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ABSTRACT OF THE DISSERTATION 

 

Dissecting Brain-Based Variability in Autism: 

Impact of Sex, Polygenic Risk, and Age 

 

 

by 

 

Katherine Elizabeth Lawrence 

Doctor of Philosophy in Neuroscience 

University of California, Los Angeles, 2019 

Professor Mirella Dapretto, Chair 

 

 Autism spectrum disorder (ASD) is an extraordinarily heterogeneous neurodevelopmental 

condition which is characterized by challenges with social interaction and communication, the 

presence of restricted and repetitive behaviors, and differences in sensory processing. Other 

behavioral and cognitive domains are also impacted in ASD, including alterations in salience 

detection, social cognition, executive functioning, and social reward processing. Despite the high 

prevalence of ASD, its neurobiological basis remains poorly understood and there is a paucity of 

broadly effective treatments. Prior work has demonstrated that ASD is associated with neural 

atypicalities, but the exact nature of such alterations remains unclear and their association with 

individual differences has been insufficiently examined to date. This dissertation aims to elucidate 

the relationship between three sources of individual differences – participant sex, polygenic risk 
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for ASD, and age – and variability in brain connectivity and activity among youth with ASD and 

typically developing (TD) youth. Chapter 1 describes a study that analyzed sex differences in 

functional connectivity within and between three brain networks which underlie salience 

perception, social cognition, and executive functions. Youth with ASD displayed altered sex 

differences in these networks, highlighting the importance of considering participant sex when 

characterizing the neural mechanisms underlying ASD. Chapter 2 describes a related study 

examining neural responsivity to social rewards among girls and boys with and without ASD. Girls 

with ASD displayed greater activity to socially rewarding stimuli than both boys with ASD and 

TD girls in brain regions associated with reward processing and salience detection. These findings 

indicate that girls with ASD may be more sensitive to social rewards, which may in turn have 

implications for the use and personalization of reinforcement-based interventions. Chapter 3 

presents data investigating the association between polygenic risk for ASD and functional 

connectivity of the salience network. Polygenic load for ASD significantly influenced the 

functional connectivity of this network in boys with and without ASD, and such connectivity was 

furthermore significantly more sensitive to cumulative genetic risk among boys than girls. These 

results suggest a pathway through which polygenic risk may contribute to ASD and highlight a 

neurobiological mechanism for the reduced prevalence of ASD in females, thereby suggesting an 

area of investigation for future treatment studies. Chapter 4 describes a study which examined 

longitudinal trajectories of functional connectivity among adolescents with ASD and TD 

adolescents. Such developmental trajectories significantly differed between adolescents with and 

without ASD, underscoring the value of considering age in our understanding of brain connectivity 

in ASD. Taken together, the body of work presented in this dissertation demonstrates that 

participant sex, polygenic risk for ASD, and age all significantly impact the brain in ASD. As such, 
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these findings improve our understanding of individual variability in ASD and may ultimately 

contribute to the future development and personalization of interventions. 
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INTRODUCTION 

Autism spectrum disorder (ASD) is a heterogeneous neurodevelopmental condition that is 

diagnosed on the basis of difficulties with social interaction and communication, as well as the 

presence of restricted and repetitive behaviors, and sensory processing atypicalities (American 

Psychiatric Association, 2013; Lai et al., 2014). Other behavioral and cognitive domains are also 

significantly impacted in ASD; these include reduced sensitivity to socially rewarding stimuli, 

alterations in the relative salience of socially relevant information, and challenges with social 

cognition and executive functioning (Lai et al., 2014; Dubey et al., 2015; Chita-Tegmark, 2016; 

Lai et al., 2017a; Ruta et al., 2017). Importantly, such differences in reward sensitivity and salience 

perception are hypothesized to lead to the emergence of ASD symptoms early in life (Chevallier 

et al., 2012; Uddin, 2015). Challenges with social cognition and executive function in ASD are 

also noteworthy, as social cognition may predict later peer relationships and executive function 

may predict later academic achievement and adaptive functioning (Caputi et al., 2012; Pugliese et 

al., 2015; Pugliese et al., 2016; St John et al., 2017). At the neural level, ASD is characterized by 

significant alterations in brain connectivity and activity compared to neurotypical individuals in 

regions and networks underlying these functions, as well as atypicalities in additional cortical, 

subcortical, and cerebellar regions (Di Martino et al., 2009; D'Mello & Stoodley, 2015; Nomi & 

Uddin, 2015; Abbott et al., 2016; Hull et al., 2016; Picci et al., 2016; Padmanabhan et al., 2017; 

Clements et al., 2018; Nomi et al., 2019).  

ASD is an extremely heterogeneous condition and there are a plethora of factors which 

may impact the significant variability in its behavioral and neural presentation (Lai et al., 2014). 

Three factors which warrant particular investigation are the potential effect of individuals’ sex, 

genetic risk for ASD, and age. Recent studies have begun to suggest that these three factors may 
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all be associated with variability in the neural alterations observed in ASD (Uddin et al., 2013; Lai 

et al., 2015; Hernandez et al., 2017). However, it remains poorly understood how such individual 

differences may be related to the connectivity and activity of the brain networks implicated in 

ASD’s prominent alterations in social reward processing, salience detection, social cognition, and 

executive function. Identifying the sources of such individual variability in ASD may improve our 

understanding of the neurobiological basis of ASD and ultimately contribute to the development 

of new treatments, as well as the personalization of existing ones. The studies in this dissertation 

thus focus on how sex, polygenic risk for ASD, and age influence brain connectivity and activity 

in ASD and typical development. 

 

Overview of Studies 

 Sex Differences in Functional Connectivity. Previous studies in largely male samples 

have demonstrated that ASD is associated with differences in brain connectivity, including altered 

intrinsic functional connectivity as assessed using resting-state functional magnetic resonance 

imaging (fMRI) (Zikopoulos & Barbas, 2013; Kana et al., 2014; Hernandez et al., 2015; Hull et 

al., 2016; Picci et al., 2016). Of particular interest are three interrelated neurocognitive networks 

which are hypothesized to be key to the symptomatology of ASD: the salience network (SN), 

default mode network (DMN), and central executive network (CEN) (Menon, 2011; Uddin, 2015). 

The SN is believed to play a role in detecting and coordinating a response to salient stimuli, 

including modulating the relative activity of the DMN and CEN, whereas the DMN and CEN have 

previously been related to social cognition and executive functioning respectively, among other 

functions (Menon & Uddin, 2010; Menon, 2011; Uddin, 2015; Padmanabhan et al., 2017). As the 

prevalence of ASD is approximately three to four times greater among boys than girls, almost all 
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studies to date have focused on samples which were primarily if not entirely male (Loomes et al., 

2017; Baio et al., 2018). However, recent analyses examining sex differences in ASD suggest that 

females and males significantly differ in their behavioral and cognitive profiles (Baron-Cohen et 

al., 2014; Frazier et al., 2014; Hiller et al., 2014; Lai et al., 2015; Hull et al., 2017; Evans et al., 

2018; Harrop et al., 2018a; Harrop et al., 2018b; Knutsen et al., 2018; Lawson et al., 2018; Moseley 

et al., 2018; Tillmann et al., 2018; Matheis et al., 2019), their neural activity during cognitive and 

emotional tasks (Beacher et al., 2012b; Schneider et al., 2013), and their patterns of functional and 

structural brain connectivity (Nordahl et al., 2015; Alaerts et al., 2016; Lai et al., 2017b; 

Kozhemiako et al., 2019). Altered behavioral and neuroimaging sex differences in ASD can take 

several forms, including sex differences which are the reverse of those seen in the neurotypical 

population (i.e., females with ASD resembling neurotypical males, and males with ASD 

resembling neurotypical females; Beacher et al., 2012b; Floris et al., 2018; O'Neill et al., 2019), 

the presence of greater sex differences in ASD than those observed among neurotypical individuals 

(Supekar & Menon, 2015; Moseley et al., 2018), or the attenuation of sex differences seen in 

typical development (Beacher et al., 2012a; Bejerot et al., 2012; L. Hull et al., 2017; Moseley et 

al., 2018). 

 The study described in Chapter 1 investigated sex differences in both within- and between-

network functional connectivity of the SN, DMN, and CEN in girls and boys with ASD and 

typically developing (TD) girls and boys. When contrasting girls and boys with ASD, girls with 

ASD exhibited significantly greater functional connectivity between the DMN and the CEN than 

their male counterparts. In contrast, typical sex differences were limited to SN functional 

connectivity, such that TD boys displayed significantly greater connectivity within the SN than 

TD girls, as well as a pattern of both less positive and more negative between-network connectivity 
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of the SN with the DMN and CEN. Together, these findings indicate altered sex differences among 

youth with ASD in the functional connectivity of the SN, DMN, and CEN, thereby highlighting 

the importance of considering participant sex and sex-specific biological factors when 

characterizing the neural underpinnings of ASD. 

 Social Reward Processing in Girls and Boys.  Numerous prior studies have found that 

ASD is associated with reduced attention to and preference for social stimuli as compared to 

neurotypical controls (Dubey et al., 2015; Chita-Tegmark, 2016; Ruta et al., 2017). This reduction 

in social attention is posited to be driven by diminished sensitivity to the intrinsically rewarding 

nature of social stimuli, which contributes to fewer opportunities for social learning, thereby 

leading to the social challenges observed in ASD (Dawson et al., 2005; Schultz, 2005; Chevallier 

et al., 2012; Dawson et al., 2012). Recent fMRI studies in primarily male samples have directly 

tested this hypothesis by examining neural activity in ASD when social stimuli (e.g., a picture of 

a smiling face) are presented as feedback during tasks (Scott-Van Zeeland et al., 2010; Delmonte 

et al., 2012; Dichter et al., 2012a; Dichter et al., 2012b; Kohls et al., 2013; Choi et al., 2015; 

Damiano et al., 2015; Clements et al., 2018; Kohls et al., 2018). This body of work has provided 

evidence in support of the notion that individuals with ASD display reduced neural activation 

compared to their neurotypical peers in reward-related frontostriatal circuitry and corticolimbic 

regions during the anticipation and/or receipt of positive social feedback (Scott-Van Zeeland et al., 

2010; Kohls et al., 2013). However, all fMRI studies to date investigating reward responsivity in 

ASD have included few or no female participants (Scott-Van Zeeland et al., 2010; Delmonte et al., 

2012; Dichter et al., 2012b; Kohls et al., 2013; Choi et al., 2015; Damiano et al., 2015; Kohls et 

al., 2018), even though there is evidence for a distinct ASD phenotype among affected girls and 

women. For instance, females and males with ASD display different social engagement patterns 
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(Dean et al., 2014; Head et al., 2014; Sedgewick et al., 2016) and girls with ASD report greater 

social motivation than boys with ASD (Sedgewick et al., 2016). 

 The study described in Chapter 2 investigated how neural activity during a socially 

rewarded implicit learning task may differ between girls and boys with ASD, as well as between 

girls with ASD and TD girls. Girls with ASD displayed increased activity to socially rewarding 

stimuli, including greater activity in the nucleus accumbens relative to boys with ASD, as well as 

greater activity in the lateral orbitofrontal cortex, ventrolateral prefrontal cortex, and anterior 

insula compared to TD girls. These results suggest that females with ASD may not display the 

same reductions in social motivation as males with ASD and underscore the importance of 

considering sex when characterizing the mechanisms that may give rise to the core traits of ASD. 

 Polygenic Risk and Functional Connectivity. ASD is highly heritable, and the majority 

of genetic risk for ASD is thought to derive from the additive effect of many common variants that 

are distributed across the entire genome (Anney et al., 2012; Klei et al., 2012; Gaugler et al., 2014). 

As a whole, genetic variation associated with ASD impacts neuronal and synaptic function, as well 

as synaptic plasticity, suggesting a biological pathway whereby increased genetic risk for ASD 

affects brain connectivity (Bourgeron, 2015; de la Torre-Ubieta et al., 2016; Grove et al., 2019). 

However, no studies to date have directly examined the impact of overall genetic risk for ASD on 

brain connectivity among individuals with and without ASD. Similarly, even though previous 

studies focused on categorical diagnoses of ASD have demonstrated that females are less sensitive 

to genetic risk for ASD (Lai et al., 2015; Werling, 2016; Ferri et al., 2018), no prior neuroimaging 

analyses have examined how aggregate genetic risk may differentially impact the brain among 

males and females with ASD. 
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 The study described in Chapter 3 examined the impact of cumulative genetic risk for ASD 

on resting-state functional connectivity in a balanced sample of boys and girls with and without 

ASD, allowing us to delineate both the neural mechanisms of such genetic risk and the neural 

underpinnings of a female protective effect. These analyses specifically focused on the relationship 

between polygenic risk scores for ASD and SN functional connectivity, due to the hypothesized 

importance of the SN in the emergence of ASD traits (Uddin, 2015). When examining the 

relationship between polygenic burden for ASD and SN functional connectivity, boys with ASD 

exhibited stronger SN connectivity with the postcentral gyrus and supramarginal gyrus as a 

function of increasing genetic risk. Similar to the male ASD group, TD boys with greater 

cumulative risk displayed increased SN functional connectivity with sensorimotor areas, including 

stronger connectivity with the precentral and postcentral gyrus; elevated genetic risk was 

additionally associated with reduced connectivity between the SN and the inferior temporal gyrus 

among TD boys. When examining whether the relationship between polygenic risk and SN 

functional connectivity differed between groups, increased genetic risk was associated with greater 

SN connectivity with the precentral gyrus and mid-insula among boys with ASD relative to girls 

with ASD. Sex similarly modulated the impact of cumulative risk for ASD among TD boys and 

girls. Specifically, increasing genetic load for ASD was associated with significantly stronger 

functional connectivity between the SN and the precentral gyrus in the male TD group compared 

to the female TD group. As a whole, these results provide a link between aggregate genetic risk 

for ASD and brain connectivity and elucidate a possible mechanism for the female protective effect. 

Functional Connectivity Trajectories in Adolescence. Although functional connectivity 

is consistently demonstrated to be altered in ASD relative to TD controls, previous analyses have 

yielded inconsistent results regarding the directionality of such differences in ASD (Hull et al., 
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2016; Picci et al., 2016). One recent hypothesis argues that such discrepancies in the literature are 

due to atypical developmental trajectories of functional connectivity in ASD, as hyperconnectivitiy 

was more likely to be reported in papers focusing on children and hypoconnectivity in studies 

focusing on adolescents or adults (Uddin et al., 2013). However, cross-sectional studies directly 

investigating the age-dependence of functional connectivity differences in ASD have yielded 

conflicting findings (Anderson et al., 2011; Di Martino et al., 2011; Shih et al., 2011; Wiggins et 

al., 2011; Wiggins et al., 2012; Padmanabhan et al., 2013; Bos et al., 2014; Washington et al., 

2014; Alaerts et al., 2015; Doyle-Thomas et al., 2015; Jiang et al., 2015; Nomi & Uddin, 2015; 

Burrows et al., 2016; Dajani & Uddin, 2016; Farrant & Uddin, 2016; Long et al., 2016; Lee et al., 

2017; Woodward et al., 2017).  

The study described in Chapter 4 examined how functional connectivity alterations in ASD 

may relate to age using the first longitudinal resting-state fMRI dataset from individuals with ASD 

and matched TD controls. These analyses focused on the DMN, SN, and CEN, as the functional 

connectivity within and between these three networks not only exhibits significant differences in 

ASD, but can also be used to predict changes in autistic traits and adaptive behaviors over time 

(Nomi & Uddin, 2015; Plitt et al., 2015; Uddin, 2015; Abbott et al., 2016; Padmanabhan et al., 

2017). Functional connectivity between the CEN and the DMN displayed significantly altered 

developmental trajectories in ASD: TD controls – but not youth with ASD – exhibited an increase 

in negative functional connectivity between these two networks with age. This significant 

interaction was due to the ASD group displaying less negative functional connectivity than the TD 

group during late adolescence only, with no significant group differences in early/mid-adolescence. 

These results provide the first longitudinal evidence that the developmental trajectories of 



 8 

functional connectivity are atypical among adolescents with ASD, underscoring the importance of 

considering age in our understanding of atypical brain connectivity in ASD. 
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CHAPTER 1 

 

Sex Differences in Functional Connectivity  

of the Salience, Default Mode, and Central Executive Networks  

in Youth with ASD 

 

Autism spectrum disorder (ASD) is associated with altered functional connectivity of three 

neurocognitive networks that are hypothesized to be central to the symptomatology of ASD: The 

Salience Network (SN), Default Mode Network (DMN), and Central Executive Network (CEN). 

Due the considerably higher prevalence of ASD in males, however, previous studies examining 

these networks in ASD have used primarily male samples. It is thus unknown how these networks 

may be differentially impacted among females with ASD compared to males with ASD, and how 

such differences may compare to those observed in neurotypical individuals. Here we investigated 

functional connectivity of the SN, DMN, and CEN in a large, well-matched sample of girls and 

boys with and without ASD (169 youth, ages 8-17). Girls with ASD displayed greater functional 

connectivity between the DMN and CEN than boys with ASD, whereas typically developing girls 

and boys differed in SN functional connectivity only. Together, these results demonstrate that 

youth with ASD exhibit altered sex differences in these networks relative to what is observed in 

typical development, and highlight the importance of considering sex-related biological factors 

and participant sex when characterizing the neural mechanisms underlying ASD. 
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INTRODUCTION 

 Autism spectrum disorder (ASD) is a prevalent neurodevelopmental condition, which is 

diagnosed on the basis of challenges with social communication, as well as the presence of 

repetitive behaviors and circumscribed interests (American Psychiatric Association, 2013; Baio et 

al., 2018). Other behavioral and cognitive domains are also significantly impacted in ASD; these 

include alterations in the relative salience of social and nonsocial stimuli, as well as differences in 

social cognition and executive functioning (Lai et al., 2014; Dubey et al., 2015; Chita-Tegmark, 

2016; Lai et al., 2017a; Ruta et al., 2017). Prior studies in largely male samples have consistently 

demonstrated that ASD is associated with differences in brain connectivity, including altered 

intrinsic functional connectivity as assessed using resting-state functional magnetic resonance 

imaging (fMRI) (Zikopoulos & Barbas, 2013; Kana et al., 2014; Hernandez et al., 2015; Hull et 

al., 2016; Picci et al., 2016). Of particular interest are three interrelated neurocognitive networks 

which, according to the triple network model (Menon, 2011; Menon, 2019), are hypothesized to 

offer a parsimonious explanation for the symptoms observed among individuals with ASD, 

including differences in salience attribution, social cognition and executive function (Lai et al., 

2014; Dubey et al., 2015; Uddin, 2015; Chita-Tegmark, 2016; Lai et al., 2017a; Ruta et al., 2017). 

