samples in the replicated network 

findings. To identify the greatest magnitude parcels, absolute difference scores were calculated 

by subtracting the average ASD connectivity from the average TD connectivity for each parcel 

within the networks found to have significant group differences. For each of those networks, the 

top 1/3 of parcels showing the largest magnitude difference between groups were identified 

separately within each Sample. Selected parcels from each Sample were cross-referenced with 

the other to identify parcels that are common to both Samples, suggesting robustness of 

differences.  

  Third, to assess the impact of executive function differences in functional connectivity, 

network level differences were examined. Since the dataset available does not have a measure 

specific to behavioral flexibility, the BRIEF GEC was utilized as an overall assessment of 

executive function. The network level MANCOVAs were replicated with an additional term for 

GEC and a Group (TD, ASD) X GEC interaction alongside Group and FIQ. Following 

significant main effects for GEC or interactions, effect sizes for BRIEF subdomains were 
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compared to assess relative degree of contribution – including Shift, a measure of behavioral 

flexibility. 

 

Results 

Network Level Functional Connectivity 

  First, the laHPC MANCOVAs found both Samples exhibited a significant effect for 

Group (F1(7,169) = 2.817, p1 = 0.008; F2(7,169) = 3.943, p2 < 0.001), but no effect for FIQ (p1 = 

0.118; p2 = 0.286). Post-hoc analyses of variance (ANOVAs) found differences in 4 of the 7 

networks. TD children in Sample 1 exhibited significantly greater connectivity in the Control 

(F(1,168) = 4.869, p = 0.029) and DMN (F(1,168) = 4.380, p = 0.038) networks relative to ASD 

children. Children with ASD exhibited marginally significant greater connectivity to in the 

Limbic (F(1,168) = 3.772, p = 0.054) and Visual (F(1,168) = 3.689, p = 0.056) networks relative 

to TD children. Similarly, post-hoc ANOVAs in Sample 2 found significant effects for Group in 

the same 4 networks. TD children exhibited greater connectivity to the Control (F(1,168) = 

5.523, p = 0.020) and Default (F(1,168) = 6.474, p = 0.012) networks while ASD children 

exhibited significantly greater connectivity to the Limbic (F(1,168) = 8.695, p = 0.003) and 

Visual (F(1,168) = 6.085, p = 0.015) networks relative to TD (Fig 4.3A).  

   Second, the lpHPC MANCOVAs found Sample 1 exhibited no effect for Group 

(F1(7,169) = 0.975, p1 = 0.451) or FIQ (p1 = 0.264) while Sample 2 exhibited an effect for Group 

F2(7,169) = 2.361, p2 = 0.025) but not FIQ (p2 = 0.446). Post-hoc ANOVAs found significant 

Group differences in Sample 2 exhibiting greater connectivity with the Limbic network in 

children with ASD (F(1,168) = 12.081, p = 0.0006) – a result not observed in Sample 1 
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(F(1,168) = 1.072, p = 0.302). Further analyses were not pursued further due to the lack of 

agreement between the two samples. 

  Third, the raHPC MANCOVAs found both Samples exhibited a significant effect for 

Group (F1(7,169) = 2.21, p1 = 0.035; F2(7,169) = 2.180, p2 = 0.039), but no effect for FIQ (p1 = 

0.620; p2 = 0.901). Post-hoc ANOVAs found significant Group differences in Sample 1 for two 

networks, greater connectivity was observed in TD children with the Control network (F(1,168) 

= 5.712, p = 0.024) and greater connectivity in ASD children with the Visual network (F(1,168) 

= 4.898, p = 0.028). Post-hoc ANOVAs in Sample 2 found Group differences for two different 

networks, with greater connectivity in ASD children with the Limbic network (F(1,168) = 8.342, 

p = 0.004) and greater connectivity in TD children with the Salience network (F(1,168) = 4.252, 

p = 0.041). Neither Sample showed overlap in significant Networks: Sample 1 exhibited no 

differences in the Limbic (F(1,168) = 1.062, p = 0.304) or Salience (F(1,168) = 0.371, p = 0.543) 

networks and Sample 2 exhibited no differences in the Control (F(1,168) = 0.937, p = 0.0335) or 

Visual (F(1,168) = 0.468, p = 0.495) networks (Fig 4.3B).  Further analyses were not pursued 

further due to the lack of agreement between the two samples. 

  Fourth, the rpHPC MANCOVA found both Samples exhibited a significant main for 

Group (F1(7,169) = 2.097, p1 = 0.047; F2(7,169) = 2.327, p2 = 0.027), but no effect for FIQ (p1 = 

0.614; p2 = 0.348). Post-hoc ANOVAs found significant Group differences in Sample 1 for three 

networks, with greater connectivity to the Limbic network in children with ASD (F(1,168) = 

5.119, p = 0.025) greater connectivity in TD children with both the Salience (F(1,168) = 4.345, p 

= 0.039) and Somatomotor (F(1,168) = 4.741, p = 0.031) networks. Sample 1 also exhibited 

trending differences for one network with greater connectivity for the Dorsal Attention network 
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(F(1,168) = 3.143, p = 0.078)) in TD children. Similarly, post-hoc ANOVAs in Sample 2 found 

the same Group differences for Limbic (F(1,168) = 11.953, p < 0.001) and Salience (F(1,168) = 

4.764, p = 0.030), but not for Dorsal Attention (F(1,168) = 0.001, p = 0.984) or Somatomotor 

(F(1,168) = 2.121, p = 0.147) networks (Fig 4.3C). 
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Figure 4.3 Hippocampal Connectivity by Network 
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  In summary, both Samples exhibit significant overlap in Group differences in functional 

connectivity for the left anterior HPC and right posterior HPC, but not the left posterior or right 

anterior HPC. Within the significant networks, both Samples exhibited significant ASD 

overconnectivity of the laHPC to the Limbic and Visual networks and rpHPC to the Limbic 

network and underconnectivity of the laHPC to the Control and Default networks and the rpHPC 

to the Salience network. Despite individual participants matched on age, all MANCOVAs were 

also recapitulated to control for age, yielding no significant differences in findings (Fig SI 3.2-4) 

 

Parcel Level Functional Connectivity  

  Due to the diverse regions that comprise whole brain networks and the existence of 

functionally distinct subnetworks, parcel level differences were explored. To accomplish this, the 

difference between TD and ASD connectivity was calculated for each parcel in replicated 

network findings and the 33% of the parcels with the greatest magnitude of different from each 

significant network were compared across Samples. 

 The Control network is comprised of 52 parcels, yielding a top third of 17 parcels. A total of 7 

parcels were common across the top third of both Samples for laHPC connectivity, with 6 of the 

7 exhibiting greater TD connectivity relative to ASD, with one exhibiting opposing relationships 

between the two Samples (Fig 4.4) Parcels predominately resided in the medial and left 

dorsalateral PFC (Fig 4.8). 
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  The Default network is comprised of 91 parcels, yielding a top third of 30 parcels. A total 

of 7 parcels were common across the top third of both Samples for laHPC connectivity, with 

each parcel exhibiting greater TD connectivity relative to ASD (Fig 4.5). Parcels predominately 

resided in the medial and dorsomedial PFC (Fig 4.8). 

Figure 4.4 Shared parcels between both Samples for laHPC and Control network 

Figure 4.5 Shared parcels between both Samples for laHPC and Default network 
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  The Limbic network is comprised of 26 parcels, yielding a top third of 9 parcels. A total 

of 5 parcels were common across the top third of both Samples for laHPC connectivity, with 4 of 

the 5 exhibiting greater ASD connectivity relative to TD, with one exhibiting opposing 

relationships between the two Samples (Fig 4.6). Parcels predominately resided in the inferior 

temporal gyrus and temporal pole (Fig 4.8). 

 

 

  The Visual network is comprised of 47 parcels, yielding a top third of 16 parcels. A total 

of 4 parcels were common across the top third of both Samples for laHPC connectivity, with 

each parcel exhibiting greater ASD connectivity relative to TD (Fig 4.7). Parcels predominately 

resided in the early visual regions and inferior temporal (Fig 4.8).  

 

Figure 4.6 Shared parcels between both Samples for laHPC and Limbic network 
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Figure 4.8 Left anterior hippocampal shared parcels 

Significant parcels shared in both Samples labeled by network affiliation (fill) and which group 

exhibited greater connectivity (outline) 

Figure 4.7 Shared parcels between both Samples for laHPC and Visual network 
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 The Limbic network is comprised of 26 parcels, yielding a top third of 9 parcels. A total of 4 

parcels were common across the top third of both Samples for rpHPC connectivity, with each 

parcel exhibiting greater ASD connectivity relative to TD (Fig 4.9). Parcels predominately 

resided in the temporal pole (Fig 4.11). 

 

 

  The Salience network is comprised of 61 parcels, yielding a top third of 20 parcels. A 

total of 4 parcels were common across the top third of both Samples for rpHPC connectivity, 

with each parcel exhibiting greater TD connectivity relative to ASD (Fig 4.10). Parcels 

predominately resided along the left lateral sulcus (Fig 4.11).  

 

Figure 4.9 Shared parcels between both Samples for rpHPC and Limbic network 
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Figure 4.10 Shared parcels between both Samples for rpHPC and Salience network 

Figure 4.11 Right Posterior hippocampal shared parcels 

Significant parcels shared in both Samples labeled by network affiliation (fill) and which group 

exhibited greater connectivity (outline) 
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 In sum, both Samples exhibited significant overlap in parcels showing similar magnitudes of 

difference between TD and ASD children. In particular, parcels with greater connectivity for 

children with ASD were largely relegated to inferior temporal regions and the temporal pole, 

while TD children exhibited greater connectivity largely within the medial and dorsolateral PFC. 

Importantly, these findings do not appear to be an a confound related to movement (Table SI 

3.1), but instead represent Group differences in connectivity.  

 

Executive Function and Functional Connectivity 

  To assess for the role of executive function, network level MANCOVAs were replicated 

with the addition of BRIEF GEC and an interaction term for GEC X Group (TD, ASD). 

  First, the laHPC MANCOVA found both Samples failed to exhibit an GEC X Group 

interaction (p1 = 0.496; p2 = 0.409) or main effect for GEC (p1 = 0.652; p2 = 0.455). Both 

samples found the same significant main effect for Group (F1(7,155) = 2.246, p1 = 0.034; 

F2(7,155) = 2.812, p2 = 0.010), and no effect for FIQ (p1 = 0.101; p2 = 0.594) that was reported 

prior. 

  Second, the lpHPC MANCOVA found that Sample 1 failed to exhibit an GEC X Group 

interaction (p1 = 0.817) or main effect for GEC (p1 = 0.898), and still failed to exhibit a main 

effect for Group (p1 = 0.583) or FIQ (p1 = 0.410). Sample 2, however, exhibited a significant 

GEC X Group interaction (F2(7,155) = 2.480, p2 = 0.020) but no main effect for GEC (p2 = 

0.770). Post-hoc ANCOVAs found significant interactions for the Somatomotor (F(1,146) = 

8.903, p = 0.003) and Salience (F(1,146) = 5.569, p = 0.020) networks (Fig 4.12). Within the 

Somatomotor network, TD children exhibit a marginally significant decrease in connectivity 
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with greater executive function impairments (r = -0.200, p = 0.058) while children with ASD 

exhibit greater connectivity with greater impairment (r = 0.242, p = 0.042). Within the Salience 

network, TD children exhibit no significant relationship between connectivity strength and GEC 

(r = -0.14, p = 0.185) while children with ASD exhibit a similar positive relationship between 

connectivity and impairment (r = 0.248, p = 0.037). Sample 2 also found the same significant 

main effect for Group (F2(7,155) = 12.400, p2 < 0.001), and no effect for FIQ (p2 = 0.851) as 

reported above. 