These three networks of specific interest are the Salience Network (SN), Default Mode Network 

(DMN), and Central Executive Network (CEN). The SN is believed to play a role in detecting and 

coordinating a response to salient interoceptive and exteroceptive stimuli, including modulating 

the relative activity of the DMN and CEN, whereas the DMN and CEN have previously been 

related to social cognition and executive functioning respectively, among other functions (Menon 

& Uddin, 2010; Menon, 2011; Uddin, 2015; Padmanabhan et al., 2017). In support of the triple 

network model, and emphasizing the potential importance of these three networks to the neural 
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underpinnings of ASD, previous studies have found that the connectivity within and between these 

networks is both significantly impacted in ASD and correlated with the magnitude of core ASD 

traits (Lynch et al., 2013; Nomi & Uddin, 2015; Uddin et al., 2015; Yerys et al., 2015; Abbott et 

al., 2016; Padmanabhan et al., 2017; Lawrence et al., 2019; Nomi et al., 2019). Furthermore, 

patterns of functional connectivity in these networks have been shown to predict a diagnosis of 

ASD, as well as changes over time in ASD traits (Anderson et al., 2011; Nielsen et al., 2013; Uddin 

et al., 2013a; Plitt et al., 2015a; Plitt et al., 2015b; Abraham et al., 2017). 

 As the prevalence of ASD is approximately 3 to 4 times greater among males than females 

(Loomes et al., 2017; Baio et al., 2018), almost all studies to date have focused on samples which 

were primarily or entirely male, with no analyses ever conducted to specifically examine the SN, 

DMN, and CEN in females with ASD. However, there is growing evidence that girls and boys 

with ASD differ in their patterns of social attention, social engagement, and executive function 

(Dean et al., 2014; Head et al., 2014; Lai et al., 2015; Sedgewick et al., 2016; Hull et al., 2017; 

Harrop et al., 2018a; Harrop et al., 2018b; Sedgewick et al., 2019), domains which may be related 

to connectivity of the SN, DMN, and CEN. More broadly, and further suggesting that findings 

from primarily male samples with ASD may not generalize to female samples, males and females 

with ASD show significantly different behavioral and cognitive profiles (Baron-Cohen et al., 2014; 

Frazier et al., 2014; Hiller et al., 2014; Lai et al., 2015; Hull et al., 2017; Evans et al., 2018; Harrop 

et al., 2018a; Harrop et al., 2018b; Knutsen et al., 2018; Lawson et al., 2018; Moseley et al., 2018; 

Tillmann et al., 2018; Matheis et al., 2019), as well as distinct patterns of neural activity during 

cognitive and emotional tasks (Beacher et al., 2012b; Schneider et al., 2013) and brain connectivity 

(Nordahl et al., 2015; Alaerts et al., 2016; Lai et al., 2017b). Such differences may reflect a pattern 

of masculinization in both groups and/or the presence of altered sex differences in ASD. For 
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instance, males and females with ASD both show levels of empathizing and systemizing that are 

shifted from the average neurotypical female profile towards the average neurotypical male profile 

(Baron-Cohen et al., 2014; Greenberg et al., 2018). Other traits, such as sensorimotor processes, 

exhibit significant sex differences in adults with ASD but not among neurotypical adults (Moseley 

et al., 2018). More generally, altered behavioral and neuroimaging sex differences in ASD have 

been shown to take several forms, including sex differences which are the reverse of those seen in 

the neurotypical population (i.e., females with ASD resembling neurotypical males, and males 

with ASD resembling neurotypical females), the presence of greater sex differences in ASD than 

among neurotypical individuals, and the attenuation of typical sex differences when examining 

groups with ASD (Beacher et al., 2012a; Beacher et al., 2012b; Bejerot et al., 2012; Supekar & 

Menon, 2015; L. Hull et al., 2017; Floris et al., 2018; Moseley et al., 2018; O'Neill et al., 2019). 

The few studies to date that have examined alterations in functional connectivity among females 

and males with ASD have yielded results that varied depending on the exact measure or network 

examined. These findings include no significant sex differences in ASD in interhemispheric 

functional connectivity (whole-brain homotopic connectivity), differences supporting a 

masculinized neural profile across individuals with ASD (within-network DMN connectivity), or 

altered sex differences in ASD (cerebellum, posterior superior temporal sulcus, posterior cingulate 

cortex, and whole-brain connectivity) (Alaerts et al., 2016; Ypma et al., 2016; Kozhemiako et al., 

2019; Smith et al., 2019). Taken together, these findings of altered sex differences at both the 

behavioral and neural level have led to the hypothesis that sex-dependent biological factors may 

contribute to the presentation of ASD (Lai et al., 2017b). However, despite the proposed centrality 

of altered SN, DMN, and CEN connectivity to ASD (Menon, 2011; Uddin, 2015), no studies to 

date have specifically investigated sex differences in the functional connectivity within and 
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between these key three networks among individuals with ASD. It is thus unknown how such 

connectivity may differ between females and males with ASD, as well as how these patterns may 

compare with typical sex differences. Importantly, understanding the nature of such differences 

would allow us to better characterize both the brain-based underpinnings of ASD among females, 

and shed new light on the potential relationship between sex-related neural factors and ASD as a 

whole. 

 We therefore analyzed the within- and between-network functional connectivity of the SN, 

DMN, and CEN in a balanced sample of girls and boys with and without ASD to directly examine 

sex differences in connectivity in ASD and typical development. To the best of our knowledge, 

this multi-site study represents the largest investigation to date of functional connectivity in a 

pediatric sample of females with ASD. All data were collected using a harmonized data acquisition 

protocol, and we used both a whole-brain seed-based and a region of interest (ROI)-based network 

approach to comprehensively examine the functional connectivity of our three networks of interest. 

Our results indicate altered sex differences among youth with ASD in the functional connectivity 

of the SN, DMN, and CEN, thereby highlighting the importance of considering participant sex and 

sex-specific biological factors when characterizing the hypothesized neural mechanisms of ASD. 

 

MATERIALS AND METHODS 

Participants 

As part of the Gender Exploration of Neurogenetics and Development to Advance Autism 

Research (GENDAAR; NIMH100028) Consortium, children and adolescents (ages 8-17) were 

recruited from four sites across the United States (Harvard Medical School, Seattle Children’s 

Research Institute, University of California Los Angeles [UCLA], and Yale University). For the 
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ASD group, all participants were required to have a clinical diagnosis of ASD that was confirmed 

by an experienced, research-reliable clinician using the Autism Diagnostic Observation Schedule 

Second Edition (ADOS-2) (Lord et al., 2012) and/or the Autism Diagnostic Interview, Revised 

(ADI-R) (Lord et al., 1994). To maintain reliability on these measures across sites, all lead 

clinicians double-coded one ADOS-2 and one ADI-R every six months, with reliability maintained 

within each individual site by having the site’s lead clinician double-code 10% of assessments. 

Virtually all participants with ASD met criteria on both the ADOS-2 and the ADI-R (n=78/82), 

with 2 participants meeting criteria on the ADOS-2 but not receiving the ADI-R, and 2 participants 

meeting criteria on the ADI-R but being subthreshold on the ADOS-2 (-1 point), or not receiving 

the ADOS-2. In addition to meeting criteria on the ADOS-2 and/or ADI-R, participants in the ASD 

group were required to have no history of other neurological disorders involving pathology above 

the brainstem (except uncomplicated non-focal epilepsy, with no active seizures within the last 

year). Typically developing (TD) control participants were required to have no first- or second-

degree relatives with ASD, no evidence of elevated ASD traits (total t-scores < 65 on the parent-

report version of the Social Responsiveness Scale, Second Edition [SRS-2]; Constantino & Gruber, 

2012), and no known developmental, psychiatric or neurological disorders. Exclusion criteria for 

both groups included any known genetic condition (e.g., Fragile X), premature birth, an inability 

to comprehend scan instructions, excessive motion, and insufficient high-quality resting-state data. 

Youth were additionally excluded if they were siblings of another participant in the study; the 

retained sibling was selected with the goal of matching groups closely by motion during the fMRI 

scan (as measured by mean relative motion and the number of fMRI independent components 

automatically labeled as motion or noise; Pruim et al., 2015b), site/scanner, pubertal development 

(as measured by the Pubertal Developmental Scale; Carskadon & Acebo, 1993) and, separately 
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within each diagnostic group, ASD traits (as measured by the ADOS-2 for the ASD group, and the 

SRS-2 for both the ASD and TD groups). The final sample included 169 participants: 46 girls with 

ASD, 34 boys with ASD, 48 TD girls, and 41 TD boys. Participants were assigned to the 

female/girl or male/boy group based on parent-report of biological sex designated at birth; gender 

identity was not assessed. Informed assent and consent were obtained from all participants and 

their legal guardians, and the experimental protocol was approved by the Institutional Review 

Board at each participating site. Anonymized data are publicly available for participants through 

the National Database for Autism Research (NDAR). As scans from this project are not available 

on the Autism Brain Imaging Data Exchange (ABIDE; Di Martino et al., 2014; Di Martino et al., 

2017), our data are independent from previous analyses which used ABIDE to examine resting-

state functional connectivity (Alaerts et al., 2016; Ypma et al., 2016; Yang & Lee, 2018; 

Kozhemiako et al., 2019). 

Descriptive statistics are presented in Table 1.1, with the reported statistical comparisons 

completed in R using t-tests, chi-squared tests, or their non-parametric equivalent as appropriate 

(R Core Team, 2016). When examining sex differences separately within the ASD and TD groups, 

girls and boys did not significantly differ on any of the following: general cognitive ability (i.e., 

full-scale IQ as measured by the Differential Ability Scales, Second Edition; Elliot, 2007), age, 

handedness, overall ASD traits (as measured by ADOS-2 comparison scores for the ASD groups 

and total SRS-2 scores for all groups), site/scanner, mean relative motion, number of fMRI 

independent components labeled as motion or noise, and psychotropic medication status (all ps > 

0.1); complete psychotropic medication information is presented in Table 1.2. As expected given 

the lack of significant differences in age between girls and boys within each diagnostic group, girls 

exhibited more advanced pubertal development than boys, although this difference only reached 
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statistical significance in the ASD group (ASD: p = 0.01; TD: p = 0.18). When testing for 

demographic differences separately within the female and male groups, there were no significant 

differences between ASD and TD youth on any of the following: age, handedness, site/scanner, 

mean relative motion, and number of fMRI independent components labeled as motion or noise 

(all ps > 0.1). A significant difference was seen in general cognitive ability, such that girls and 

boys with ASD exhibited significantly lower general cognitive ability scores than their same-sex 

TD counterparts (both ps < .05). General cognitive ability and pubertal development were therefore 

included as covariates in all neuroimaging analyses. 

 

MRI Data Acquisition 

 MRI data were acquired on a Siemens 3T Trio scanner using a 12-channel headcoil or on 

a Siemens 3T Prisma scanner using a 20-channel headcoil after scanner upgrades at two sites 

(Seattle and UCLA). During the resting-state fMRI scan (TR = 2000ms, TE = 30ms, field of view 

[FOV] = 192mm, 34 slices, slice thickness = 4mm, in-plane voxel size = 3x3mm, acquisition time 

= 5.5 min; Trio and Prisma parameters were identical), participants viewed a white fixation cross 

in the center of a black background using MR-compatible goggles (Resonance Technology, Inc., 

Northridge, CA, USA). For registration purposes, we additionally collected a high-resolution echo 

planar scan that was co-planar to the fMRI scan to ensure identical distortion characteristics (Trio: 

TR = 5000ms, TE = 34ms, FOV = 192 mm, 34 slices, slice thickness = 4 mm, in-plane voxel size 

of 1.5x1.5mm, acquisition time = 1.5 min; Prisma parameters were identical except TE = 35ms). 

To test for potential scanner differences, three phantoms (two human phantoms and one agar 

phantom) traveled to multiple study sites; we then calculated the temporal signal to noise ratio 

(tSNR) for each phantom/scanner combination using Analysis of Functional NeuroImages (AFNI; 
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Table 1.3) (Cox, 1996). A linear mixed model including scanner as a fixed effect and phantom as 

a random effect revealed a significant main effect of scanner on tSNR (p = 0.02), and we thus 

included scanner as a covariate in all neuroimaging analyses. 

 

fMRI Data Preprocessing 

Standard preprocessing was completed on all resting-state fMRI data using FMRIB’s 

Software Library (FSL) (Smith et al., 2004) and AFNI (Cox, 1996). This included skull stripping 

in AFNI, motion correction in FSL using the Motion Correction Linear Registration Tool 

(MCFLIRT) (Jenkinson et al., 2002), and smoothing with a 6 mm full width at half maximum 

(FWHM) Gaussian kernel in FSL. Resting-state fMRI scans were linearly registered in FSL using 

FMRIB’s Linear Image Registration Tool (FLIRT) (Jenkinson & Smith, 2001; Jenkinson et al., 

2002), with each participant’s resting-state fMRI scan first registered to their individual high-

resolution matched bandwidth coplanar image (6 degrees of freedom) and then to the MNI152 

2mm standard brain (12 degrees of freedom). To remove potential confounds resulting from head 

motion, we used Independent Component Analysis (ICA)-based Automatic Removal of Motion 

Artifacts (ICA-AROMA) (Pruim et al., 2015a; Pruim et al., 2015b) to regress out single-subject 

components labeled as motion or noise (Table 1.1). To further reduce potential motion confounds 

and other noise, resting-state fMRI scans were bandpass filtered (0.1 Hz > t > 0.01 Hz) and the 

following included as single-subject nuisance regressors: mean cerebrospinal fluid time series, 

mean white matter time series and mean global time series, as well as their temporal derivatives 

(Power et al., 2014). 
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fMRI Data Analysis 

 For both the whole-brain and the ROI-based network analyses, our planned comparisons 

focused on the effect of sex within diagnostic group (female ASD vs. male ASD; female TD vs. 

male TD) and the effect of diagnostic group within sex (female ASD vs. female TD; male ASD 

vs. male TD). For completeness, we additionally examined the interaction between diagnostic 

group and sex. All analyses included general cognitive ability, pubertal development, and 

site/scanner as covariates of non-interest. Effect sizes are reported for all significant between-

group contrasts as standardized regression coefficients (bs), reflecting that all group-level 

comparisons were completed as regressions to allow for the inclusion of nuisance covariates. 

 To examine whole-brain resting-state functional connectivity of the SN, DMN, and CEN, 

mean time series were extracted from standard seeds for these networks located in the right orbital 

frontoinsula for the SN (Seeley et al., 2007), the precuneus for the DMN (Fox et al., 2005), and 

the right dorsolateral prefrontal cortex for the CEN (Seeley et al., 2007); these seeds have 

previously been used by our group and others to examine functional connectivity in ASD (Elton 

et al., 2016; Green et al., 2016; Lawrence et al., 2019). The time series extracted from each 5mm 

spherical seed was then correlated with that of every other voxel in the brain to obtain correlation 

maps, which were subsequently transformed into z-score maps using Fisher’s r-to-z transform. 

Whole-brain group-level analyses were completed in FSL using FMRIB’s Local Analyses of 

Mixed Effects (FLAME 1+2), with variance estimated separately for the ASD and TD groups. As 

we were primarily interested in functional connectivity within and between the SN, DMN, and 

CEN, all group analyses were limited to voxels which belonged to one of these networks in any 

group at a voxelwise threshold of Z > 3.1 and a corrected cluster threshold of p < 0.05. That is, 

group analyses were prethreshold masked using a combined mask of the SN, DMN, and CEN 
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across all four of our groups (female ASD, male ASD, female TD, male TD). To stringently correct 

for multiple comparisons, all within- and between-group contrasts were thresholded at Z > 3.1, p 

< 0.05 (Kessler et al., 2017). 

To examine ROI-based network functional connectivity of the SN, DMN, and CEN a 9x9 

ROI correlation matrix was created for each participant by extracting the mean time series from 

key nodes of each network and correlating these time series with one another; these ROIs were 

defined in a prior study with an independent sample (Uddin et al., 2011) and have previously been 

used to study connectivity in ASD (Uddin et al., 2015; Neufeld et al., 2017). Specifically, these 

nodes were located in the bilateral frontoinsular cortex (L FIC, R FIC) and anterior cingulate cortex 

(ACC) for the SN, the posterior cingulate cortex (PCC) and ventromedial prefrontal cortex 

(vmPFC) for the DMN, and the bilateral dorsolateral prefrontal cortex (L dlPFC, R dlPFC) and 

bilateral posterior parietal cortex (L PPC, R PPC) for the CEN. After calculating correlations 

between each pair of ROIs for each subject, these values were converted into z-scores using 

Fisher’s r-to-z transform and compared between groups using a general linear model in R. 

Residuals from all general linear models were confirmed to meet the assumptions of independence, 

normality, and constant variance based on visual inspection of residual histograms and residual 

plots. A Benjamini and Hochberg false discovery rate (FDR) of 5% was used to correct for multiple 

comparisons across the 36 ROI pairs, with corrected p-values reported in all cases unless otherwise 

specified (Benjamini & Hochberg, 1995). 

To confirm that the results from our whole-brain and ROI-based network analyses were 

not impacted by medication status (Linke et al., 2017), we used a general linear model to assess 

the effect of medication on those connectivity measures (i.e., z-scores) which showed significant 

between-group differences. 
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RESULTS 

Whole-Brain Functional Connectivity 

 The SN, DMN, and CEN exhibited the expected patterns of whole-brain functional 

connectivity in all four groups (Figures 1.1-1.3, Tables 1.4-1.6). This included SN connectivity 

with the anterior insula and anterior cingulate cortex, as well as DMN connectivity with the 

precuneus/posterior cingulate cortex, medial prefrontal cortex/ventromedial prefrontal cortex and 

angular gyrus, and CEN connectivity with the dorsolateral prefrontal cortex and intraparietal 

sulcus. 