  To assess the if there is noticeable difference in contribution for the various subdomains 

in the observed interactions, effect sizes were compared. For both the Somatomotor and Salience 

networks, effect sizes were calculated for each of the 7 subdomains and 2 indexes for the 

interaction term in the BRIEF X Group lpHPC MANCOVA (Table 4.5). For the Somatomotor 

network, ηp
2 exhibited small effect sizes in all indexes and subdomains ranged from 0.011-0.046. 

Figure 4.12 Group by connectivity differences for Somatomotor and Salience networks 
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Similarly for the Salience network, consistent small effect sizes were found in all indexes and 

subdomains (0.010-0.051) with the exception of the Organizing subdomain with a ηp
2 = 0.003. 

Across these two networks, while the interaction between group and a global measure of 

executive function is significant in these networks, all subdomains and indexes have small effect 

sizes and therefore similar contributions. It should be noted, however, that the Somatomotor 

network exhibits marginally larger effect sizes for the BRI and its subdomains than MI while 

Salience exhibits marginally larger effect sizes for the MI and its subdomains than BRI. 

 

TABLE 4.5 EFFECT SIZES OF GROUP BY BRIEF SCORES FOR SIGNIFICANT 

NETWORKS 

 Somatomotor Network (ηp
2) Salience Network (ηp

2) 

Global Executive Composite 0.044 0.044 

Behavioral Regulation Index 0.046 0.016 

Inhibit 0.029 0.018 

Shift 0.026 0.020 

Emotional Control 0.042 0.010 

Metacognition Index 0.029 0.032 

Initiate 0.012 0.013 

Working Memory 0.011 0.027 

Planning 0.021 0.018 

Organizing 0.040 0.003 

Monitor 0.019 0.051 

 

 

  Third, the raHPC MANCOVA found both Samples failed to exhibit an GEC X Group 

interaction (p1 = 0.153; p2 = 0.332) or main effect for GEC (p1 = 0.625; p2 = 0.343). However, 

neither Sample found the main effects of Group reported above (p1 = 0.121; p2 = 0.167), 

although they still found no effect for FIQ (p1 = 0.712; p2 = 0.791). 
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  Fourth, the rpHPC MANCOVA found both Samples failed to exhibit an GEC X Group 

interaction (p1 = 0.922; p2 = 0.255) or main effect for GEC (p1 = 0.265; p2 = 0.333). Both 

samples found the same a significant main effect for Group (F1(7,155) = 1.904, p1 = 0.072; 

F2(7,155) = 2.538, p2 = 0.017), and no effect for FIQ (p1 = 0.778; p2 = 0.227). 

  In summary, the GEC did not greatly alter the findings, with only one MANCOVA 

yielding significant interaction or main effect related to executive function which was not 

replicated across Samples. Moreover, all significant Group differences that were replicated in 

both Samples persisted with the inclusion of GEC.  

 

Discussion 

  Our study found significant differences in hippocampal connectivity in children with 

ASD relative to individually matched TD children. Replicated across two samples, children with 

ASD exhibited the hypothesized hypoconnectivity between the Default network and the laHPC 

as well as the Control network and between the rpHPC and Salience network. They also 

exhibited hyperconnectivity between the Limbic network and both the laHPC and rpHPC as well 

as between the Visual network and the laHPC. Within these network findings, children with 

ASD largely exhibit greater connectivity to parcels within the inferior temporal lobe and 

temporal pole while exhibiting diminished connectivity to prefrontal, and especially the mPFC 

and left dlPFC, regions. Contrary to hypotheses, however, executive function, measured through 

the BRIEF GEC, did not significantly interact with connectivity of the hippocampus to any 

network in both samples. Within the two significant interactions observed in Sample 2, the Shift 

score did not noticeably vary from other subscores in it’s contribution. 
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  Our results provide novel additions to understanding disruptions in the DMN in ASD by 

exhibiting diminished connectivity is not simply observed in the midline core, but also with the 

hippocampus. Although the entire, bilateral hippocampus is a component of the DMN (Greicius 

et al., 2009; H. Kim, 2016), our results showing atypical connectivity in children with ASD 

relative to TD are localized to the anterior and posterior divisions of the hippocampus. The 

variable connectivity findings are in line with work in adults showing different connectivity 

along the posterior-anterior axis of the hippocampus. Our findings at the parcel level showing the 

majority of DMN hypoconnectivity is with medial prefrontal regions further aligns with previous 

findings suggesting typical adults show greater mPFC connectivity in the more anterior portions 

of the hippocamps (Frank et al., 2019). When probing the anterior-posterior differential 

relationship between left anterior and posterior hippocampus in the left and right mPFC parcels 

(the average connectivity of LH_PFC_9 and RH_PFCm_3) we do observe that TD children 

show greater connectivity to those parcels with the anterior hippocampus relative to posterior 

(t(181) = 4.19, p < 0.001). The same anterior/posterior t-test in children with ASD revealed no 

difference (t(181) = 1.51, p = 0.132) suggesting a lack of differentiation between the anterior and 

posterior hippocampus in connectivity to the mPFC. Therefore, the limiting of significant DMN 

differences to the left anterior hippocampus may be driven by this lack of differentiation in ASD. 

  Other observed networks have also been implicated in structural and functional 

differences in ASD. Although the hippocampus is not a node in the other networks observed – 

Control, Limbic, Salience, or Visual – differences in both the structure of component regions as 

well as differences in networks have been observed. Children with ASD have exhibited difficulty 

in dynamic modulation of the Control network as a function of degree of executive function 
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impairment (Lynch et al., 2017). While structural and functional differences in limbic regions 

have been observed in ASD, the amygdala in particular, is often enlarged in volume in ASD 

(Barnea-Goraly et al., 2014; W. Groen et al., 2010; Schumann et al., 2004), and the 

overconnectivity of the amygdala with other Limbic network regions, including temporal 

regions, has been observed (Di Martino et al., 2013). Although the hippocampus is not 

traditionally a member of any of these networks at rest, the connectivity between the Control 

network and hippocampus guides success of memory strategies (Bridge et al., 2017) while the 

hippocampus is strongly connected to the amygdala during social and emotional memory 

retrieval and at rest (de Voogd et al., 2017; Tanimizu et al., 2017; Tillman et al., 2018). Outside 

of a network driven approach, individuals with ASD often exhibit greater local connectivity to 

nearby regions and depressed long-distance connectivity, especially within the temporal lobe 

(Jiang et al., 2015; Kozhemiako et al., 2020). Thus, given the proximity of the temporal lobe, the 

hippocampal seeds, and the significant shared parcels in the temporal pole, some significant 

differences maybe driven by distance of connections. Importantly, these differences were shown 

not to be driven by uncorrected motion, despite the temporal pole being especially susceptible to 

motion artifacts (Table SI 3.2).  

  Interpretations of the negative correlations observed in Salience and Control networks, 

and mixed correlations in the Visual network, should be made with caution however. The 

anticorrelations observed in these networks may result from the application of GSR in motion 

correction. It has been reported that regressing out mean signal through GSR increases the 

number of anticorrelations –  likely reducing connectivity strengths of weakly positive 

connections result in them becoming negative (Murphy et al., 2009; Weissenbacher et al., 2009). 
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As a result, it is difficult to directly interpret the meaning of these differences in connectivity 

beyond the observation that connectivity is significantly different between children with and 

without ASD. 

  Contrary to our hypothesis, there were no replicated findings showing an effect of 

executive function on connectivity to any network with any hippocampal seed. Despite evidence 

that executive functioning, and flexibility in particular, is impaired in ASD (Demetriou et al., 

2017; Kenworthy, Case, et al., 2010; Solomon et al., 2009), and that executive function is 

associated with hippocampal functioning (Maister et al., 2013; Rajan et al., 2014), we did not 

observe any relationship between hippocampal connectivity. While the data suggests that 

executive function does not unilaterally affect connectivity in ASD, the absence of a connection 

between flexibility specifically and connectivity should be interpreted with caution, however, as 

the sample available lacked a robust measure of flexibility, instead only a subscale of the BRIEF 

comprised of only 7 items could be used.  One possible explanation may be the heterogeneity of 

ASD cognitive skill profiles. Executive function deficits in ASD are not a singular monolith, 

rather, there is significant variability with recent wok showing multiple different subgroups of 

deficits in ASD that exhibit different connectivity profiles (Vaidya et al., 2020). Thus, the 

absence of significant effects may be the result of a mixed executive function profiles within our 

Samples that prevent a clear relationship from forming in the analyses, rather than an expression 

of no relationship at all. Additional work is required to appropriately select out children based on 

their subgrouping profile to properly assess any relationships. 

  This present study is the first to rigorously characterize hippocampal functional 

connectivity differences in ASD. Using a large-scale database, we were able to construct two 
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Samples with individual-level participant matching between Sample and within diagnostic group 

and within Sample and between diagnostic group. Subsequently, we utilized an innovative cross-

site harmonization approach to remove site effects – an approach still not widely adopted in 

studies of the ABIDE dataset. Using an approach that segregates the functionally distinct anterior 

and posterior regions of the hippocampus, results that were replicated in both Samples were 

considered robust findings. Our overall findings using this approach suggest children with ASD 

exhibit significantly decreased connectivity to Control and Default network, especially to mPFC 

and dlPFC regions, and lateral components of the Salience network relative to TD children; 

while also exhibiting overconnectivity to Limbic and Visual regions, especially along the ventral 

temporal lobe and temporal pole. While the specific interpretation of these findings is cautious 

warranted by the negative correlations that may be a result of inclusion of GSR, the observed 

differences in mPFC connectivity are consistent with the consensus of research suggesting broad 

DMN disruptions in ASD. Within the larger field, functional connectivity has been a powerful 

tool to assess possible mechanistic explanations for behavioral differences, it has been rife with 

mixed and contradictory findings. We consider the rigor of our numerous checks to represent 

both an important step that can offer a framework for future studies as well as offer greater 

confidence in the robustness of our findings.  
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Supplemental Information 

Matching Control Analyses 

 Additional analyses were performed to confirm appropriate matching of Groups. First, 

the TD’s from Sample 1 and Sample 2 were appropriately matched to children with ASD in each 

group such that they did not differ in Motion, Age, FIQ, or sex. Secondary analyses were 

performed to assess differences between the two TD groups to determine if they differed from 

each other. T-tests and χ2 were performed on the 4 variables of interest and were no different 

from each other on any (Table SI 3.1) 

 

TABLE SI 3.1 TD-TD PARTICIPANT MATCHING BY SAMPLE 

Factor Sample 1 Sample 2 t/χ2 p 

Mean FD 0.14 (0.10) 0.13 (0.08) 1.014 0.332 

Age 10.42 (1.79) 10.82 (2.01) 1.436 0.153 

IQ 113.37 (11.37) 114.89 (11.85) 1.001 0.315 

N Male (%) 69 (75.82) 68 (74.73) 0.030 0.864 

Table includes all participants in the full datasets 

Autism Spectrum Disorder (ASD), Typically Developing (TD) 

 