 Girls and boys with ASD did not significantly differ in whole-brain SN, DMN, or CEN 

functional connectivity. TD youth likewise exhibited no significant sex differences in DMN or 

CEN connectivity. However, the female and male TD groups did demonstrate significant SN 

differences. Compared to TD girls, TD boys displayed more negative between-network 

connectivity with the left posterior parietal cortex (Figure 1.4A; MNI peak coordinates = -38, -60, 

38; b = 0.89; max Z = 4.50). Overall, there were thus no sex differences observed in the ASD 

group, and sex differences in the TD group were limited to the SN.  

 When contrasting girls with ASD and TD girls, no significant differences emerged in SN, 

DMN, or CEN functional connectivity. The male ASD and TD groups significantly differed in SN 

connectivity only, such that TD boys exhibited significantly more negative connectivity with the 

left posterior parietal cortex and precuneus than boys with ASD (Figure 1.4B; MNI peak 

coordinates = -28, -58, 26; b = 0.74; max Z = 4.25). Extracted connectivity z-scores from this 

cluster indicated that there was no significant difference between medicated and unmedicated boys 

with ASD (p = 0.7). As a whole, the female ASD group thus displayed no significantly atypical 
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patterns of connectivity when using a whole-brain seed-based approach, whereas boys with ASD 

exhibited atypical SN connectivity. 

 When examining the interaction between diagnostic group and sex, there was no significant 

interaction with regards to connectivity of the DMN or CEN. A diagnostic group by sex interaction 

was observed in SN connectivity with the left posterior parietal cortex and precuneus (MNI peak 

coordinates = -38, -56, 40; b = 1.13; max Z = 3.55) at a commonly used but somewhat less stringent 

threshold (Z > 2.3, p < 0.05). Connectivity z-scores extracted from this cluster revealed that 

medicated youth with ASD did not significantly differ from their same-sex unmedicated 

counterparts (both ps > 0.6). In sum, the whole-brain seed-based results indicate that youth with 

ASD exhibit altered sex differences relative to their TD peers.   

 

ROI-Based Network Functional Connectivity 

 The female and male ASD groups significantly differed in functional connectivity between 

the DMN (PCC) and CEN (L PPC), with greater positive connectivity between the DMN and CEN 

in the female ASD group than the male ASD group (b = 0.87, p = 0.02; Figure 1.5A, Figure 1.6A). 

Girls and boys with ASD exhibited no significant differences in SN functional connectivity. In 

contrast, TD girls and boys displayed significant sex differences in SN connectivity only, including 

differences in both within-network connectivity and between-network connectivity (Figure 1.5B, 

Figure 1.6D). TD boys displayed increased positive connectivity within the SN (R FIC with ACC; 

L FIC with ACC) compared to TD girls (b = 0.63, p = 0.03; b = 0.62, p = 0.03), as well as more 

negative connectivity between the SN (L FIC) and DMN (PCC; b = 0.67, p = 0.03). Sex differences 

among TD youth were also observed in functional connectivity between the SN and CEN, with 

the male TD group exhibiting greater negative connectivity between the right FIC node of the SN 
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and the CEN (L PPC; b = 0.74, p = 0.02), and the female TD group displaying greater positive 

connectivity between the left FIC node of the SN and the CEN (L PPC; b = 0.64, p = 0.03). As a 

whole, girls and boys with ASD thus differed only in connectivity between the DMN and the CEN, 

whereas TD girls and boys differed only in the within- and between-network connectivity of the 

SN. 

 Significant differences between youth with ASD and their same-sex TD counterparts were 

detected only in DMN and CEN functional connectivity (Figure 1.5C, Figure 1.5D, Figure 1.6B, 

Figure 1.6C). Specifically, girls with ASD exhibited increased positive connectivity between the 

DMN (PCC) and CEN (L PPC) compared to TD girls (b = 0.85, p = 0.002), whereas boys with 

ASD displayed less positive connectivity within the CEN (R dlPFC with R PPC) than TD boys (b 

= 0.86, p = 0.02). When analyzing the impact of medication on these connections, medicated youth 

with ASD exhibited no significant differences from their same-sex unmedicated counterparts (all 

uncorrected ps > 0.5). Briefly, the female ASD group was thus characterized by atypical between-

network connectivity of the DMN and the CEN, and the male ASD group by atypical within-

network connectivity of the CEN. 

 Interactions between diagnostic group and sex were observed in functional connectivity 

between the DMN and the CEN, as well as in the within- and between-network connectivity of the 

SN, although they did not quite attain statistical significance after correction for multiple 

comparisons. More specifically, we found an interaction between diagnostic group and sex in 

functional connectivity of the DMN (PCC, vmPFC) with the left PPC hub of the CEN (b = 0.97, 

uncorrected p = 0.002; b = 0.64, uncorrected p = 0.046). An interaction was also noted for 

functional connectivity within the SN (R FIC with ACC; b = 0.81, uncorrected p = 0.01). Lastly, 

a diagnostic group by sex interaction was observed for connectivity between the FIC hubs of the 
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SN (L FIC, R FIC) and the left PPC hub of the CEN (b = 0.73, uncorrected p = 0.02; b = 0.89, 

uncorrected p = 0.004), as well as for connectivity between the ACC hub of the SN and the CEN 

(L PPC: b = 0.80, p = 0.009; R DLPFC: b = 0.76, uncorrected p = 0.02). There was no significant 

impact of medication status on these connections among youth with ASD (all uncorrected ps > 

0.3). In sum, the ROI-based network analyses indicate that youth with ASD display altered sex 

differences in the SN, DMN, and CEN compared with TD youth. 

 

DISCUSSION 

 Here we found that youth with ASD exhibited altered sex differences in SN, DMN, and 

CEN functional connectivity relative to TD youth. Connectivity within and between these key 

higher-order networks are hypothesized to be central to the pattern of symptoms seen in ASD, and 

prior analyses in largely male samples have found that the functional connectivity of these 

networks is significantly impacted in ASD (Menon, 2011; Nomi & Uddin, 2015; Uddin, 2015; 

Abbott et al., 2016; Padmanabhan et al., 2017; Lawrence et al., 2019; Nomi et al., 2019). However, 

no previous studies have specifically examined the patterns of functional connectivity within and 

between these three networks among females with ASD, even though recent investigations suggest 

that females and males with ASD display significant behavioral, cognitive, and neural differences 

(Beacher et al., 2012b; Schneider et al., 2013; Baron-Cohen et al., 2014; Frazier et al., 2014; Hiller 

et al., 2014; M. C. Lai et al., 2015; Nordahl et al., 2015; Alaerts et al., 2016; Hull et al., 2017; Lai 

et al., 2017b; Evans et al., 2018; Harrop et al., 2018a; Harrop et al., 2018b; Knutsen et al., 2018; 

Lawson et al., 2018; Moseley et al., 2018; Tillmann et al., 2018; Kozhemiako et al., 2019; Matheis 

et al., 2019). Notably, such sex differences in ASD have also been shown to differ from those seen 

in the neurotypical population, suggesting that the biological mechanisms which contribute to 
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sexual differentiation may additionally be implicated in ASD (Beacher et al., 2012b; Supekar & 

Menon, 2015; Alaerts et al., 2016; Moseley et al., 2018; O'Neill et al., 2019; Smith et al., 2019). 

 When contrasting girls and boys with ASD, we found that girls with ASD exhibited 

significantly greater functional connectivity between the DMN and the CEN than their male 

counterparts. These results are broadly consistent with the few published studies to date examining 

functional connectivity in females with ASD which, as a whole, have found that females with ASD 

exhibit increased functional connectivity compared to their male counterparts in a number of 

connections across the brain (Alaerts et al., 2016; Smith et al., 2019). Our finding of increased 

functional connectivity between the DMN and the CEN among girls with ASD thus adds to an 

emerging body of evidence that females with ASD exhibit greater functional connectivity than 

males with ASD. Functional connectivity between the DMN and the CEN has additionally been 

associated with lab-based measures of executive function as well as IQ, such that greater 

segregation between these two networks is related to better cognitive performance among 

neurotypical individuals (Kelly et al., 2008; Hampson et al., 2010; Sherman et al., 2014). As girls 

and boys with ASD exhibit different types of executive function challenges relative to their same-

sex peers (Lai et al., 2015; Hull et al., 2017), our finding that girls and boys with ASD differ in 

their patterns of functional connectivity between the DMN and CEN may relate to the unique 

executive function difficulties observed in each group. When comparing TD girls and boys, sex 

differences in SN connectivity were observed. Specifically, we found that TD boys displayed 

significantly greater connectivity within the SN, as well as a pattern of both less positive and more 

negative between-network connectivity of the SN with the DMN and CEN. Previous literature 

examining sex differences among the neurotypical population has focused on adults and indicated 

both increased and decreased functional connectivity in males relative to females, where the 
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directionality of sex differences may depend on the specific network connections and the age range 

of the sample (Bluhm et al., 2008; Biswal et al., 2010; Allen et al., 2011; Filippi et al., 2013; 

Scheinost et al., 2015; Zhang et al., 2016). Similar to our finding that TD boys displayed greater 

functional connectivity within the SN than TD girls, one recent study in adolescents demonstrated 

increased within-network SN connectivity in TD boys relative to TD girls (Teeuw et al., 2019), 

although another developmental study with a broader age range found no significant differences 

(Sole-Padulles et al., 2016). Normative sex differences in SN connectivity are also supported by 

large-scale studies in neurotypical adult samples, which have likewise found that males exhibit 

greater functional connectivity than females in some SN connections (Biswal et al., 2010; Filippi 

et al., 2013). 

 As a whole, our pattern of results demonstrate that youth with ASD exhibit significant sex 

differences in functional connectivity between the DMN and the CEN that are not present among 

TD youth, whereas typical sex differences in SN functional connectivity are not observed in ASD 

youth. A number of previous brain-based studies have similarly demonstrated the existence of 

altered sex differences in ASD. Recent functional connectivity analyses focused on the cerebellum, 

posterior superior temporal sulcus, posterior cingulate cortex, and the whole brain, have found that 

functional connectivity significantly differed between females and males with ASD in the reverse 

direction of typical sex differences, such that functional connectivity was comparatively 

masculinized among females with ASD and comparatively feminized among males with ASD 

(Alaerts et al., 2016; Floris et al., 2018; Smith et al., 2019), although other higher-order networks 

may instead be comparatively masculinized among males with ASD (Ypma et al., 2016; Floris et 

al., 2018). Such relative differences in neural feminization and masculinization among the ASD 

population have also been found when assessing neural activity during a mental rotation task 
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(Beacher et al., 2012b), as well as when analyzing the concentrations of neurometabolites using 

magnetic resonance spectroscopy (MRS) (O'Neill et al., 2019). Females and males with ASD have 

additionally been shown to differ from each other even when neurotypical females and males do 

not, with patterns of cortical and subcortical gray matter volumes differentiating girls and boys 

with ASD but not TD girls and boys (Supekar & Menon, 2015). Neurotypical sex differences have 

also been reported which are not observed when comparing females and males with ASD, such 

that typical sex differences in total white matter volume, regional white matter integrity, and 

regional gray matter volume are attenuated or absent in adults with ASD (Beacher et al., 2012a). 

Studies analyzing sex hormones or the relative masculinity or femininity of physical features have 

likewise found reduced sex differences among adults with ASD (Geier & Geier, 2007; Bejerot et 

al., 2012). Taken together, this prior work indicates that individuals with ASD exhibit distinct sex 

differences relative to neurotypical controls across a wide range of neural and biological measures. 

Our finding that youth with ASD exhibit unique sex differences in SN, DMN, and CEN functional 

connectivity is thus both consistent with and expands upon a growing literature demonstrating 

altered sexual differentiation in ASD. Importantly, such atypicalities suggest in turn that biological 

factors related to sexual differentiation – such as sex hormones and sex differential gene expression 

– may contribute to ASD (Arnold, 2017; McEwen & Milner, 2017). Evidence from previous 

studies indicate that prenatal sex steroids have organizational effects on the brain (Chura et al., 

2010; Lombardo et al., 2012), and that sex differential gene expression likewise contributes to 

sexual dimorphism in the brain (Rinn & Snyder, 2005; Arnold, 2017). Such typical sex differences 

suggest that neurotypical – or arguably “optimal” – brain profiles are sex-specific. Combined with 

findings of altered sex differences in ASD, this suggests that any deviations from the expected sex-
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specific neurotypical profile (among females or males) may converge and give rise to core ASD 

symptomatology in both sexes (Alaerts et al., 2016). 

 In addition to examining sex differences in ASD and typical development, we also 

investigated how girls and boys with ASD may differ from their same-sex TD counterparts in SN, 

DMN, and CEN functional connectivity. When contrasting functional connectivity among girls 

with ASD and TD girls, girls with ASD displayed significant hyperconnectivity between the DMN 

and CEN. Several recent analyses have likewise found hyperconnectivity among females with 

ASD in a range of functional connections across the brain (Alaerts et al., 2016; Yang & Lee, 2018; 

Smith et al., 2019), even though other connections may instead exhibit hypoconnectivity in 

females with ASD (Alaerts et al., 2016; Ypma et al., 2016; Yang & Lee, 2018). A generally mixed 

pattern of over- and underconnectivity has previously been demonstrated in males with ASD as 

compared to neurotypical males, with numerous studies suggesting that such variability may 

depend on the exact connections examined, as well as the specific characteristics of the sample 

and analysis methods (Muller et al., 2011; Uddin et al., 2013b; Nair et al., 2014; Picci et al., 2016; 

Hernandez et al., 2017). Our finding that girls with ASD exhibited greater functional connectivity 

than TD girls between the DMN and CEN, in conjunction with previous studies indicating the 

existence of both hyper- and hypoconnectivity in males with ASD, suggests that patterns of altered 

connectivity among females with ASD may similarly depend on the specific network examined as 

well as sample characteristics. When comparing boys with ASD to TD boys in our analyses, boys 

with ASD exhibited hyperconnectivity of the CEN and reduced negative connectivity of the SN. 

Previous studies have likewise found significant alterations in SN and CEN functional connectivity 

among boys with ASD (Nomi & Uddin, 2015; Abbott et al., 2016; Lawrence et al., 2019; Nomi et 

al., 2019), although the impacted connections and the directionality of such alterations in these 
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networks varies and may also depend on sample attributes (e.g., age) and the selected analysis 

methods (e.g., task-based vs. resting-state functional connectivity) (Muller et al., 2011; Uddin et 

al., 2013b; Nair et al., 2014; Hernandez et al., 2017). Taken together, our results demonstrate that 

girls and boys with ASD exhibit different alterations in functional connectivity when compared 

with their corresponding same-sex TD peers, such that girls with ASD exhibit significant 

overconnectivity between the DMN and CEN, whereas boys with ASD display significant 

alterations in SN and CEN connectivity. These differences between girls and boys with ASD 

further highlight the importance of considering participant sex when characterizing functional 

connectivity in ASD. Additionally, some of the connections that exhibited significant differences 

between our sample of youth with ASD and their TD counterparts overlap with the connections 

that displayed altered sex differences in ASD. This suggests that alterations in sexual 

differentiation among youth with ASD may underlie some of the atypicalities in functional 

connectivity seen in ASD relative to TD controls, both in the present study and in previous ones 

that used primarily male ASD samples. The current results are furthermore in line with a brain-

based gene expression study, which found that sexually dimorphic processes significantly 

overlapped with pathways altered in ASD (Werling et al., 2016). As a whole, our findings thus 

lend additional support to the hypothesis that the biology underlying sexual differentiation may 

contribute to ASD (Lai et al., 2017b). 

 Future studies should directly examine how sex-specific biological factors, such as sex 

hormones and sex differential gene expression, may relate to the atypicalities in functional 

connectivity seen in ASD. An improved understanding of this relationship may facilitate the 

creation of biologically-based ASD subgroups and more targeted treatments. Additionally, the 

current investigation focused on functional connectivity differences which were independent of 



 42 

age. However, a recent longitudinal study by our group in a primarily male sample of adolescents 

with and without ASD found altered developmental trajectories of functional connectivity in ASD 

(Lawrence et al., 2019). Thus, it will be important to examine trajectories of functional 

connectivity among both girls and boys with ASD, as well as their TD counterparts. Lastly, 

atypical sexual differentiation in ASD has also been observed for other measures of brain function 

and structure (Beacher et al., 2012a; Beacher et al., 2012b; Supekar & Menon, 2015; O'Neill et al., 

2019). Future studies should directly examine the overlap in such altered sex differences across 

multiple neuroimaging modalities to foster our understanding of the neural mechanisms which 

may contribute to such alterations. 

 In sum, our results demonstrate that youth with ASD exhibited altered sex differences in 

SN, DMN, and CEN functional connectivity relative to their TD peers, as assessed in a large, well-

matched sample using two independent analytic approaches. These findings underscore the 

importance of sex-related biological factors in ASD and the need to consider both females and 

males when characterizing the neural underpinnings of ASD. 
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Figure 1.4 | Clusters which displayed a significant difference in salience network functional 

connectivity between TD girls and boys (A) or between boys with ASD and TD boys (B). 

Connectivity z-scores extracted from each significant cluster are represented at right, with boxplots 

displaying the median and interquartile range of connectivity z-scores and whiskers representing 

the most extreme z-scores within 1.5 times the interquartile range. ASD: Autism Spectrum 

Disorder; TD: Typically Developing; F: Female; M: Male; L: Left.  

(A) Salience Network: Female TD vs. Male TD

(B) Salience Network: Male ASD vs. Male TD 
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Figure 1.5 | Correlation matrices and significant between-group differences for all ROIs. The 

upper triangle and lower triangle reflect correlation values extracted from the group identified 

directly to the upper right or lower left of the correlation matrix, respectively. ASD: Autism 

Spectrum Disorder; TD: Typically Developing; F: Female; M: Male; DMN: Default Mode 

Network; SN: Salience Network; CEN: Central Executive Network; ROI: region of interest; 

*corrected p < .05; **corrected p < .01. 
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Figure 1.6 | Connectivity z-scores extracted from each ROI pair exhibiting a significant between-

group difference, with boxplots displaying the median and interquartile range of connectivity z-

(A) ASD: Female vs. Male (B) Female: ASD vs. TD (C) Male: ASD vs. TD

(D) TD: Female vs. Male
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scores and whiskers representing the most extreme z-scores within 1.5 times the interquartile range. 