 Beyond biological variables of interest, to guarantee there are not wide variances in 

functional connectivity values. To accomplish this, two approaches were taken. First, functional 

connectivity values within the two disorders, across samples (ASD1-ASD2 and TD1-TD2) the full 

mean connectivity for each parcel was correlated. Both the ASD (r = 0.958, p < 0.001) and TD (r 

= 0.959 , p < 0.001) were highly correlated (Fig SI 3.1). 
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Additionally, the same MANCOVAs described in the Methods of Chapter IV were 

recapitulated within diagnostic group such that, rather than comparing within Sample across 

group, it was within Group across Sample for each of the 4 ROIs separately to the 7 networks. In 

the TD children there were no significant differences from in any of the 4 seeds between TD 

Samples (ps > 0.506) nor was there a difference in the ASD children between Sample 1 and 

Sample 2 for any of the hippocampal Seeds (ps > 0.436).  

 

Effect of Motion on Connectivity Strengths 

Despite Spike-Regression providing the strongest correction for motion based on visual 

inspection, a more localized assessment of motion effects was applied to parcels shared by both 

samples in the Parcel Based approach. For each of the 31 parcels, a correlation between residual 

Figure SI 3.1 Parcelwise Connectivity Within Group Comparisons 
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motion and functional connectivity was performed independently for each (Table SI 3.2). Only 

one parcel exhibited a significant relationship between motion and connectivity in the left 

temporal pole (r = 0.107, p =0.40).  

TABLE SI 3.2 SHARED PARCEL AND RESIDUAL MOTION 

RELATIONSHIP 

ROI Network Parcel Centroids r p 

Left Ant Control LH_PFCmp_1 -4, 28, 47 -0.028 0.596 

Left Ant Control RH_PFCl_7 48, 18, 23 0.027 0.611 

Left Ant Control RH_PFCl_8 25, 54, 25 0.012 0.836 

Left Ant Control RH_PFCl_9 47, 29, 28 0.028 0.591 

Left Ant Control RH_PFCl_11 39, 33, 38 0.011 0.835 

Left Ant Control RH_PFCmp_1 8, 35, 25 0.051 0.335 

Left Ant Control RH_pCun_2 5, -64, 44 -0.017 0.753 

Left Ant Default LH_PFC_9 -6, 45, 6 -0.015 0.777 

Left Ant Default LH_PFC_13 -4, 51, 28 0.009 0.859 

Left Ant Default LH_PFC_18 -8, 43, 51 -0.057 0.282 

Left Ant Default LH_PFC_23 -13, 24, 61 -0.052 0.321 

Left Ant Default LH_Temp_1 -54, -2, -30 -0.036 0.492 

Left Ant Default RH_PFCm_3 45, 32, -8 0.009 0.859 

Left Ant Default RH_PFCm_8 7, 54, 13 -0.059 0.262 

Left Ant Limbic LH_TempPole_1 -37, -5, -42 0.058 0.270 

Left Ant Limbic LH_ TempPole_3 -26, -9, -33 0.073 0.164 

Left Ant Limbic LH_ TempPole_5 -40, -21, -27 0.107 0.040* 

Left Ant Limbic RH_ TempPole_4 39, -15, -31 0.030 0.571 

Left Ant Limbic RH_OFC_6 9, 63, -14 0.009 0.858 

Left Ant Visual LH_Vis_4 -24, -55, -8 0.021 0.696 

Left Ant Visual LH_Vis_27 -25, -85, 21 0.015 0.770 

Left Ant Visual RH_Vis_1 34, -37, -23 -0.045 0.387 

Left Ant Visual RH_Vis_27 36, -74, 24 -0.004 0.934 

Right Pos Limbic LH_TempPole_5 -40, -21, -27 0.071 0.179 

Right Pos Limbic RH_OFC_2 23, 22, -21 0.035 0.502 

Right Pos Limbic RH_TempPole_1 28, -1, -40 0.048 0.363 

Right Pos Limbic RH_TempPole_3 37, 17, -38 0.042 0.424 

Right Pos Salience LH_FrOper_7 -44, 5, -17 0.006 0.909 

Right Pos Salience LH_Med_5 -13, -41, 47 0.006 0.909 

Right Pos Salience LH_ParOper_1 -55, -32, 22 0.088 0.093 

Right Pos Salience LH_ParOper_2 -58, -44, 27 0.062 0.240 

* p < 0.05 
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Age Effects on Functional Connectivity 

 Functional connectivity of the hippocampus is known to change with age, so despite age 

matching participants at the individual level, the network level MANCOVAs were repeated with 

the addition of Age as both a main effect and Age X Group (TD, ASD) interaction term to 

further assess any findings that may be driven by age.  

 First, for the laHPC MANCOVA both Samples exhibited no main effect for Age (p1 = 0.285, 

p2 = 0.103) or an Age X Group (p1 = 0.728, p2 = 0.380) interaction. However, both Samples 

exhibited the same main effects for Group as was observed in the main text (F1(7,166) = 2.822, 

p1 = 0.008; F2(7,166) = 4.019, p2 < 0.001), as was the non-significant difference for FIQ (p1 = 

0.118; p2 = 0.286). Post-hoc ANCOVAs controlling for FIQ found differences in 4 of the 7 

networks. TD children exhibited significantly greater connectivity in the Control (F(1,166) = 

4.851, p = 0.029) and Default (F(1,166) = 4.352, p = 0.038) networks. Children with ASD 

exhibited greater connectivity in trending differences in the Limbic (F(1,166) = 3.745, p = 0.055) 

and Visual (F(1,166) = 3.653, p = 0.058) networks. Similarly, post-hoc ANCOVAs in Sample 2 

found the same 4 networks, but with each being significant. TD children exhibited greater 

connectivity to the Control (F(1,166) = 5.724, p = 0.018) and Default (F(1,166) = 6.468, p = 

0.012) networks while ASD children exhibited significantly greater connectivity to the Limbic 

(F(1,166) = 8.842, p = 0.003) and Visual (F(1,166) = 6.025, p = 0.015) networks.  