ASD: Autism Spectrum Disorder; TD: Typically Developing; F: Female; M: Male; DMN: Default 

Mode Network; SN: Salience Network; CEN: Central Executive Network; ROI: region of interest; 

*corrected p < .05; **corrected p < .01. 
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Table 1.2 | Psychotropic Medication Usage 
 ASD 

  Female Male 

Amphetamine 3 1 

Aripiprazole 0 1 

Atomoxetine 3 1 

Bupropion 0 1 

Buspirone 1 0 

Chlorpromazine 1 1 

Citalopram 1 0 

Clonidine 3 0 

Dexmethylphenidate 0 2 

Escitalopram 1 0 

Fluoxetine 5 1 

Guanfacine 3 3 

Lisdexamfetamine 3 1 

Methylphenidate 2 3 

Oxcarbazepine 0 1 

Quetiapine 2 0 

Risperidone 2 3 

Sertraline 2 2 

Topiramate 0 1 

Trazodone 0 1 
A total of 20 female participants with ASD and 15 male participants with ASD were on one or more psychotropic 
medications. Medication information was missing for one TD male; all other TD subjects were confirmed to not be on 
any psychotropic medications.
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CHAPTER 2 

 

Neural Responsivity to Social Rewards 

in Female Youth with ASD 

 

Autism spectrum disorder (ASD) is hypothesized to be driven by a reduced sensitivity to the 

inherently rewarding nature of social stimuli. Previous neuroimaging studies have indicated that 

males with ASD do indeed display reduced neural activity to social rewards, but it is unknown 

whether this finding extends to females with ASD, particularly as behavioral evidence suggests 

that affected females may not exhibit the same reduction in social motivation as their male peers. 

We therefore used functional magnetic resonance imaging to examine social reward processing 

during an instrumental implicit learning task in 154 children and adolescents (ages 8-17): 39 girls 

with ASD, 43 boys with ASD, 33 typically developing girls, and 39 typically developing boys. 

We found that girls with ASD displayed increased activity to socially rewarding stimuli, including 

greater activity in the nucleus accumbens relative to boys with ASD, as well as greater activity in 

lateral frontal cortices and the anterior insula compared to typically developing girls. These results 

demonstrate for the first time that girls with ASD do not exhibit the same reduction in activity 

within social reward systems as autistic boys. Instead, girls with ASD display increased neural 

activation to such stimuli in areas related to reward processing and salience detection. Our findings 

indicate that a reduced sensitivity to social rewards, as assessed with a rewarded instrumental 

implicit learning task, does not generalize to affected female youth and highlight the importance 

of studying potential sex differences in ASD. 
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INTRODUCTION 

Autism spectrum disorder (ASD) is a neurodevelopmental condition characterized by 

difficulties with social communication, as well as the presence of repetitive behaviors and 

circumscribed interests (American Psychiatric Association, 2013). Numerous prior studies have 

found that ASD is associated with reduced attention to and preference for social stimuli as 

compared to typically developing (TD) controls (Dubey et al., 2015; Chita-Tegmark, 2016; Ruta 

et al., 2017). This reduction in social attention is posited to be driven by diminished sensitivity to 

the intrinsically rewarding nature of social stimuli, which contributes to fewer opportunities for 

social learning, thereby leading to the social challenges observed in ASD (Dawson et al., 2005; 

Schultz, 2005; Chevallier et al., 2012; Dawson et al., 2012). Recent functional magnetic resonance 

imaging (fMRI) studies in primarily male samples have directly tested this hypothesis by 

examining neural activity in ASD when social stimuli (e.g., a picture of a smiling face) are 

presented as feedback during tasks (Scott-Van Zeeland et al., 2010; Delmonte et al., 2012; Dichter 

et al., 2012a; Dichter et al., 2012c; Kohls et al., 2013; Choi et al., 2015; Damiano et al., 2015; 

Clements et al., 2018; Kohls et al., 2018). This body of work has provided evidence in support of 

the notion that individuals with ASD display reduced neural activation compared to their 

neurotypical peers in reward-related frontostriatal circuitry and corticolimbic regions during the 

anticipation and/or receipt of positive social feedback (Scott-Van Zeeland et al., 2010; Kohls et al., 

2013). Results from these studies have suggested that such reductions in reward sensitivity may 

be particularly pronounced for social stimuli (Scott-Van Zeeland et al., 2010; Delmonte et al., 

2012), although individuals with ASD also exhibit altered reward responsivity to non-social 

stimuli, including corticostriatal hypoactivity to monetary rewards (Dichter et al., 2012a; Dichter 

et al., 2012b; Kohls et al., 2013; Clements et al., 2018) and hyperactivity in frontostratial circuits 
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when viewing images which reflect their preferred interests during a rewarded task (Dichter et al., 

2012a; Dichter et al., 2012b; Cascio et al., 2014; Clements et al., 2018; Kohls et al., 2018). 

 ASD is more frequently diagnosed in boys than girls, and all fMRI studies to date 

investigating reward responsivity in ASD have thus included few or no female participants (Scott-

Van Zeeland et al., 2010; Delmonte et al., 2012; Dichter et al., 2012c; Kohls et al., 2013; Choi et 

al., 2015; Damiano et al., 2015; Kohls et al., 2018). Although the discrepancy in ASD prevalence 

rates between males and females may be exaggerated by sex-specific social and diagnostic factors 

(Lai et al., 2015), the fact that ASD is more common among boys is consistently demonstrated, 

with recent prevalence estimates providing a sex ratio of approximately 4:1 males to females when 

using registry-based data and approximately 3:1 when using population-based data (Loomes et al., 

2017; Baio et al., 2018). Importantly, there is evidence for a distinct ASD phenotype among 

affected girls and women, suggesting that previous findings from reward-based fMRI studies in 

primarily male samples may not generalize to female samples. Females with ASD significantly 

differ from males with ASD in their neural activity when processing emotional stories (Schneider 

et al., 2013), their patterns of functional and structural brain connectivity (Nordahl et al., 2015; 

Alaerts et al., 2016; Lai et al., 2017b), their genetic load for ASD (Werling & Geschwind, 2013; 

Werling, 2016; Ferri et al., 2018), and their behavioral and cognitive profiles (Baron-Cohen et al., 

2014; Frazier et al., 2014; Hiller et al., 2014; Lai et al., 2015; Hull et al., 2017; Knutsen et al., 

2018). Most notably, females and males with ASD display different social engagement patterns: 

girls with ASD indicate that they have closer friendships and a greater number of friends than their 

male counterparts (Dean et al., 2014; Head et al., 2014; Sedgewick et al., 2016; Sedgewick et al., 

2019). Eye-tracking studies have similarly found that girls with ASD exhibit more typical 

volitional social attention than boys with ASD, as well as comparatively reduced attention to 
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objects associated with circumscribed interests (Harrop et al., 2018a; Harrop et al., 2018b). In line 

with such reports, one small self-report study with an approximately equal number of female and 

male adolescents found that girls with ASD displayed significantly greater social motivation than 

boys with ASD as assessed using qualitative interviews (Sedgewick et al., 2016). 

 Importantly, such evidence suggests that findings of reduced social reward sensitivity in 

ASD may not generalize to females with ASD (Dawson et al., 2005; Schultz, 2005; Chevallier et 

al., 2012; Dawson et al., 2012). We therefore examined the neural basis of social reward processing 

in a balanced sample of girls and boys with and without ASD. Specifically, we investigated how 

social reward processing may differ between girls and boys with ASD, as well as between girls 

with ASD and TD girls. We additionally explored how alterations in such reward processing 

among youth with ASD might be related to individual variability in implicit social learning and 

core ASD traits.  

 

METHODS AND MATERIALS 

Participants 

Youth (ages 8-17) were recruited from four sites (Harvard Medical School, Seattle 

Children’s Research Institute, University of California Los Angeles [UCLA], and Yale University) 

as part of the Gender Exploration of Neurogenetics and Development to Advance Autism Research 

(GENDAAR) consortium, supported by an NIH Autism Center of Excellence Network. Exclusion 

criteria for all participants were as follows: premature birth, any known genetic condition (e.g., 

Fragile X), a history of neurological disorders involving pathology above the brainstem (except 

uncomplicated non-focal epilepsy), active seizures within the last year, and an inability to 

comprehend task instructions. For the ASD group, inclusion criteria included a prior diagnosis of 
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ASD confirmed by a trained, research-reliable clinician using the Autism Diagnostic Interview, 

Revised (ADI-R) (Lord et al., 1994) and/or Autism Diagnostic Observation Schedule, Second 

Edition (ADOS-2) (Lord et al., 2012). Inter-site reliability was maintained for these measures by 

having all lead clinicians team double-code one ADI-R and one ADOS-2 every six months, with 

intra-site reliability maintained by having each site’s lead clinician double-code 10% of 

assessments. Within the final sample, nearly all youth with ASD met criteria on both the ADI-R 

and the ADOS-2 (n=76/82). A smaller number of participants met criteria on the ADI-R but either 

were subthreshold on the ADOS-2 by virtue of falling one point short of the total diagnostic cut-

off (n=2) or did not receive the ADOS-2 because they were lost to follow-up (n=1); a similarly 

small number of participants met criteria on the ADOS-2 but either were subthreshold on the ADI-

R by virtue of falling one point short of the total diagnostic cut-off (n=1) or did not receive the 

ADI-R because they were lost to follow-up (n=2). TD participants were required to have no first- 

or second-degree relatives with autism, no developmental, neurological, or psychiatric disorders, 

and no evidence of elevated autism traits based on total t-scores < 65 on the parent-report version 

of the Social Responsiveness Scale, Second Edition (SRS-2) (Constantino & Gruber, 2012). A 

total of 204 youth met inclusionary and exclusionary criteria and had complete neuroimaging and 

IQ data. From this sample, youth were further excluded for being the sibling of another participant 

in the study (n=24) or for excessive motion during scanning (n=26). The retained sibling was 

selected with the goal of minimizing any potential group differences in pubertal development (as 

measured by the Pubertal Developmental Scale; PDS; Carskadon & Acebo, 1993), site/scanner, 

motion during the fMRI task (as measured by mean relative motion and the number of censored 

timepoints) and, separately within each diagnostic group, ASD traits (as measured by the SRS-2 

for both diagnostic groups and the ADOS-2 for the participants with ASD); this selection was done 
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prior to data analysis and prioritized matching participants on ASD traits and motion, followed by 

site/scanner and pubertal development. The final sample included 154 youth: 39 girls with ASD, 

43 boys with ASD, 33 TD girls, and 39 TD boys; this sample size has greater than 80% power to 

detect large effect sizes at a 0.05 significance level (Faul et al., 2009). The initial and final samples 

did not significantly differ on key demographic characteristics such as sex, general cognitive 

ability (i.e., full-scale IQ as measured by a trained clinician using the Differential Ability Scales, 

Second Edition; DAS-II; Elliot, 2007), household income, or overall ASD traits (all p > 0.1), 

although the final sample was slightly older than the starting sample (13.30 + 2.8 vs. 12.24 + 3.10 

years old, p < 0.05). Assignment to the female/girl or male/boy group for our analyses was based 

on parent-report of biological sex designated at birth; no assessment was made of gender identity. 

Anonymized data are publicly available for these participants through the National Database for 

Autism Research (NDAR) under collection ID 2021. Informed assent and consent were obtained 

from all participants and their legal guardians, and the experimental protocol was approved by the 

Institutional Review Board at each participating site.  

Descriptive statistics and two-tailed p-values for our final sample are presented in Table 

2.1; the reported statistical comparisons were completed in R (R Core Team, 2016) using t-tests, 

chi-squared tests or their non-parametric equivalent as appropriate. Within both diagnostic groups, 

girls and boys did not significantly differ on age, general cognitive ability, handedness, household 

income, reaction time during the fMRI task (as measured by button press speed during social trials), 

improvement in overall fMRI task accuracy (as measured by the change in accuracy between the 

first and last third of nonrandom social trials), mean relative motion, and number of censored fMRI 

timepoints (all p > 0.05). Within each diagnostic group there was likewise no significant effect of 

sex on overall ASD traits, as measured by the SRS-2 for both groups and the ADOS-2 comparison 
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score for the ASD group (all p > 0.1). Of particular note, the range of autism traits was similar 

between girls and boys with ASD (ADOS-2 Comparison Score: 3-10 for girls vs. 3-10 for boys. 

SRS Total T-Score: 47-90 for girls vs. 54-90 for boys. SRS Total Raw Score: 22-162 for girls vs. 

43-146 for boys). Not surprisingly since neither the ASD nor TD sex groups significantly differed 

on age, girls and boys within each diagnostic group differed in pubertal development (both p < 

0.01), with girls showing more advanced pubertal development. When testing for demographic 

differences within each sex, the ASD and TD groups did not significantly differ on age, general 

cognitive ability, handedness, household income, mean relative motion, number of censored fMRI 

timepoints, mean reaction time, and improvement in task accuracy (all p > 0.05), with the 

exception of TD boys displaying higher general cognitive ability scores and lower mean relative 

motion than autistic boys (both p < 0.01). Psychotropic medication information for our sample is 

presented in Table 2.2. Notably, the number of participants on medication did not significantly 

differ between the autistic female and male groups (p = 0.9). 

 

fMRI Task 

We used a modified version of the event-related rewarded implicit learning task previously 

used by our group to investigate reward processing in boys with ASD and TD boys (Scott-Van 

Zeeland et al., 2010); this task is based on the well-established Weather Prediction Task (Knowlton 

et al., 1994; Poldrack et al., 2001; Moody et al., 2004; Kelmendi et al., 2016; Labouliere et al., 

2016) and was chosen to improve comparability with our prior study (Scott-Van Zeeland et al., 

2010). Participants completed several practice trials prior to the scan to ensure they understood 

task instructions. Briefly, participants were told that abstract images would be presented multiple 

times over the course of the task, and each time such an image appeared they should guess via 
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button press whether it belonged to “Team 1” or “Team 2”, after which they would receive 

feedback on their response. Participants thus used trial-and-error over the course of the task to 

learn which stimuli were associated with which button press, although the implicit learning nature 

of the task was intentionally not mentioned to subjects. More specifically, each trial started with 

the presentation of a single abstract fractal-like stimulus. A total of six abstract fractal-like images 

were included over each administration of the experiment, with four of the six images having a 

predictive probability of 83%, and the two remaining images having a predictive probability of 

50% (i.e., they were associated with a correct response of “1” or “2” for an equal number of trials); 

this predictive probability distribution was selected to ensure sufficient task difficulty such that 

participants would rely on implicit learning instead of explicit memorization strategies. While 

viewing the abstract image presented at the beginning of each trial, participants indicated a 

response via button press. After 2 seconds (s) had elapsed since the trial start, participants received 

feedback for a duration of 1.25s. Feedback in the social condition consisted of a smiling male or 

female face with the text “That’s right!” if the participant had guessed correctly. If the subject’s 

response was incorrect, the same male or female face with a sad expression was displayed along 

with the text “That’s wrong” (Figure 2.1). In the neutral condition, feedback consisted of the 

corresponding text “That’s right” or “That’s wrong” and an image of a male or female face 

displaying a neutral expression. The identity of the male face and the female face were kept 

constant throughout the experiment. After each trial was complete, a blank screen that lasted 

between 0.73s and 3.7s was shown before the start of the next trial. The primary differences 

between the original and current versions of the task were two-fold (Scott-Van Zeeland et al., 

2010). First, we did not use a monetary condition because we were specifically interested in social 

reward processing, and our initial study using this task found no significant differences in the 
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activity of key reward circuitry (i.e., ventral striatum) during monetary reward processing when 

comparing ASD and typical development. Second, the faces used as feedback in the current task 

were both male and female, whereas the face used as feedback in the original task was always 

female; we elected to include both male and female stimuli in the current version of the task as the 

present sample contained boys and girls, whereas our original study only involved boys. 

 

Data Acquisition 

MRI data were acquired on a Siemens 3T Trio scanner at each site using a 12-channel 

headcoil or, after scanner upgrades at two sites (Seattle and UCLA), on a Siemens 3T Prisma 

scanner using a 20-channel headcoil. During the task-based scan (TR = 2000ms, TE = 30ms, field 

of view [FOV] = 192mm, 34 slices, slice thickness = 4mm, in-plane voxel size = 3x3mm, 

acquisition time = 5min; Trio and Prisma parameters were identical), participants viewed stimuli 

through MR-compatible goggles (Resonance Technology, Inc., Northridge, CA, USA) and 

indicated their responses on an MR-compatible button box (Resonance Technology, Inc., 

Northridge, CA, USA). Stimuli presentation and response recording were done using E-Prime 2 

(Psychology Software Tools, Inc., Sharpsburg, PA, USA). A T2-weighted high-resolution echo 

planar scan (Trio: TR = 5000ms, TE = 34ms, FOV = 192 mm, 34 slices, slice thickness = 4 mm, 

in-plane voxel size of 1.5x1.5mm, acquisition time = 1.5 min; Prisma parameters were identical 

except TE = 35ms) was also collected for registration purposes. To test for potential between-

scanner differences in the fMRI data, three phantoms (one agar-filled sphere and two human 

phantoms) traveled to multiple sites; the temporal signal to noise ratio (tSNR) was then calculated 

for each phantom/scanner combination using Analysis of Functional NeuroImages (AFNI)(Cox, 

1996) (Table 2.3). A linear mixed model including scanner as a fixed effect and phantom as a 
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random effect indicated a significant main effect of scanner on tSNR (p = 0.02); scanner was 

therefore included as a covariate in all our analyses. 

 

Data Analysis 

fMRI data underwent standard preprocessing using FMRIB’s Software Library (FSL) 

(Smith et al., 2004), including skull stripping (Smith, 2002), motion correction (Jenkinson et al., 

2002), smoothing with a 5 mm full width at half maximum (FWHM) Gaussian kernel, high-pass 

filtering, and linear registration with 6 degrees of freedom to each subject’s high-resolution 

matched bandwidth coplanar image, followed by affine registration to the standard MNI template 

of 152 averaged brains (Jenkinson & Smith, 2001; Jenkinson et al., 2002); all registrations were 

visually inspected as part of quality control procedures. For each subject, voxelwise regression 

analyses were completed using FMRIB’s Improved Linear Model (FILM) (Woolrich et al., 2001). 

Each trial type was coded as a separate explanatory variable and convolved with a canonical 

(double-gamma) hemodynamic response function, with the temporal derivative of each trial type 

likewise included as a regressor. Timepoints which were corrupted by motion were also included 

as individual regressors to censor them. Specifically, timepoints were censored if their DVARS 

value was greater than a participant-specific boxplot cut-off equal to the 75th percentile plus 1.5 

times the interquartile range as calculated using fsl_motion_outliers. 

In line with our previous fMRI study examining neural responsivity to social reward in an 

independent sample of boys with ASD and TD boys (Scott-Van Zeeland et al., 2010), all group-

level analyses assessed social reward processing by examining the task-based contrast “correct 

social” > “incorrect social” (i.e., happy face with the text “That’s right!” > sad face with the text 

“That’s wrong”). Our planned key between-group contrasts specifically focused on how girls with 
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ASD differed both from boys with ASD (female ASD vs. male ASD) and from their typically 

developing peers (female ASD vs. female TD). However, for completeness we also tested whether 

boys with ASD displayed significant alterations relative to their male counterparts (male ASD vs. 

male TD), as well as whether typically developing girls and boys differed from each other (female 

TD vs. male TD). All analyses included the following demographic variables as covariates of non-

interest to control for variability within groups and/or significant differences between groups in 

these variables: demeaned age, demeaned pubertal development (as assessed by the PDS), 

demeaned general cognitive ability (as assessed by the DAS-II), and site/scanner. For our between-

group contrasts, we were primarily interested in the nucleus accumbens (NAcc) due to its 

importance in reward processing (Berridge et al., 2009; Daniel & Pollmann, 2014; Fareri & 

Delgado, 2014) and prior studies demonstrating activity- and connectivity-based alterations of the 

NAcc in ASD (Scott-Van Zeeland et al., 2010; Hernandez et al., 2017; Supekar et al., 2018), 

including NAcc functional connectivity differences between girls and boys with ASD (Hernandez 

et al., Invited Resubmission). We thus used a region of interest (ROI) approach to examine NAcc 

activity, where we extracted parameter estimates from each group using a bilateral NAcc mask 

defined from the Harvard-Oxford Atlas at a threshold of 25% probability (Hernandez et al., 2017). 

One sample t-tests were then completed to determine if each group displayed significant activity 

when averaging within this ROI, and general linear models with our covariates of non-interest 

were used to conduct between-group comparisons; residuals from all general linear models were 

confirmed to meet the assumptions of independence, normality, and constant variance based on 

visual inspection of residual histograms and residual plots. In addition to our ROI-based analyses, 

we also conducted exploratory whole-brain analyses using FMRIB’s Local Analyses of Mixed 

Effects (FLAME 1+2) with variance estimated separately for autistic and TD participants. These 
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analyses were limited to gray matter voxels using a prethreshold mask derived from the Harvard-

Oxford atlas at a threshold of 25% probability with a small-volume correction for the NAcc. All 

whole-brain contrasts were corrected for multiple comparisons at a threshold of Z > 2.3, p < 0.05, 

where this statistical threshold was chosen to improve comparability with our previous study on 

social reward responsivity during an implicit learning task in boys with ASD and TD boys (Scott-

Van Zeeland et al., 2010). Effect sizes for all significant between-group differences were 

calculated using extracted parameter estimates and are reported as standardized regression 

coefficients (bs). 

 To determine how brain-based differences in social reward processing were associated with 

individual variability within ASD, we extracted parameter estimates from those regions which 

showed significant group differences and used a general linear model that included our covariates 

of non-interest to test whether activity within such brain regions was significantly related in our 

participants  with ASD to implicit social learning (as indexed by improved accuracy in social trials 

across the course of the task) and core ASD traits (as measured by total raw SRS-2 scores and 

ADOS-2 comparison scores). Two-tailed p-values are reported, with standardized regression 

coefficients (bs) included to convey the magnitude of significant associations. 

 To assess whether our findings were specific to social reward processing, we completed 

supplementary analyses contrasting correct and incorrect neutral trials (which did not differ in 

social content as both displayed a neutral facial expression) to examine the processing of non-

social rewarding feedback using the ROI and whole-brain approaches detailed directly above. 

Additionally, to improve comparability with previous ASD studies which focused on the potential 

main effects of diagnosis and sex as well as their interaction (Schneider et al., 2013; Nordahl et al., 

2015; Irimia et al., 2017), social reward analyses were conducted which examined these effects 
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using the NAcc ROI and whole-brain approaches previously described. Finally, to confirm that 

our primary, pairwise social reward results were not driven by medication, motion confounds, or 

an interaction between age and group, we completed several additional analyses using the 

parameter estimates extracted from the NAcc ROI and from the significant clusters in our main 

whole-brain analyses. First, we contrasted neural activity between medicated and unmedicated 

youth with ASD separately within each sex to assess the potential impact of medication. Second, 

we repeated our between-group contrasts of interest on the extracted parameter estimates using a 

general linear model which was identical to our primary analyses, except the model was 

supplemented with mean relative motion or the interaction between age and group. 

 

RESULTS 

Region of Interest Analyses 

 Within-group analyses averaging across the NAcc ROI revealed that girls with ASD 

exhibited significant increases in neural activity to socially rewarding stimuli (p = 0.0007), 

whereas boys with ASD did not (p = 0.4). Among TD girls, significantly greater NAcc activity 

was similarly observed for “correct social” trials compared to “incorrect social” trials (p = 0.008). 

TD boys demonstrated no significant difference between these two conditions when averaging 

across the whole NAcc ROI (p = 0.3), although as demonstrated below they did display increased 

activity to “correct social” trials within a region of the NAcc at the whole-brain level (Figure 2.2, 

Table 2.4). 

Between-group analyses revealed that girls with ASD displayed greater NAcc activity to 

socially rewarding stimuli than their male counterparts (p = 0.03, b = 0.61; Figure 2.3). In contrast, 

TD girls and boys did not significantly differ in their NAcc activity to social rewards (p = 0.8). We 
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additionally examined whether girls and boys with ASD differed from their same-sex TD 

counterparts and found no significant differences when averaging within the NAcc ROI (both p > 

0.2). To inform our understanding of how NAcc activity to socially rewarding stimuli is associated 

with individual differences among youth with ASD, we extracted parameter estimates from the 

NAcc ROI for the female and male ASD groups. Neither group exhibited a significant association 

between this measure of NAcc activity and task performance or the magnitude of core ASD traits 

as measured by the SRS-2 or ADOS-2 (all p > 0.05). 

 

Whole-Brain Analyses 

 Within-group results are presented in Figure 2.2 and Table 2.4. Briefly, girls and boys with 

ASD both displayed greater activity to “correct social” trials than “incorrect social” trials in a 

number of cortical regions, including the ventromedial prefrontal cortex (vmPFC), the medial 

prefrontal cortex (mPFC), and the anterior cingulate cortex (ACC). Girls with ASD also exhibited 

widespread activity to socially rewarding stimuli in a range of additional cortical and subcortical 

areas, including the NAcc, the insula, and lateral frontal cortex. With regards to the control groups, 

TD girls and TD boys both displayed increased activity to socially rewarding stimuli within the 

NAcc. 

When directly comparing girls and boys within each diagnostic group, girls with ASD 

displayed greater neural activity than boys with ASD in the bilateral NAcc during social rewards 

(Figure 2.4A; Table 2.5). Unlike youth with ASD, there were no significant sex differences among 

TD youth in their neural responsivity to socially rewarding stimuli. Girls with ASD also exhibited 

greater neural activity to social rewards than TD girls (Figure 2.4B; Table 2.5); such hyperactivity 

among girls with ASD was primarily visible within lateral frontal regions, including the 
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ventrolateral prefrontal cortex (vlPFC) and the lateral orbitofrontal cortex (OFC), in addition to 

the anterior insula and other frontal and temporal regions (Table 2.5). Boys with ASD did not 

significantly differ in whole-brain analyses from their TD counterparts.  

To examine the relationship between social reward responsivity and individual variability 

among youth with ASD in ASD traits and task performance, we extracted parameter estimates 

from youth with ASD in those clusters which displayed a significant difference between girls and 

boys with ASD, in addition to extracting parameter estimates from girls with ASD in those clusters 

which significantly differed between girls with ASD and their TD counterparts. No significant 

associations were found among girls with ASD between extracted neural activity and task 

performance or autism characteristics (all p > 0.1). Likewise, no significant relationship was seen 

in boys with ASD between activity and core ASD traits as assessed by the SRS-2 or ADOS-2 (both 

p > 0.05). However, boys with ASD displayed a significant relationship between activity within 

the right NAcc and their ability to implicitly learn from social trials, such that greater social reward 

activity was associated with greater task-based implicit learning (p = 0.04 , b = 0.38; Figure 2.4A). 

 

Supplementary Analyses 

 When examining activity to rewards which did not differ in social content (i.e., a neutral 

face with positive vs. negative written feedback), no between-group differences emerged in 

activity within the NAcc ROI. Similarly, whole-brain patterns of activity to such non-social 

rewards did not significantly differ between girls and boys with ASD, between TD girls and boys, 

or between girls with ASD and TD girls; boys with ASD exhibited significantly more activity to 

these non-social rewards than TD boys in the mPFC (Table 2.6). Analyses investigating the main 

effects of diagnosis and sex on social reward processing, as well as the interaction between 
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diagnosis and sex, revealed no significant main effects or interaction in the NAcc ROI (all p > 

0.05). There was a main effect of diagnosis in the whole-brain analyses, such that youth with ASD 

exhibited increased activity to socially rewarding stimuli compared with TD youth in medial and 

lateral frontal regions (Table 2.7); the lateral frontal regions largely overlapped with significant 

clusters found when contrasting girls with ASD and TD girls (Figure 2.4B, Table 2.5), suggesting 

this finding was driven by the female youth with ASD. A main effect of sex was additionally 

shown in the whole-brain analyses, such that girls displayed greater social reward activity than 

boys in the precuneus and lateral occipital cortex (Table 2.7); there was no statistically significant 

interaction in the whole-brain analyses.  

 With regards to the impact of medication on our primary pairwise social rewards findings, 

there were no significant differences between medicated youth with ASD and their same-sex 

unmedicated counterparts with ASD when extracting parameter estimates from the NAcc ROI or 

from the significant clusters in the whole-brain analyses (all p > 0.1). Our pairwise between-group 

social reward findings also remained highly similar after the addition of mean relative motion as a 

covariate of non-interest when examining extracted parameter estimates. Girls with ASD 

continued to display greater ROI-based NAcc activity than boys with ASD, as well as greater right 

NAcc activity in the whole-brain analyses (both p < 0.05); girls with ASD likewise continued to 

exhibit hyperactivity of frontal, insular, and temporal regions compared to TD girls, including the 

lateral OFC, vlPFC, and anterior insula (all p < .01). Lastly, there was no significant interaction 

between group and age when examining activity to socially rewarding stimuli (all p > 0.2).  

 

DISCUSSION 

 In the current study, we analyzed a sample of youth between the ages of 8 and 17 years 
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old to investigate how girls with ASD process socially rewarding stimuli, and how their neural 

activity to social rewards may differ from boys with ASD and TD girls. Girls with ASD exhibited 

significantly greater neural responsivity to socially rewarding stimuli (i.e., a smiling face) than 

their male counterparts, reflecting that girls with ASD displayed increased neural activation to 

social rewards but boys with ASD did not. The development of the social challenges present in 

ASD is hypothesized to be driven by reduced sensitivity to the rewarding nature of social stimuli, 

which subsequently leads to fewer social learning opportunities and the emergence of the social 

difficulties characteristic of ASD (Chevallier et al., 2012; Dawson et al., 2012). Prior 

neuroimaging studies in male samples have supported this notion, demonstrating that boys with 

ASD exhibit hypoactivity to positive social stimuli in frontostriatal and limbic circuitry such as 

the ventral striatum and the amygdala (Scott-Van Zeeland et al., 2010; Kohls et al., 2013), as well 

as additional corticostriatal and limbic alterations in response to neutral or negative social stimuli 

(Dichter et al., 2012c; Choi et al., 2015; Damiano et al., 2015; Clements et al., 2018), or when 

contrasting social stimuli with non-social stimuli (Delmonte et al., 2012; Kohls et al., 2018). We 

replicate these prior findings in the current study with an independent sample. That is, as with 

previous analyses focusing on positive social stimuli, boys with ASD in the current study did not 

significantly activate the ventral striatum in response to social rewards at the whole-brain level, 

even though TD boys did. Notably, reduced NAcc activity among our male ASD group was 

significantly related to reduced implicit learning. Much of social learning in the real world occurs 

without explicit instruction (Frith, 2008), and these results among boys with ASD thus lend novel 

support to the proposal that diminished social reward sensitivity contributes to a relative lack of 

social learning, which may ultimately contribute to the core social challenges present in ASD. 
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Although our findings and those of other prior studies lend support to the hypothesis that 

alterations in social reward sensitivity are related to ASD in males (Dubey et al., 2015; Ruta et al., 

2017; Clements et al., 2018), no neuroimaging studies to date have investigated whether reduced 

reward responsivity may also explain core ASD traits among affected females. Importantly, our 

results suggest that this may not be the case for girls with ASD, as they displayed significantly 

increased neural activity to social rewards despite displaying no differences in activity related to 

rewards which did not differ in social content. This increased responsiveness to social rewards 

among girls with ASD included greater NAcc activity compared to boys with ASD, as well as 

greater activity within the lateral OFC, vlPFC, and anterior insula relative to TD girls. The anterior 

insula activates during reward-related tasks (Liu et al., 2011; Diekhof et al., 2012; Sescousse et al., 

2013; Silverman et al., 2015; Oldham et al., 2018) and is one of the hubs of the salience network, 

which plays a role in detecting and coordinating a neural and behavioral response to salient stimuli 

(Uddin & Menon, 2009; Menon & Uddin, 2010). It is therefore possible that socially rewarding 

stimuli may possess increased salience to females with ASD. With regards to the other regions 

which exhibited increased activity among girls with ASD, the vlPFC and OFC are known to play 

a role in reversal learning and to encode reward-related characteristics, such as the subjective value 

and probability of rewards (Tobler et al., 2009; Rygula et al., 2010; Hampshire et al., 2012; Rich 

& Wallis, 2014; Dalton et al., 2016; Kaskan et al., 2017; Rudebeck et al., 2017). The NAcc has 

similarly been directly implicated in reward learning and processing. Among humans, 

neuroimaging analyses have shown that the NAcc consistently activates during the anticipation 

and receipt of a wide variety of rewards, including monetary and social rewards (Liu et al., 2011; 

Diekhof et al., 2012; Sescousse et al., 2013; Daniel & Pollmann, 2014; Fareri & Delgado, 2014; 

Silverman et al., 2015; Wang et al., 2016; Oldham et al., 2018). Animal studies have additionally 



 

 89 

demonstrated that the NAcc is associated with reward-related hedonic pleasure through the opioid 

and endocannabinoid systems, as well as incentive motivation and prediction error-based learning 

through the mesolimbic dopamine pathway (Berridge et al., 2009; Daniel & Pollmann, 2014; 

Fareri & Delgado, 2014). Our findings thus suggest that girls with ASD may be characterized by 

an increased motivation to obtain positive social feedback and, furthermore, that these girls’ neural 

circuitry may be more fine-tuned to learn from such stimuli; this pattern of results is also in line 

with a recent fMRI study which demonstrated that, unlike men with ASD, women with ASD do 

not exhibit hypoactivation of social brain areas (Lai et al., 2019). Notably, the current finding of 

greater neural sensitivity to social rewards in girls with ASD may be one biological mechanism 

for the reduced prevalence of autism among females and for the sex differences in friendship 

patterns among youth with ASD (Dean et al., 2014; Head et al., 2014; Sedgewick et al., 2016; Baio 

et al., 2018). Such increased sensitivity to socially rewarding stimuli among girls with ASD may 

also have implications for the use and personalization of reinforcement-based interventions. By 

suggesting that alterations in social reward responsivity may be less relevant for the etiology of 

ASD in girls, our findings additionally underscore a need for studies to examine additional factors 

which may contribute to the development of ASD in girls; these studies could, for instance, assess 

the hypothesized importance of early differences in sensory processing to the development of ASD 

(Robertson & Baron-Cohen, 2017). Such studies would also improve our understanding of the 

non-social characteristics associated with ASD, including sensory over-responsivity, challenges 

with executive function, and strengths in systemizing (Baron-Cohen et al., 2009; Ben-Sasson et 

al., 2009; Chevallier et al., 2012; Lai et al., 2014; Lai et al., 2017a). 

Future work should address the limitations of the current study. Such investigations could 

separately examine the anticipation and receipt of social rewards to test whether these two stages 
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of reward processing are differentially affected among females and males with ASD. These 

experiments could also use stimuli which are more naturalistic, such as dynamic videoclips of 

social praise instead of the static images used here (Kohls et al., 2018). Additionally, several prior 

studies have suggested that boys with ASD may be characterized by increased reward responsivity 

to stimuli related to their circumscribed interests (Dichter et al., 2012b; Cascio et al., 2014; 

Clements et al., 2018; Kohls et al., 2018). Future analyses should investigate whether this is also 

true among girls with ASD, particularly as females with ASD may exhibit lower levels of 

circumscribed interests and repetitive behaviors than their male counterparts (Frazier et al., 2014; 

Knutsen et al., 2018; Tillmann et al., 2018). Biological sex assigned at birth also does not always 

reflect individuals’ gender identity (Mueller et al., 2017). Future studies should thus explicitly 

assess gender identity to evaluate the generalizability of results, particularly as ASD may be 

associated with increased rates of gender dysphoria (George & Stokes, 2018); such studies could 

also help clarify the respective contributions of gender and biological sex to patterns of altered 

reward processing in ASD. Lastly, it will be important to use complementary methods to study 

social motivation in ASD, such as self-report or clinical assessments (Kazdin, 1989; Sedgewick et 

al., 2016). 