 Second, for the lpHPC MANCOVA in Sample 1 exhibited no main effect for Group (p1 = 

0.458) or FIQ (p1 = 0.264) as in the main text, nor a main effect Age (p1 = 0.609), but did exhibit 

a trending Group X Age interaction (F1(1,166) = 1.912, p = 0.071). Post-hoc ANCOVAs 

exhibiting a sole, strong interaction in the Control network (F1(1,166) = 6.364, p = 0.013), with 
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TD children exhibiting decreased functional connectivity with age while children with ASD are 

exhibiting increasing connectivity (Fig SI 3.3). Sample 2 exhibited only the main effect for 

Group observed in the main text (F2(7,166) = 2.361, p2 = 0.025) but not FIQ (p2 = 0.446), Age 

(p2 = 0.103), nor Group X Age (p2 = 0.380). Post-hoc ANOVAs found the same significant 

Group differences in Sample 1 with greater ASD connectivity to the Limbic network (F(1,166) = 

12.081, p < 0.001). 

  

  Third, for the raHPC MANCOVA both Samples exhibited no main effect for Age (p1 = 

0.781, p2 = 0.326) or an Age X Group (p1 = 0.523, p2 = 0.841) interaction. However, both 

Samples exhibited the same main effects for Group as was observed in the main text (F1(7,166) 

Figure SI 3.2 Age by functional connectivity strength in the control network 
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= 2.200, p1 = 0.036; F2(7,166) = 2.200, p2 = 0.036) and no effect for FIQ (p1 = 0.629; p2 = 

0.901). Post-hoc ANOVCAs controlling for FIQ found significant Group differences in Sample 1 

for two networks, greater TD connectivity for the Control network (F(1,166) = 5.139, p = 0.025) 

and greater ASD connectivity for Visual (F(1,166) = 4.846, p = 0.029). While post-hoc 

ANCOVAs in Sample 2 found Group differences for two networks, they were different 

networks, with greater ASD connectivity with the Limbic network (F(1,166) = 8.513, p = 0.004) 

and greater TD connectivity for the Salience network (F(1,166) = 4.272, p = 0.040).  

  Fourth, for the rpHPC MANCOVA Sample 1 exhibited the no main effect for Age (p1 = 

0.451) or an Age X Group (p1 = 0.118) interaction but did exhibit the same significant main 

effect for Group (F1(7,166) = 2.090, p1 = 0.047), and no effect for FIQ (p1 = 0.615) reported in 

the main text. Sample 2 exhibited the same main effect for group (F2(7,166) = 2.299, p2 = 0.029) 

and nonsignificant effect of FIQ (p2 = 0.340), but also a main effect for Age (F2(7,166) = 2.245, 

p2 = 0.033), although there was no significant Age X Group Interaction (p2 = 0.531). Post-hoc 

ANOVCAs found the same significant Group differences in Sample 1 for three networks with 

greater ASD connectivity to the Limbic network (F(1,166) = 5.071, p = 0.026) greater TD 

connectivity to both the Salience (F(1,166) = 4.343, p = 0.039) and Somatomotor (F(1,166) = 

4.688, p = 0.032) networks. Sample 1 also exhibited trending differences for one networks with 

greater TD connectivity for the Dorsal Attention network (F(1,166) = 3.185, p = 0.076)). 

Similarly, post-hoc ANCOVAs in Sample 2 found the same Group differences for Limbic 

(F(1,166) = 11.873, p < 0.001) and Salience (F(1,166) = 4.782, p = 0.030). Sample 2’s 

significant main effect for Age was driven by a trending effects in the Default (F(1,166) = 3.565, 
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p = 0.061) and Somatomotor (F(1,166) = 3.476, p = 0.064) networks, both exhibit greater 

connectivity with age. 

 

  In summary, the inclusion of age as a term in the analysis did not yield any replicated 

findings across the two samples. There were minimal age effects across the MANCOVAs with a 

single Group X Age interaction and two trending main effects for Age within individual 

networks. Moreover, none of the age effects were replicated in both groups. Although there have 

been significant differences observed in the past, a likely explination may be derived from the 

age of the population used (Fig SI 3.4). While the entirety of the age range is 6-17 years of age, 

80% of participants are between 8-13 resulting in minimal age variation overall. 

 

 

Figure SI 3.3 Main effects of age for Default and Somatomotor networks and rpHPC 
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Figure SI 3.4. Age distribution for final matched sample 
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CHAPTER V: GENERAL DISCUSSION 

 

Overview 

  Behavioral interventions for children with ASD often rely on explicit teaching of 

appropriate social skills and behaviors, spurred by evidence suggesting declarative memory is 

largely spared in the disorder. Some specific forms of declarative memory that rely on 

communication between the hippocampus and other default mode regions, however, have 

exhibited impairment, such as autobiographical memory (Bruck et al., 2007; Crane & Goddard, 

2008) which relies on medial temporal, prefrontal, and lateral parietal regions (Spreng et al., 

2009) and source memory (Lind & Bowler, 2009) which relies on medial temporal, prefrontal, 

and posterior parietal regions (Cansino, 2002). The two studies discussed in this dissertation 

focused on another specific form of memory relying on two regions, the hippocampus and the 

mPFC, that support the formation and use a flexible type of generalized knowledge. First, Study 

1 showed an atypical pattern of activation in both the mPFC and HPC of children with ASD, 

finding mPFC sensitivity to schema-dependent memory differed as a result of behavioral 

flexibility, while the HPC was not sensitive to schema-dependent encoding differences at all. 