Taken together, our results are the first to demonstrate that girls with ASD display 

increased responsivity to socially rewarding stimuli, unlike what has been previously reported in 

males with ASD. These findings thus indicate that females with ASD may not display the same 

reductions in social motivation as males with ASD and underscore the importance of considering 

sex when characterizing the mechanisms that may give rise to the core traits of ASD. 
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Figure 2.1 | Schematic of an individual social trial within the experimental paradigm. 
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Figure 2.3 | Significant group differences in region of interest (ROI)-based nucleus accumbens 

(NAcc) activity to social rewards. When averaging within the NAcc region of interest (left), 

females with autism spectrum disorder (ASD) displayed significantly greater mean activity to 

social rewards than males with ASD (right); error bars are +/- 1 standard error of the mean. 
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Figure 2.4 | Significant group differences in whole-brain activity to social rewards and relationship 

with behavior. (A) Areas in which girls with ASD exhibited significantly greater activity to 

socially rewarding stimuli than boys with ASD (left). In the group of boys with ASD, increased 

activity to social rewards in the right NAcc cluster was related to improved accuracy over the 

course of the task (i.e., greater implicit learning (right). (B) Regions in which girls with ASD 

displayed significant hyperactivity to social rewards compared with TD girls. ASD: autism 

spectrum disorder; NAcc: nucleus accumbens; TD: typically developing; L: left. 
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Table 2.2 | Psychotropic Medication Usage 
  ASD 

  Female Male 

Amphetamine 1 1 

Aripiprazole 0 1 

Atomoxetine 3 1 

Bupropion 0 1 

Buspirone 1 0 

Chlorpromazine 1 1 

Citalopram 1 0 

Clonidine 3 0 

Dexmethylphenidate 0 3 

Escitalopram 1 1 

Fluoxetine 4 2 

Fluvoxamine 0 1 

Guanfacine 2 1 

Lisdexamfetamine 2 0 

Methylphenidate 0 5 

Oxcarbazepine 0 1 

Quetiapine 2 1 

Risperidone 1 4 

Sertraline 3 4 

Topiramate 0 1 

Trazodone 0 1 
A total of 15 female participants with ASD and 17 male participants with ASD were on one or more psychotropic 
medications. All TD subjects were confirmed to not be on any psychotropic medications. 
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Table 2.5 | Peak Coordinates for Altered Whole-Brain Activity to Social Rewards in Females with 
ASD 

Region L/R Max 
Z 

MNI Peak (mm) Sig # 
Voxels x y z 

Female ASD > Male ASD             
Left Nucleus Accumbens Cluster, β=0.47       
    Accumbens L 3.40 -6 6 -6 11 
Right Nucleus Accumbens Cluster, β=0.87       
     Accumbens R 3.02 12 10 -10 12 
Female ASD > Female TD             
Left Frontal/Insular Cluster, β=0.82       

     Orbital Frontal Cortex L 3.09 -40 20 -14 33 
     Inferior Frontal Gyrus L 3.70 -52 28 4 59 
     Frontal Pole L 3.35 -48 40 12 28 
     Frontal Operculum Cortex L 3.62 -40 18 6 35 
     Insula L 3.57 -34 12 4 51 
Right Insular/Temporal Cluster, β=0.83       

     Insula R 2.83 40 12 -12 35 
     Planum Polare R 3.14 54 0 -2 11 
     Temporal Pole R 3.44 50 10 -10 43 
     Central Opercular Cortex R 3.02 46 6 4 26 
Left Frontal Cluster, β=0.78       
     Frontal Pole L 3.61 -18 68 10 370 

Regions were labeled using the Harvard-Oxford atlas at a 50% probabilistic threshold. Left/Right masks excluded the 
midline, and regions were only listed if they included 10 or more voxels displaying a significant between-group activation 
difference. ASD: autism spectrum disorder; TD: typically developing; L: left; R: right; MNI: Montreal Neurological 
Institute. 
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Table 2.6 | Peak Coordinates for Altered Whole-Brain Activity to Non-Social Rewards (Male 
ASD > Male TD) 

Region L/R Max 
Z 

MNI Peak (mm) Sig # 
Voxels x y z 

Midline Frontal Cluster, β=0.53       
     Frontal Pole L 3.20 -6 60 22 22 
     Superior Frontal Gyrus R 3.20 4 48 34 24 
     Paracingulate Gyrus L 3.49 -2 52 18 45 
     Paracingulate Gyrus R 3.12 2 44 32 15 
     Anterior Cingulate Gyrus R 2.81 4 38 20 13 

Regions were labeled using the Harvard-Oxford atlas at a 50% probabilistic threshold. Left/Right masks excluded the 
midline, and regions were only listed if they included 10 or more active voxels. ASD: autism spectrum disorder; TD: 
typically developing; L: left; R: right; MNI: Montreal Neurological Institute.  
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Table 2.7 | Peak Coordinates for Altered Whole-Brain Activity to Social Rewards (Diagnosis and 
Sex Main Effects) 

Region L/R Max 
Z 

MNI Peak (mm) Sig # 
Voxels x y z 

ASD > TD             
Left Frontal Cluster, β=0.62       
     Frontal Pole L 3.62 -8 68 8 382 
Left/Midline Frontal Cluster, β=0.83       
     Frontal Pole L 3.05 -6 58 16 18 
     Frontal Medial Cortex L 3.45 -6 50 -16 52 
     Anterior Cingulate Gyrus L 4.24 -6 40 12 71 
     Anterior Cingulate Gyrus R 3.49 2 42 0 19 
     Paracingulate Gyrus L 3.48 -2 44 -4 166 
     Paracingulate Gyrus R 3.38 6 38 34 61 
     Superior Frontal Gyrus R 3.15 2 46 40 12 
Female > Male             
Bilateral Parietal/Occipital Cluster, β=0.60       
     Precuneus Cortex L 2.99 -6 -74 38 54 
     Precuneus Cortex R 3.60 12 -68 32 104 
     Lateral Occipital Cortex R 2.63 20 -78 42 11 

Regions were labeled using the Harvard-Oxford atlas at a 50% probabilistic threshold. Left/Right masks excluded the 
midline, and regions were only listed if they included 10 or more active voxels. ASD: autism spectrum disorder; TD: 
typically developing; L: left; R: right; MNI: Montreal Neurological Institute. 
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CHAPTER 3 

 

Impact of Polygenic Risk for ASD on Functional Connectivity:  

A Possible Mechanism for the Female Protective Effect 

 

Autism spectrum disorder (ASD) is a highly heritable condition that is notably more common in 

males than females. Previous studies have suggested that genetic risk for ASD influences neural 

connectivity and that, compared to males, females are relatively protected from the effects of such 

ASD-associated genetic variation. However, the impact of aggregate, genome-wide risk for ASD 

on in vivo brain connectivity has not yet been investigated, nor is it understood how such effects 

may be modulated by sex. Here we therefore examined the relationship between polygenic risk for 

ASD and functional connectivity in a balanced sample of girls and boys with and without ASD 

(127 youth, ages 8-17). Our analyses specifically focused on functional connectivity of the salience 

network due its hypothesized importance in the emergence of ASD traits. We found that polygenic 

risk for ASD influences salience network connectivity in boys with and without ASD, and that 

such connectivity is significantly more sensitive to polygenic load in boys than girls. These 

findings suggest one pathway through which aggregate genetic risk may contribute to ASD and 

provide a possible neurobiological mechanism for the female protective effect. 
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INTRODUTION  

 Autism spectrum disorder (ASD) is a highly heritable neurodevelopmental condition which 

is diagnosed on the basis of challenges with social communication, the presence of restricted and 

repetitive behaviors, and differences in sensory processing (American Psychiatric Association, 

2013; Tick et al., 2016). The majority of genetic risk for ASD is currently estimated to derive from 

the additive effect of many common variants that are distributed across the entire genome and 

individually have very small effect sizes (Anney et al., 2012; Klei et al., 2012; Gaugler et al., 2014). 

As a whole, genetic variation associated with ASD impacts neuronal and synaptic function, as well 

as synaptic plasticity, suggesting a biological pathway whereby increased genetic risk for ASD 

affects brain connectivity (Bourgeron, 2015; de la Torre-Ubieta et al., 2016; Grove et al., 2019). 

Supporting this, human postmortem and in vivo neuroimaging studies have found that ASD is 

characterized by altered neural connectivity (Zikopoulos & Barbas, 2013; Hernandez et al., 2015; 

Hull et al., 2016; Picci et al., 2016). However, no analyses to date have directly examined the 

impact of overall genetic risk for ASD on brain connectivity among individuals with and without 

ASD. Thus, the neurobiological mechanisms through which increased cumulative genetic risk 

leads to the development of ASD remain poorly understood. 

 ASD is diagnosed approximately three to four times more frequently among males than 

females (Loomes et al., 2017). Although the exact discrepancy in prevalence rates between males 

and females may be affected by sex-specific social and diagnostic factors (Lai et al., 2015; Werling, 

2016), a range of studies have shown that ASD is consistently less common among females than 

males; these studies include registry- and population-based analyses, as well as high risk sibling 

studies (Ozonoff et al., 2011; Loomes et al., 2017; Baio et al., 2018). Such sex differences in ASD 

prevalence are hypothesized to be driven at least in part by a female protective effect (FPE), 
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whereby females require an increased load of genetic and environmental risk factors to develop 

ASD compared to males (Lai et al., 2015; Werling, 2016; Ferri et al., 2018). Supporting the 

existence of a FPE, females with ASD carry more deleterious copy number variants (CNVs) and 

single nucleotide variants (SNVs) than males with ASD (Sanders et al., 2011; Jacquemont et al., 

2014). That females with ASD have an increased genetic burden for ASD compared to their male 

counterparts is also supported by the finding that greater ASD traits and recurrence rates are 

observed among family members of affected females than family members of affected males 

(Robinson et al., 2013; Werling & Geschwind, 2015). Together, these results provide strong 

support for the notion that females are comparatively shielded from genetic risk for ASD. However, 

the mechanisms associated with this FPE are also poorly understood. To begin to address this, 

several recent neuroimaging studies have investigated brain-based differences between males and 

females with and without ASD. Such studies have yielded conflicting results as to the nature of 

neural alterations observed in males and females with ASD, as well as whether such differences 

reflect a FPE or not. Specifically, some studies have found that females with ASD are more 

impacted at the neural level than males with ASD, whereas others have found the reverse, and yet 

others have found that neither sex is more neurally affected (Bloss & Courchesne, 2007; Schumann 

et al., 2009; Lai et al., 2013; Schneider et al., 2013; Holt et al., 2014; Schaer et al., 2015; Kirkovski 

et al., 2016; Retico et al., 2016; Yang & Lee, 2018; Kozhemiako et al., 2019; Lai et al., 2019; Lei 

et al., 2019; Smith et al., 2019). A distinct approach to more directly investigate the neural 

underpinnings of the FPE is to specifically examine how genetic risk for ASD influences the brain 

and whether such effects are similar or dissimilar between males and females. However, no 

neuroimaging study to date has examined how aggregate genome-wide risk for ASD may 

differentially impact brain connectivity in males and females with ASD. Therefore, here we 
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examined the impact of cumulative genetic risk for ASD on intrinsic functional connectivity in a 

balanced sample of boys and girls with and without ASD, allowing us to delineate both the neural 

mechanisms related to such genetic risk and the neural underpinnings of the FPE. 

 Polygenic risk scores (PRSs) are one method of estimating cumulative common genetic 

risk for conditions such as ASD (Weiner et al., 2017; Grove et al., 2019; Martin et al., 2019a), and 

previous neuroimaging studies have demonstrated that PRSs for a range of neuropsychiatric and 

neurodevelopmental conditions are associated with variability in brain connectivity (Whalley et 

al., 2013; Wang et al., 2017). Here we specifically analyzed the relationship between PRSs for 

ASD and intrinsic functional connectivity of the salience network (SN). The SN is a core resting-

state network of particular interest to ASD, as it hypothesized to relate to the emergence of ASD 

traits (Uddin, 2015). More specifically, the SN is believed to play a role in orienting to salient 

stimuli, and ASD appears to be characterized by alterations in salience perception (Menon & 

Uddin, 2010; Uddin, 2015). Infants who later develop ASD show relatively reduced attention to 

social information and altered awareness of non-social sensory input (Tager-Flusberg, 2010; 

Chawarska et al., 2013; Bedford et al., 2014; Shic et al., 2014; Sacrey et al., 2015; Thye et al., 

2018); such differences likely lead to an altered early environment for the infant and may thereby 

contribute to the development of ASD traits, including social communicative difficulties, restricted 

and repetitive behaviors, and sensory-processing atypicalities (Zwaigenbaum et al., 2013; Shic et 

al., 2014; Thye et al., 2018). Supporting the importance of salience perception and the SN to ASD, 

one recent study from our group demonstrated that SN functional connectivity is altered among 6-

week old infants at high familial risk for ASD compared to infants at low familial risk; SN 

connectivity in these infants furthermore predicted the subsequent development of social attention, 

as well as future ASD traits (Tsang et al., Invited Resubmission). Paralleling these findings, 
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numerous studies in individuals already diagnosed with ASD have found that SN connectivity and 

activity is atypical in ASD, correlated with the magnitude of core ASD traits, and able to predict 

an ASD diagnosis at accuracies significantly above chance (Di Martino et al., 2009; Anderson et 

al., 2011; Nielsen et al., 2013; Uddin et al., 2013; Abbott et al., 2016; Green et al., 2016; Nomi et 

al., 2019). Due to the robust evidence implicating the SN in ASD, the current study thus focused 

on the relationship between PRSs for ASD and intrinsic SN functional connectivity.  

 Our results indicate that polygenic risk for ASD significantly influences SN functional 

connectivity among boys with and without ASD, and that such risk has a significantly greater 

effect on SN connectivity among boys than girls. These results provide a link between aggregate 

genetic risk for ASD and brain connectivity, and furthermore elucidate a possible cross-scale 

mechanism for the FPE. 

 

MATERIALS AND METHODS 

Participants 

 Study participants were cognitively able youth with ASD or TD youth (ages 8-17) recruited 

from four sites (Harvard Medical School, Seattle Children’s Research Institute, University of 

California Los Angeles [UCLA], and Yale University). Informed assent and consent were obtained 

from all participants and their legal guardians, and the experimental protocol was approved by the 

Institutional Review Board at each participating site. All participants included in the ASD group 

were required to have a preexisting diagnosis of ASD confirmed by a trained, research-reliable 

study clinician using the Autism Diagnostic Interview – Revised (ADI-R) (Lord et al., 1994) 

and/or the Autism Diagnostic Observation Schedule (Generic or Second Edition; ADOS-G or 

ADOS-2; Lord et al., 2000; Lord et al., 2012). Youth with ASD were additionally required to have 
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no history of neurological disorders involving pathology above the brainstem (with the exception 

of uncomplicated non-focal epilepsy, with no active seizures within the last year). To be included 

in the TD group, youth were required to have no previously diagnosed developmental, neurological, 

or psychiatric conditions, as well as no evidence of elevated ASD traits (i.e., a total t-score > 65 

on the Social Responsiveness Scale, Second Edition [SRS-2]; Constantino & Gruber, 2012). 

Exclusionary criteria for all study participants included an inability to comprehend scan 

instructions, any known genetic conditions, excessive motion during the resting-state scan, 

insufficient high-quality resting-state data, and any structural brain abnormalities. Participants 

were additionally excluded if they were the sibling of another subject in the study; the retained 

youth was chosen to match groups more closely on age, full-scale IQ, the number and percent of 

ICA components labeled as motion/noise during preprocessing, mean relative motion and, within 

the ASD group, ADOS-2 calibrated severity scores. As PRSs calculated based on data from one 

genetic ancestry do not generalize well to other genetic ancestries (Duncan et al., 2019; Martin et 

al., 2019b), our final analyses only included participants who were of the same genetic ancestry as 

the genome-wide association study (GWAS) used to compute our PRSs (Grove et al., 2019); that 

is, all included youth were of genetically ascertained European descent. 

 Our final sample included 127 youth: 30 boys with ASD, 38 TD boys, 31 girls with ASD, 

and 28 TD girls. Assignment to the boy/male or girl/female group was based on parent-report 

biological sex, confirmed using genotyped chromosomal sex; participant gender identity was not 

assessed. Descriptive statistics for all four groups are displayed in Table 3.1; reported statistical 

comparisons were completed in R (R Core Team, 2016) using t-tests, chi-squared tests or their 

non-parametric equivalent as appropriate. Within both ASD and TD groups, males did not 

significantly differ from their female counterparts in any of the following (all ps > 0.2): age, 
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handedness, total ASD traits (as assessed using the SRS-2 and the ADOS-2), mean relative motion, 

the number or percent of resting-state components automatically classified as motion/noise (Pruim 

et al., 2015b), and full-scale IQ (as assessed using the 2nd edition of the Differential Ability Scales 

[DAS; Elliot, 2007], the 4th edition of the Wechsler Intelligence Scale for Children [WISC; 

Wechsler, 2003], or the 1st or 2nd edition of the Wechsler Abbreviated Scale of Intelligence [WASI; 

Wechsler, 1999, 2011]); however, TD boys were slightly older than TD girls (p = 0.07). Within 

the male and female groups, youth with ASD did not significantly differ from their same-sex TD 

counterparts in age, handedness, mean relative motion, and the number or percent of resting-state 

components automatically classified as motion/noise (all ps > 0.2); however girls with ASD were 

slightly older than TD girls (p = 0.08). Youth with ASD exhibited lower full-scale IQs than their 

same-sex counterparts, although this difference only attained statistical significance in the girls 

(female p = 0.004; male p = 0.10). Full-scale IQ and age were thus included as covariates of non-

interest in all neuroimaging analyses. 

 

Genotyping and Polygenic Risk Score Derivation 

 DNA was extracted from whole-blood or saliva samples using standard protocols from the 

Gentra Puregene Blood DNA extraction kit (Qiagen, Venlo, Netherlands) or the OraGene 

Collection Kit (DNA GenoTek, Ottawa, ON, Canada). Genome-wide SNP data were generated at 

Yale University or the UCLA Neuroscience Genomics Core according to standard manufacturer 

protocols using the Illumina Omni-1 or Omni-2.5-exome platforms (Illumina Inc., San Diego, CA, 

USA). Genotypic data were quality filtered (<5% missing per person/per SNP, >1% minor allele 

frequency, Hardy-Weinberg equilibrium p>10-7) in PLINK (Purcell et al., 2007) and used to 

confirm reported biological sex and familial relationships. Genotypes that passed quality control 
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were imputed to the Haplotype Reference Consortium reference panel (http://www.haplotype-

reference-consortium.org/) using the Michigan Imputation Server 

(imputationserver.sph.umich.edu). Principle components reflecting genetic ancestry were 

calculated and categorical genetic ancestry assigned using the 1000 Genomes Project as reference 

(Genomes Project Consortium et al., 2012). 

 PRSs for ASD were calculated based on recent ASD GWAS results from the joint efforts 

of the Lundbeck Foundation Initiative for Integrative Psychiatric Research (iPSYCH) and the 

Psychiatric Genomics Consortium (PGC) (Grove et al., 2019). Genetic data from the current study 

were not included in this published GWAS, ensuring independence of the discovery and target 

sample. PRSice (Euesden et al., 2015) was used to compute PRSs based on a range of GWAS p-

value thresholds (0.001, 0.003, 0.005, 0.01, 0.02, 0.03, 0.04, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 

0.8, 0.9, 1); this approach allowed us to find the optimal threshold that had the strongest association 

with diagnostic group in our sample. All PRS calculations and subsequent genetics analyses 

included the first four principle components from our genome-wide data to further control for 

genetic ancestry. The PRS p-value threshold of 0.5 explained the most variance in our case-control 

data, and PRSs calculated at this threshold were therefore used for all analyses. As expected, the 

ASD group displayed greater PRSs than the TD group (one-tailed p = 0.045). 

 

MRI Data Acquisition and Preprocessing 

 MRI data were acquired at each site on a Siemens 3T Trio scanner using a 12-channel head 

coil or, after scanner upgrades, on a Siemens 3T Prisma scanner using a 20-channel head coil. 

Resting-state functional magnetic resonance imaging (fMRI) scans were collected while 

participants viewed a fixation cross (Trio: TR=2000ms, TE=30ms, field of view [FOV]=192mm, 
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34 slices, slice thickness=4mm, in-plane voxel size=3x3mm, acquisition time=5.5 min, or 

TR=3000ms, TE=28ms, FOV=192mm, 34 slices, slice thickness=4mm, in-plane voxel 

size=3x3mm, acquisition time=6 min; Prisma: TR=2000ms, TE=30ms, FOV=192mm, 34 slices, 

slice thickness=4mm, in-plane voxel size=3x3mm, acquisition time=5.5 min). For registration 

purposes, we additionally acquired a high-resolution matched bandwidth scan that was coplanar 

to the fMRI scan to ensure identical distortion characteristics (Trio: TR=5000ms, TE=34ms, 

FOV=192mm, 34 or 36 slices, slice thickness=4mm, in-plane voxel size=1.5x1.5mm; Prisma: 

TR=5000ms, TE=35ms, FOV=192 mm, 34 slices, slice thickness=4 mm, in-plane voxel 

size=1.5x1.5mm). 

 Resting-state fMRI data underwent standard preprocessing using FMRIB’s Software 

Library (FSL) (Smith et al., 2004) and Analysis of Functional NeuroImages (AFNI) (Cox, 1996), 

including skull stripping, motion correction, and smoothing with a 6 mm full width at half 

maximum (FWHM) Gaussian kernel. Participants’ resting-state scans were linearly registered to 

their corresponding high-resolution matched bandwidth coplanar image using 6 degrees of 

freedom, before being linearly registered to the standard MNI152 2mm standard brain using 12 

degrees of freedom. To remove motion confounds and other sources of noise from the single-

subject resting-state data, we completed several additional preprocessing steps. First, the automatic 

independent component classifier ICA-AROMA (Pruim et al., 2015a; Pruim et al., 2015b) was 

used to regress out components labeled as motion or noise at the single-subject level. Second, we 

bandpass filtered the data (0.01 Hz < t < 0.1 Hz). Third, we included the following as nuisance 

regressors at the single-subject level: mean white matter time series, mean cerebrospinal fluid time 

series and mean global time series, as well as the temporal derivatives of these regressors (Power 

et al., 2014). 
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Data Analysis 

 We examined intrinsic functional connectivity of the SN using a 5mm radius seed located 

in the right orbital frontoinsula (MNI coordinates: 38, 26, -10) (Seeley et al., 2007). Specifically, 

the mean time series extracted from this seed was correlated with that of every other voxel in the 

brain and the resulting correlations converted into connectivity z-scores using Fisher’s r-to-z 

transform. Group-level contrasts were conducted on these connectivity z-scores in FSL using 

FMRIB’s Local Analyses of Mixed Effects (FLAME 1+2), with a voxelwise threshold of Z > 3.1 

and a corrected cluster threshold of p < 0.5 to stringently correct for multiple comparisons. All 

analyses included full-scale IQ, age, the first four principle components obtained from our 

genome-wide data (reflecting genetic ancestry), and site/scanner as covariates of non-interest to 

control for within-group variability and/or group differences in these variables. 

 To investigate the effect of polygenic risk for ASD on SN functional connectivity, and how 

this effect may be modulated by sex, we included demeaned PRS in our group-level analyses as a 

covariate of interest. We first examined the relationship between polygenic risk and SN functional 

connectivity separately within each of our four groups (male ASD, female ASD, male TD, female 

TD). We then tested whether this relationship significantly differed between boys and girls with 

ASD (male ASD vs. female ASD) or between TD boys and girls (male TD vs. female TD). 

Focusing on these within- and between-group contrasts allows us to specifically clarify the neural 

mechanisms underlying the FPE in ASD and is also in line with our previous imaging genetics 

work (Hernandez et al., Invited Resubmission). For completeness, we additionally examined how 

the association between aggregate genetic risk for ASD and SN functional connectivity might 

differ between boys with and without ASD (male ASD vs. male TD) and between girls with and 

without ASD (female ASD vs. female TD). 
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RESULTS 

Within-Group Polygenic Risk Score Analyses 

 In boys with ASD, elevated polygenic risk for ASD was associated with increased 

functional connectivity between the SN and the postcentral gyrus, as well as greater connectivity 

between the SN and the supramarginal gyrus (Figure 3.1A; MNI peak coordinates: -60, -30, 46; 

max Z: 4.07). Unlike boys with ASD, girls with ASD exhibited no significant relationship between 

polygenic load and SN functional connectivity. Among TD boys, greater cumulative genetic risk 

for ASD was related to stronger SN functional connectivity with the precentral and postcentral 

gyri (Figure 3.1B; MNI peak coordinates: 4, -26, 68; max Z: 4.21). TD boys also showed weaker 

functional connectivity between the SN and the inferior temporal gyrus as a function of increasing 

polygenic load (Figure 3.1C; MNI peak coordinates: 46, -16, -32; max Z: 4.24). In contrast, TD 

girls displayed no significant association between polygenic risk for ASD and SN connectivity. 

 

Between-Group Polygenic Risk Score Analyses 

 In the ASD group, sex significantly modulated the relationship between polygenic risk and 

functional connectivity. As polygenic risk increased, boys with ASD exhibited stronger SN 

functional connectivity with the precentral gyrus and mid-insula than girls with ASD (Figure 3.2A; 

MNI peak coordinates: -36, -4, 8; max Z: 3.89). Extracted connectivity z-scores revealed that the 

male ASD group exhibited a positive relationship between polygenic load and functional 

connectivity with these regions (p = 0.001), whereas the female ASD group displayed a negative 

relationship (p = 0.02). When examining TD youth, participant sex likewise modulated the 

association between polygenic load and functional connectivity. TD boys displayed greater 

functional connectivity between the SN and precentral gyrus as a function of increasing polygenic 
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load compared to TD girls. (Figure 3.2B; MNI peak coordinates: 14, -26, 66; max Z: 4.29). As 

revealed by extracted connectivity z-scores, this between-group difference among the TD youth 

was driven by a positive relationship between aggregate genetic risk and functional connectivity 

in TD boys (p = 0.001) and no significant relationship in TD girls (p = 0.13). When contrasting 

youth with ASD and their same-sex peers, there were no significant differences in the association 

between polygenic risk and SN functional connectivity. 

 

DISCUSSION 

 Here we found that polygenic load for ASD significantly influenced SN functional 

connectivity among boys with and without ASD, and that SN connectivity was significantly more 

sensitive to such genetic risk in boys than girls. Previous genetics studies focused on common, 

rare inherited, and de novo variation associated with ASD have indicated that these variants impact 

neuronal function and connectivity (Bourgeron, 2015; de la Torre-Ubieta et al., 2016; Grove et al., 

2019), but no prior studies have examined how cumulative genetic risk for ASD influences in vivo 

connectivity among individuals with and without ASD. Similarly, even though previous studies 

focused on categorical diagnoses of ASD have demonstrated that females are less sensitive to 

genetic risk for ASD (Lai et al., 2015; Werling, 2016; Ferri et al., 2018), no previous neuroimaging 

investigations have examined how aggregate genetic risk may differentially impact the brain 

among males and females with ASD.  

 When examining the relationship between polygenic burden for ASD and SN functional 

connectivity, boys with ASD exhibited stronger SN connectivity with the postcentral and 

supramarginal gyri as a function of increasing genetic risk. These regions contribute to 

somatosensory processing (Iwamura, 1998; Bodegard et al., 2001; Stoeckel et al., 2003; Wacker 
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et al., 2011), and altered sensory processing is included in the diagnostic criteria for ASD, with 

elevated rates of tactile over-responsivity also observed in ASD (Cascio et al., 2008; American 

Psychiatric Association, 2013; Tavassoli et al., 2014). Further supporting the involvement of 

sensory regions in ASD, previous studies have demonstrated that greater sensory over-responsivity 

symptoms in youth with ASD are associated with increased activity in somatosensory areas during 

tactile stimulation (Green et al., 2015; Green et al., 2019), as well as stronger functional 

connectivity between the SN and sensorimotor cortices (Green et al., 2016). Notably, lower-order 

symptoms in ASD, such as sensory and motor atypicalities, are hypothesized to causally contribute 

to the emergence of ASD traits (Robertson & Baron-Cohen, 2017; Thye et al., 2018; Wilson et al., 

2018). Supporting this theoretical framework, a recent study from our group found that infants at 

high familial risk for ASD exhibit increased SN functional connectivity with sensorimotor regions 

compared to infants at low familial risk for ASD (Tsang et al., Invited Resubmission). The current 

results are thus both in line with previous sensory findings in ASD and notably consistent with the 

findings from this infant sample, which used a distinct method of assessing risk for ASD and a 

separate cohort of study participants. By directly assessing the impact of common genetic risk for 

ASD on functional connectivity among youth with ASD, our findings therefore provide 

independent evidence in support of the hypothesis that sensorimotor alterations may 

mechanistically contribute to ASD.  

 Similar to the male ASD group, TD boys with greater cumulative risk also displayed 

increased SN functional connectivity with sensorimotor areas, including stronger connectivity 

with the precentral and postcentral gyri; in this group, elevated genetic risk was additionally 

associated with reduced connectivity between the SN and the inferior temporal gyrus. Only a few 

neuroimaging studies to date have analyzed the association between polygenic load for ASD and 
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brain-based measures in neurotypical or population-based cohorts (Wang et al., 2017; Alemany et 

al., 2019; Jansen et al., 2019). One such study examined functional connectivity of the bilateral 

insula in a mixed-sex sample of neurotypical Chinese adults and found that greater polygenic risk 

for ASD, as calculated using genome-wide summary statistics obtained from a European sample, 

was related to stronger functional connectivity with the insula and superior and middle temporal 

lobe (Wang et al., 2017). That these results somewhat differ from the current set of results in our 

male TD group may reflect study differences in sample characteristics such as participant sex 

and/or suggest that the specific impact of cumulative genetic load is dependent on the brain region 

examined; it also remains possible that such differences may at least partly reflect the sensitivity 

of PRSs to genetic ancestry differences between the sample of interest and the sample used to 

obtain the genome-wide summary statistics (Duncan et al., 2019; Martin et al., 2019b). Two 

separate neuroimaging studies investigated the relationship between structural brain properties and 

polygenic risk for ASD, as calculated using summary statistics from samples which were entirely 

or almost entirely of European genetic ancestry (Alemany et al., 2019; Jansen et al., 2019); these 

analyses were completed in a large, population-based cohort of European children and revealed no 

significant association between polygenic load and cortical morphometry or structural connectivity, 

after correction for multiple comparisons. The significant relationship we found between 

cumulative genetic risk and functional connectivity thus suggests that the functional properties of 

the brain may be more sensitive to genetic risk for ASD than its structural properties. 

 When examining whether the relationship between polygenic risk and SN functional 

connectivity differed between groups, we found that genetic risk was associated with greater 

connectivity among boys with ASD than girls with ASD. In the male ASD group, this pattern 

manifested as stronger SN functional connectivity with the precentral gyrus and mid-insula with 
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increasing polygenic load, where the precentral gyrus corresponds to primary motor cortex and the 

mid-insula has previously been associated with sensorimotor processing (Chouinard & Paus, 2006; 

Kurth et al., 2010; Uddin et al., 2017). In addition to elevated rates of sensory symptoms in ASD 

as detailed above, motor symptoms are also common in ASD. These include the presence of 

stereotyped or repetitive motor movements, as well as challenges with fine and gross motor skills 

(Fournier et al., 2010; Bhat et al., 2011; Leekam et al., 2011). Stereotyped and repetitive motor 

behaviors are included in the diagnostic criteria for ASD, and prior work in infants at elevated risk 

for ASD has demonstrated that such mannerisms are one of the earliest behavioral manifestations 

of ASD to emerge (American Psychiatric Association, 2013; Elison et al., 2014; Wolff et al., 2014). 

Previous neuroimaging studies have additionally demonstrated altered connectivity of motor areas 

in ASD and, as also mentioned above, infants at high familial risk for ASD exhibit significant 

hyperconnectivity between the SN and sensorimotor cortices (Mostofsky et al., 2009; Uddin et al., 

2013; Carper et al., 2015; Thompson et al., 2017; Abbott et al., 2018; Tsang et al., Invited 

Resubmission). Our findings are thus broadly consistent with prior work indicating sensorimotor 

atypicalities in ASD and in infants at elevated risk for ASD. When examining the association 

between polygenic risk for ASD and functional connectivity among TD boys and girls, our 

findings were similar to those observed in the ASD groups. Specifically, increasing genetic load 

for ASD was associated with significantly stronger functional connectivity between the SN and 

the precentral gyrus in the male TD group compared to the female TD group. In line with these 

results, previous studies in neurotypical youth and adults have indicated that males exhibit greater 

functional connectivity than females in some SN connections (Biswal et al., 2010; Filippi et al., 

2013; Teeuw et al., 2019). More generally, our finding that sex modulates the impact of ASD-

associated genetic risk on brain connectivity in neurotypical and ASD samples is consistent with 
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results from previous studies focused on single nucleotide polymorphisms (SNPs) within 

individual genes (Tan et al., 2010; Tost et al., 2011; Hernandez et al., Invited Resubmission). 

 As a whole, our results suggest that SN functional connectivity with sensorimotor regions 

is more sensitive to polygenic risk for ASD among boys than girls. Prior genetics analyses focused 

on diagnostic frequency have indicated that males are more sensitive to genetic risk for ASD, 

which in turn has supported the existence of a FPE (Lai et al., 2015; Werling, 2016; Ferri et al., 

2018). Our results are both consistent with this previous work and provide independent, brain-

based support for a FPE. The current finding that females are comparatively protected from the 

impact of cumulative genetic risk on sensorimotor regions is particularly notable because 

numerous studies have found that females with ASD specifically exhibit lower levels of restricted 

and repetitive behaviors, which include sensory and motor symptoms (American Psychiatric 

Association, 2013; McFayden et al., 2019); this relative reduction compared to males with ASD is 

true both when examining total restricted and repetitive symptoms, as well as when focusing 

specifically on stereotyped and repetitive motor behaviors (Van Wijngaarden-Cremers et al., 2014; 

McFayden et al., 2019), although the exact magnitude of such sex differences may be exaggerated 

by the measures typically used in these studies (Lai et al., 2015). Similar to males and females 

with ASD, TD females likewise display less overall restricted and repetitive behavior than their 

male counterparts (Messinger et al., 2015; Hull et al., 2017). Our finding that girls are shielded 

from the impact of polygenic risk on SN and sensorimotor functional connectivity thus raises the 

intriguing possibility that girls may exhibit fewer repetitive behaviors, and ultimately be less likely 

to receive an ASD diagnosis, precisely because this neural circuitry is relatively protected. This 

proposed multiscale mechanism should be directly assessed in future infant studies by specifically 

testing whether such neural sensitivity to cumulative genetic risk for ASD mediates the emergence 



 

 130 

of repetitive behaviors. These future investigations should also examine the effect of polygenic 

load for ASD on other regions which are hypothesized to contribute to the development of ASD, 

such as the cerebellum (Wang et al., 2014; D'Mello & Stoodley, 2015). 