Second, Study 2 exhibited widely dysregulated hippocampal connectivity in ASD, including the 

default mode network in addition to control, salience, limbic, and visual. Moreover, the 

hippocampal connectivity findings were rigorously replicated across two Samples that were 

individually matched, providing additional certainty in the veracity of findings in a field that 

often exhibits mixed findings across studies. 
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  Taken together, these two studies suggest broad inflexibility deficits in ASD may be tied 

to wider abnormalities in the DMN. Children with ASD exhibit atypical dysregulation of DMN 

connectivity and impairments in functions commonly attributed to the DMN. The two main 

regions promoting the formation and use of a flexible form of knowledge are both DMN regions, 

and connectivity between these regions in ASD are increased during tasks that draw on schemas. 

Within ASD, the mPFC is only sensitive to schema in children who exhibit limited flexibility 

problems, while the left anterior hippocampus was not sensitive to schema regardless of 

flexibility. When parcel-based functional connectivity of the hippocampus is assessed in children 

with ASD at rest, in addition to numerous other networks, the left anterior hippocampus is 

underconnected to the rest of the DMN and among the most underconnected relative to TD 

children is a parcel in the mPFC that overlaps with the cluster observed in the schema memory 

task.  

  Within functional connectivity study, a link between the DMN or mPFC and the 

hippocampus could not be established. The absence of a relationship, however, may be due to 

one or more of several different causes. First, Study 2 lacked any direct measure of flexibility, 

and thus, general executive function was used to assess a relationship, while the Shift subscore 

used as a proxy for flexibility was only used to decompose general executive function deficits 

across multiple subdomains. The Shift subscale contains only 7 items and thus is not as robust as 

the Flexibility Scale which contains 50. Thus, flexibility measured by an assessment targeting it 

specifically may be more sensitive to detect differences. Secondly, the other major difference 

between Study 1 and Study 2 is task versus resting state fMRI. While no major effects were 

detected in Study 2, all the data was collected with children laying in an MRI scanner without 
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task demands. In Study 1, however, children were required to perform a task requiring them to 

actively engage in the identification and classification of image pairs. It is also a possibility that 

flexibility does not manifest in different patterns of connectivity between groups in an intrinsic 

resting state. However, flexibility may play a significant role in the modulation of connectivity as 

a function of task demand. Future work is still required to disentangle whether behavioral 

flexibility manifests in diminished dynamic functional connectivity.  

 

Implications for Future Studies 

Schema Representations and Flexibility 

  Behavioral intervention approaches in ASD have often emphasized the explicit teaching 

of social skills in children with ASD (Bhat et al., 2014; Rao et al., 2008; Wong et al., 2015) with 

the assumption that the learned skilled would then be subsequently generalized to new 

environments and with new peers as appropriate. Studies assessing the generalization often find 

that, while the behaviors are clearly learned during the intervention, children exhibit pronounced 

difficulties in flexibly applying the learned skills after treatment (Reagon & Higbee, 2009; 

Woods & Poulson, 2006). The two studies presented in this dissertation offers a spotlight on a 

possible mechanistic explanation for these observed deficits. Across these two studies, children 

with ASD exhibit an absence of mPFC recruitment during a task design to assess the neural 

representations of schema use at encoding – an absence that is only observed in the inflexible 

children, while the flexible children recruit the mPFC similar to TD children in addition to 

rostro- and dorsolateral PFC. Additionally, children with ASD exhibit hypoconnectivity between 

the left anterior hippocampus and a parcel from the Schaeffer 400 atlas that encompasses the 
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cluster from Study 1. Taken as a whole, this suggests that significant underconnectivity between 

these two regions may result in aberrant schema formation as well as flexibility deficits. 

Although overall executive function did not interact in connectivity at rest, future work should 

examine flexibility independently as a distinct subdomain. The absence of significant 

relationship in children with ASD may be due to unique features of flexibility rather than general 

executive function. Similarly, the difference observed may be due to rest versus task. It may be 

that behavioral flexibility may relate to the dynamism of networks but not connectivity in a more 

static, at rest state. Beyond a mechanistic explanation for the observed difficulties generalizing 

learned skills from the behavioral interventions, these findings also provide further evidence 

suggesting the training of executive function and flexibility in approaches such as Unstuck and 

On Target (Kenworthy et al., 2014) in addition to social skills interventions may be the most 

efficacious approach.  

  The growing body of literature on models of schema representations have consistently 

posited a relationship between schema and flexibility in non-clinical populations. As schema are 

themselves flexible representations, it has been repeatedly suggested that schemas promote 

flexible behavior (Ghosh & Gilboa, 2014; Gilboa & Marlatte, 2017; Zeithamova et al., 2019). 

Despite the proposed link, however, there has yet to be an attempt to empirically assess the 

connection between schema use and real-world flexibility. Using ASD as an exemplar of 

significant inflexibility, Study 1 was able to show that behavioral rigidity as assessed on the 

Flexibility Scale was associated with a lack of mPFC recruitment. These findings lay the 

groundwork for future studies to follow up on the intersection of schema and real-world 

flexibility. First, our measure of flexibility was designed to assess clinically relevant levels of 
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inflexibility, which ultimately meant that TD children exhibited a floor effect that resulted in 

minimal variation. As a result, our findings could not be generalized to typical amounts of 

variation in flexibility and therefore should be replicated with a measure more sensitive to non-

pathological degrees of variability.  

 

The Hippocampus in ASD 

  Findings from the studies presented in this dissertation contribute to the growing body of 

literature on disruptions of the DMN in ASD. Consistent results have been observed in the 

underconnectivity of DMN nodes, and in particular the midline core comprising the mPFC and 

posterior cingulate cortex (Assaf et al., 2010; Doyle-Thomas et al., 2015; Eilam-Stock et al., 

2014; Jann et al., 2015; Jung et al., 2014; Kennedy & Courchesne, 2008; Lynch et al., 2013; 

Monk et al., 2009; von dem Hagen et al., 2013; Weng et al., 2010; Wiggins et al., 2011; Yerys et 

al., 2015). However, the functional connectivity of the hippocampus has not be fully 

characterized in ASD. Our results find broad disruptions of the hippocampus both within the 

DMN, and to other networks, especially hyperconnectivity to the Limbic network. Within the 

DMN, our parcel level difference finds disrupted connectivity to multiple anatomical DMN 

regions including the mPFC and lateral parietal regions. Although future work is required to 

assess more targeted DMN subsystems as proposed in Andrews-Hanna (2010), our results 

suggest that the hippocampal subsystem is atypical in ASD. Parcels overlapping with the 

spherical ROIs in Andrews-Hanna (2010) exhibit underconnectivity between the left anterior 

hippocampus and the vmPFC and posterior interparietal nodes/parcels but overconnectivity to 

the parcel most overlapping with the parahippocampal seed. Our findings also display an 
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underconnectivity to the mPFC midline core node, but no real difference to the PCC node, 

despite previous work suggesting overconnectivity (Monk et al., 2009). Futher work, however is 

required to asses the direct link between hippocampal connectivity and functions ascribed to the 

DMN not assessed in this study.  

 While the discussed projects shed light on broad dysregulation of hippocampal function and 

connectivity, important questions arise from these results. Among the most important next steps, 

many recent papers have emphasized the importance of characterizing hippocampal subfields. 

The two projects in this dissertation have utilized a broad approach by using either the entire 

hippocampus as was done in the original schema-dependent memory paper (van Kesteren et al., 

2013), or a hippocampus divided into anterior and posterior segments. However, as important as 

the anterior-posterior functional differences, the subfields of the hippocampus are also 

functionally distinct (Doxey & Kirwan, 2015; Keresztes et al., 2017, 2018; Vazdarjanova & 

Guzowski, 2004), exhibit different functional connections (Dalton et al., 2019; Smagula et al., 

2018), and have different structural trajectories throughout development (Krogsrud et al., 2014; 

Tamnes et al., 2018). Although there are consistent findings of gross hippocampal enlargement 

in ASD in childhood, there has been largescale assessment of hippocampal subfield differences 

in ASD. 

 

Methodological Concerns for Big Data 

  When dealing with large, multisite datasets, there are multiple methodological concern 

that require attention. Through a significant amount of piloting, concerns related to both the most 

appropriate motion correction pipeline and multiple site correction were determined for this 
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dataset. First, throughout piloting five of the most common pipelines to address motion artifacts, 

ultimately a Spike Regression approach was selected for this particular dataset. Through piloting 

of these pipelines, they were all vastly different in their efficacy of removing motion artifacts and 

in their final results. Additionally, there still remains significant debate in the field about the best 

pipeline, and as to whether the inclusion of GSR is an ultimate boon or hindrance to the 

subsequent analyses and interpretation. Presently, there are numerous validation studies 

proposing each pipeline is better than the others, however, they all use different samples that 

vary in age, overall motion, and whether individuals have a diagnosis and/or participant 

diagnosic status.  

  This debate and the findings reported in Chapter III ultimately yield some conclusions for 

the field. First, the selection of the motion correction pipeline can dramatically alter the final 

results. Second, each pipeline has been validated as the most efficacious correction approach for 

motion artifacts, but each on different datasets. As a result of these two factors, it is 

recommended that appropriate steps are taken to pilot pipelines individually for each dataset 

rather than rely on a single strategy for all cases. Therefore, future work should take this into 

account in the selection of pipelines and offer evidence that the selected approach was the best in 

removing artifacts, since motion artifacts are among the most common causes of spurious 

findings in functional connectivity studies (Power et al., 2012; Satterthwaite et al., 2012; Van 

Dijk et al., 2012). 

  In addition to motion artifact pipelines, Chapter III also addressed a methodological 

concern of site variability in multisite studies. Through piloting a still novel approach of ComBat 

Harmonization (Yu et al., 2018), we were able to complete remove site effects from the data, 
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while maintaining group, age, and sex differences. However, while the use of ComBat 

Harmonization has been shown to be successful in removing site effects in functional 

connectivity data, all current publications utilize a Spike-Regression with GSR pipeline. Most 

ABIDE studies still do not appropriately control for scanner and scan parameter differences at all 

or in a manner that sufficiently removes all site effects (Abraham et al., 2017; Dona et al., 2017; 

Jiang et al., 2015; Kozhemiako et al., 2020). Our findings show that different sites show 

significant differences in functional connectivity which can subsequently be fully removes 

through ComBat Harmonization. As such, it is recommended that future studies utilizing the 

ABIDE dataset implement a harmonization approach to normalize the data and prevent spurious, 

site driven effects. Importantly, however, current implementations of ComBat have been 

validated only in Spike-Regression pipelines and should be validated with other motion 

correction pipelines as well as quantified in other large datasets.  

   

Conclusions 

  Together, these two studies provide the preliminary evidence that the observed flexibility 

deficits in ASD are related to aberrant recruitment of the mPFC and HPC during a task designed 

to probe the use of flexible knowledge presentations. While the directional relationship between 

inflexibility and an absence of neural sensitive to schema is not immediately clear, the follow-up 

study in resting state fMRI connectivity observed broad irregularities of hippocampal 

connectivity, including to the mPFC. Given that connectivity between these two regions is 

essential to schema use, and increases as a function of schema congruency during tasks designed 

to tap schema use, it is possible that underconnectivity between these regions in ASD results in 
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an absence of schema sensitivity in inflexible children with ASD. In turn, a diminished schema 

use may further impair appropriate flexibility in these children. 
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