 In sum, our findings are the first to demonstrate that polygenic risk for ASD significantly 

impacts brain connectivity in boys with and without ASD, and that boys are significantly more 

sensitive to such genetic risk than girls. These results highlight a pathway through which 

cumulative genetic risk may contribute to ASD and propose a neurobiological mechanism for the 

FPE, thereby suggesting an area of investigation for future early intervention studies.  
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Figure 3.1 | Effects of polygenic risk for ASD on salience network functional connectivity among 

boys with ASD (A) or TD boys (B, C). Graphs are for illustrative purposes and represent the 

relationship between polygenic risk scores and connectivity z-scores extracted from each 
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significant cluster at left. ASD: autism spectrum disorder; TD: typically developing; PRS: 

polygenic risk score; L: left. 
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Figure 3.2 | Distinct effects of polygenic risk for ASD on salience network functional connectivity 

when comparing boys and girls with ASD (A) or TD boys and girls (B). Graphs are for illustrative 

purposes and represent the relationship between polygenic risk scores and connectivity z-scores 

extracted from each significant cluster at left. ASD: autism spectrum disorder; TD: typically 

developing; PRS: polygenic risk score; M: male; F: female; L: left. 
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CHAPTER 4 

 

Atypical Longitudinal Development of Functional Connectivity 

in Adolescents with Autism Spectrum Disorder 

 

Autism spectrum disorder (ASD) is consistently associated with alterations in brain connectivity, 

but there are conflicting results as to where and when individuals with ASD display increased or 

reduced functional connectivity. Such inconsistent findings may be driven by atypical 

neurodevelopmental trajectories in ASD during adolescence, but no longitudinal studies to date 

have investigated this hypothesis. We thus examined the functional connectivity of three 

neurocognitive resting-state networks – the default mode network (DMN), salience network, and 

central executive network (CEN) – in a longitudinal sample of youth with ASD (n=16) and without 

ASD (n=22) studied during early/mid- and late adolescence. Functional connectivity between the 

CEN and the DMN displayed significantly altered developmental trajectories in ASD: typically 

developing (TD) controls – but not youth with ASD – exhibited an increase in negative functional 

connectivity between these two networks with age. This significant interaction was due to the ASD 

group displaying less negative functional connectivity than the TD group during late adolescence 

only, with no significant group differences in early/mid-adolescence. These preliminary findings 

suggest a localized age-dependency of functional connectivity alterations in ASD and underscore 

the importance of considering age when examining brain connectivity.  
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INTRODUCTION 

Autism spectrum disorder (ASD) is a heterogeneous neurodevelopmental disorder that is 

diagnosed on the basis of impairments in social communication and the presence of repetitive 

behaviors and restricted interests (American Psychiatric Association, 2013). ASD is also 

associated with impairments in cognitive domains such as executive function (see Lai et al., 2017 

for review), which significantly predicts later academic achievement and adaptive functioning 

(Pugliese et al., 2015; Pugliese et al., 2016; St John et al., 2017). Converging lines of evidence – 

including genetics, postmortem, and in vivo neuroimaging studies – suggest that ASD is 

characterized by atypical brain connectivity (Zikopoulos & Barbas, 2013; Bourgeron, 2015; 

Hernandez et al., 2015; Kana et al., 2014; Picci et al., 2016). Instrinsic functional connectivity, 

derived from resting-state functional magnetic resonance imaging (fMRI) data, is one in vivo 

method of measuring brain connectivity in humans (Smith et al., 2013). Numerous studies have 

found functional connectivity alterations in ASD relative to typically developing (TD) controls, 

with some studies demonstrating that such differences are correlated with ASD symptomatology 

and can be used to predict an ASD diagnosis at accuracies significantly above chance (e.g., Uddin 

et al., 2013a; Plitt et al., 2015a; Yerys et al., 2015). However, studies investigating resting-state 

network (RSN) functional connectivity have yielded conflicting results regarding the directionality 

of alterations in ASD, with some studies reporting hyperconnectivity among participants with ASD 

and others reporting hypoconnectivity (see Hull et al., 2016; Picci et al., 2016 for review). 

One recent hypothesis argues that such discrepancies in the functional connectivity 

literature are due to atypical RSN trajectories in ASD, as hyperconnectivitiy is more likely to be 

reported by papers focusing on children and hypoconnectivity by papers focusing on adolescents 

or adults (Uddin et al., 2013b). Cross-sectional studies directly investigating the age-dependence 
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of functional connectivity differences in ASD have supported the existence of atypical 

development between childhood and adulthood (Anderson et al., 2011; Di Martino et al., 2011; 

Wiggins et al., 2011; Wiggins et al., 2012; Padmanabhan et al., 2013; Bos et al., 2014; Washington 

et al., 2014; Alaerts et al., 2015; Doyle-Thomas et al., 2015; Jiang et al., 2015; Nomi & Uddin, 

2015; Burrows et al., 2016; Dajani & Uddin, 2016; Farrant & Uddin, 2016; Long et al., 2016; Lee 

et al., 2017; Woodward et al., 2017; but see Shih et al., 2011), a pattern which has also been found 

when examining the impact of autistic traits on functional connectivity development across a 

combined sample of individuals with and without ASD (Neufeld et al. 2017). However, the exact 

trajectories of resting-state functional connectivity differences in ASD is still unclear and may also 

be regionally dependent (Padmanabhan et al., 2013; Alaerts et al., 2015; Burrows et al., 2016; 

Dajani & Uddin, 2016; Farrant & Uddin, 2016; Lee et al., 2017). When focusing on higher-order 

cortico-cortical functional connectivity in cross-sectional samples spanning childhood through 

adulthood, there are still inconsistent findings: some results are suggestive of developmental 

normalization (Alaerts et al., 2015; Nomi & Uddin, 2015; Burrows et al., 2016; Dajani & Uddin, 

2016; Farrant & Uddin, 2016; Lee et al., 2017), whereas other findings suggest continued atypical 

developmental trajectories in ASD (Wiggins et al., 2011; Wiggins et al., 2012; Bos et al., 2014; 

Doyle-Thomas et al., 2015; Jiang et al., 2015; Burrows et al., 2016; Dajani & Uddin, 2016; Farrant 

& Uddin, 2016; Lee et al., 2017). 

Notably, all studies investigating the developmental trajectories of functional connectivity 

in ASD thus far have used cross-sectional samples. However, longitudinal studies are crucial for 

better understanding how functional connectivity alterations in ASD may relate to age. 

Longitudinal samples allow for greater sensitivity when mapping trajectories and comparing age 

groups, as well as greater confidence that age-dependent effects are not due to inherent differences 
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between the sample characteristics of different age cohorts. We therefore examined resting-state 

functional connectivity in early/mid- and late adolescence using what is, to the best of our 

knowledge, the first longitudinal sample of resting-state fMRI data from individuals with ASD 

and matched TD controls. 

Amongst the many RSNs and regions of interest that have been investigated in prior studies, 

three core neurocognitive RSNs are of particular interest in ASD: the default mode network 

(DMN), salience network (SN), and central executive network (CEN). The DMN, SN, and CEN 

are interrelated, in that the DMN and the CEN are negatively connected in neurotypical adults and 

the SN is thought to modulate activity in these two networks as appropriate for the task at hand 

(Fox et al., 2005; Menon, 2011; Chai et al., 2014; Uddin, 2015). Importantly, the functional 

connectivity within and between these three networks not only exhibits significant differences in 

ASD, but can also be used to predict changes in autistic traits and adaptive behaviors over time 

(Nomi & Uddin, 2015; Plitt et al., 2015b; Abbott et al., 2016). We thus chose to focus on measures 

of functional connectivity within and between the DMN, SN, and CEN. Our results, although 

preliminary given our relatively small sample size, indicate that the developmental trajectories of 

functional connectivity between the CEN and the DMN is atypical among adolescents with ASD, 

underscoring the importance of considering age in our understanding of brain connectivity in ASD. 

 

MATERIALS AND METHODS 

Participants 

Participants were recruited from the UCLA Center for Autism Research and Treatment and 

the greater Los Angeles area for another study that served as the first time point for the current set 

of analyses; for this study, recruitment was completed with the goal of matching groups on gender. 
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All subjects who were early/mid-adolescents during this initial study were subsequently re-

contacted for participation in a second study. Data for the second time point was collected from 

interested participants who were available approximately 3 years following their first scan and 

who had no metal implants (including braces) at this time. Inclusion criteria for the ASD group 

consisted of a confirmed ASD diagnosis using the Autism Diagnostic Observation Schedule – 

Generic (ADOS) (Lord et al., 2000), the Autism Diagnostic Interview – Revised (ADI-R) (Lord 

et al., 1994), and best clinical judgment. Exclusionary criteria for both groups included full-scale 

IQ < 70 as assessed using the 4th edition of the Wechsler Intelligence Scale for Children (WISC) 

(Wechlser, 2003), or the 1st or 2nd edition of the Wechsler Abbreviated Scale of Intelligence (WASI) 

(Wechlser, 1999, 2011). Additional exclusionary criteria for the ASD group included a history of 

neurological, psychiatric or other developmental disorders prior to joining the study, with the 

exception of anxiety, depression, and attention-deficit/hyperactivity disorder (ADHD) due to their 

frequent comorbidity with ASD (Lai et al., 2014). However, ASD was required to be the primary 

diagnosis for study inclusion. Additional exclusionary criteria for the TD group consisted of any 

psychiatric or neurological disorder as ascertained prior to study start, the existence of any first- 

or second-degree relative with ASD, and a total t-score > 65 on the parent-report version of the 

Social Responsiveness Scale – 2nd Edition (SRS-2) (Constantino & Gruber, 2012), a measure of 

social functioning. A total of 41 subjects provided data at both time points, and a subset of these 

longitudinal data are now publicly available on the Autism Brain Imaging Data Exchange II (Di 

Martino et al., 2017). For the current study, 1 TD and 1 ASD subject were excluded from our 

current sample due to excessive head motion during MRI scanning (maximum absolute motion > 

5 mm) and 1 TD participant was excluded due to an elevated SRS-2 t-score at the second time 
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point. No additional subjects were excluded to match groups, and our final total sample size was 

16 participants with ASD and 22 TD participants. 

Descriptive statistics and p-values for all measures are presented in Table 4.1, with the 

reported group comparisons completed using t-tests, chi-squared tests, or their non-parametric 

equivalent as appropriate. The first time point (“Time 1” or “T1”) was collected in early to mid-

adolescence, with a mean age of 12.7 years old (range: 11.5 – 14.3 years old). Participants returned 

a mean of 3.1 years later (range: 2.6 - 3.6 years), and the second time point (“Time 2” or “T2”) 

was collected in late adolescence, with a mean age of 15.8 years old (range: 14.4 – 17.5 years old). 

The ASD and TD groups were matched on full-scale IQ at T1 (p > 0.2), in addition to being 

matched on the following at both time points: age, gender, handedness, the number of single-

subject independent components labeled as motion or noise during fMRI data preprocessing, and 

mean relative motion (all ps > 0.1), with the exception of age at T2 where there was a trend for the 

ASD group to be younger (p = 0.097). Importantly, however, there was no significant difference 

in time between scans when comparing the ASD and TD groups (p > 0.5). When comparing the 

difference in motion-related measures between early/mid- and late adolescence, both groups 

moved less as they got older, measured by both the number of components labeled as motion (both 

p < 0.05) and mean relative motion (ASD: p = 0.098; TD: p = 0.03). Notably, however, there were 

no significant differences between the ASD and TD groups when examining how these motion-

related measures changed between T1 and T2 (both p > 0.6). 

Medication information for our sample is as follows. In early/mid-adolescence, no 

participants in the TD group and 8 participants in the ASD group were on one or more medications: 

2 on aripiprazole, 1 on atomexetine, 1 on citalopram, 1 on fluoxetine, 3 on guanfacine, 1 on 

lisdexamfetamine, 2 on methylphenidate, and 1 on sertraline. In late-adolescence, 1 TD participant 
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was on medication (escitalopram), and 10 participants with ASD were on one or more medications 

as follows: 1 on amphetamine/dextroamphetamine, 2 on aripiprazole, 1 on citalopram, 2 on 

dexmethylphenidate, 1 on dexmethylphenidate hydrochloride, 3 on guanfacine, 2 on 

lisdexamfetamine, and 3 on sertraline. Six participants with ASD changed medication types 

between the two time points. 

 

MRI Data Acquisition 

Scans were acquired on two Siemens 3T Trio scanners (identical hardware, software, and 

sequences) at UCLA using a 12-channel head coil, with groups and time points matched on scanner 

(all ps > 0.2). During the 6-min resting-state fMRI scan, subjects were told to relax and look at a 

black fixation cross in the center of a white background, presented through MR-compatible 

goggles (TR=3000ms, TE=28ms, field of view [FOV]=192mm, 34 slices, slice thickness=4mm, 

in-plane voxel size=3x3mm). For registration purposes, we additionally collected a high-resolution 

echo planar scan that was co-planar to the fMRI scan to ensure identical distortion characteristics 

(TR=5000ms, TE=34ms, FOV=192mm, 36 slices, slice thickness=4mm, in-plane voxel size of 

1.5x1.5mm).  

 

fMRI Data Preprocessing  

Resting-state fMRI data for each time point underwent standard preprocessing using 

FMRIB’s Software Library (FSL) (Smith et al., 2004) and Analysis of Functional NeuroImages 

(AFNI) (Cox, 1996), including skull stripping, motion correction, smoothing with a 6 mm full 

width at half maximum (FWHM) Gaussian kernel, and affine registration with 6 degrees of 

freedom to each subject’s high-resolution matched bandwidth coplanar image from the same time 
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point using FMRIB’s Linear Image Registration Tool (FLIRT) (Jenkinson & Smith, 2001; 

Jenkinson et al., 2002), followed by affine registration with 12 degrees of freedom to the standard 

MNI template of 152 averaged brains (2mm isotropic resolution) using FLIRT. Scans from both 

time points were directly registered to the same standard template to avoid the bias inherent in 

registering all images to the baseline time point (Reuter & Fisch, 2011; Thompson & Holland, 

2011); each registration was visually inspected as part of quality control procedures. To remove 

potential motion confounds, the automatic independent component classifier ICA-AROMA 

(Pruim et al., 2015a; Pruim et al., 2015b) was used to regress out components labeled as motion 

or noise at the single-subject level. This approach was used instead of deleting individual motion-

contaminated volumes (Power et al., 2012; Power et al., 2014) to effectively control for motion 

while retaining data from the full scan. To further reduce noise and other confounds, data were 

bandpass filtered (0.01 Hz < t < 0.1 Hz) and the following measures were included as nuisance 

regressors at the single-subject level: mean white matter time series, mean cerebrospinal fluid time 

series and mean global time series, as well as the temporal derivatives of these regressors (Power 

et al., 2014).  

 

fMRI Data Analysis 

To examine resting-state functional connectivity of the DMN, SN, and CEN, average 

residual time series were extracted from 5mm radius seeds located in the precuneus for the DMN 

(MNI coordinates: -6, -52, 43; Fox et al., 2005), the orbital frontoinsula for the SN (MNI 

coordinates: 38, 26, -10; Seeley et al., 2007), and the dorsolateral prefrontal cortex for the CEN 

(MNI coordinates: 44, 36, 30; Seeley et al., 2007). The time series from each seed was 
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subsequently correlated with that of every other voxel in the brain, and the resulting correlation 

map for each network was then converted into a z-statistic map using Fisher’s r-to-z transform.  

All whole-brain group-level contrasts were conducted in FSL using FMRIB’s Local 

Analyses of Mixed Effects (FLAME 1+2), with variance estimated separately for the ASD and TD 

groups. For each network, we examined the effect of group at each time point, the effect of time 

point within each group, and the interaction between group and time point. All analyses covaried 

for demeaned age at the second time point due to the marginally trending difference in age between 

groups at T2. To control for multiple comparisons across the brain, Gaussian random-field theory 

was used with a voxelwise threshold of Z > 2.3 and a corrected cluster threshold of p < 0.001; we 

elected to use this comparatively stringent threshold to minimize concerns of false positives. As 

we were primarily interested in functional connectivity within and between the DMN, SN, and 

CEN, all group analyses were limited to voxels which belonged to one of these networks at a 

threshold of Z > 2.3, p < 0.001 within the ASD or TD group at either time point. That is, all group 

analyses were prethreshold masked using a combined mask of the DMN, SN, and CEN across both 

of our groups and both of our time points. 

To aid with results interpretation, connectivity z-statistics were extracted from all 

significant clusters using FSL and then analyzed with SPSS Statistics version 24.0.0.0 (IBM 

Corporation, Armonk, NY, USA). A general linear model that included demeaned age at T2 was 

used to test if each cluster that exhibited a significant effect of group or time point displayed 

positive or negative functional connectivity.  

To ascertain whether each significant cluster represented within- or between-network 

functional connectivity, we defined the network membership of each cluster using an approach 

which is similar to that used by Sherman et al. (2014) and is in keeping with prior developmental 
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studies that have used the more mature time point for such labeling purposes (e.g., Fair et al., 2009; 

Marek et al., 2015). Specifically, for each resting-state network we created a combined mask across 

our ASD and TD groups using their data at T2. For instance, the combined DMN mask was the 

summation of our ASD group’s DMN at T2 and our TD group’s DMN at T2. We then used AFNI 

to calculate the overlap between each of the three network masks (DMN, SN, CEN) and each 

significant cluster. Each cluster was subsequently classified as belonging to the network with 

which it displayed the greatest percentage overlap. As an example, if the DMN precuneus seed 

exhibited significant functional connectivity changes between groups and/or time points with a 

cluster in the frontal lobe, the extent to which this frontal cluster overlapped with the DMN, SN, 

and CEN masks would then be calculated. If this significant cluster displayed the greatest percent 

overlap with the DMN mask, it would be labeled as within-network DMN functional connectivity. 

However, if this cluster displayed the greatest percent overlap with the SN (or CEN) mask, it would 

instead be labeled as between-network functional connectivity between the DMN and the SN (or 

CEN, respectively). 

To verify that our whole-brain functional connectivity results were not driven by 

medication status (Linke et al., 2017), residual motion (Power et al., 2012; Satterthwaite et al., 

2012; Van Dijk et al., 2012), the use of parametric statistical tests to correct for multiple 

comparisons (Eklund et al., 2016), or the effect of global signal regression (Murphy & Fox, 2017), 

four sets of additional analyses were conducted. First, we used a general linear model controlling 

for demeaned T2 age to investigate the impact of medication status among participants with ASD 

on the extracted connectivity z-statistics. Second, all group-level contrasts were completed with 

the addition of mean relative motion as a group-level covariate, where relative motion was 

calculated using FSL’s MCFLIRT tool (Jenkinson et al., 2002). Third, all comparisons were 
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repeated using FSL’s randomise with threshold-free cluster enhancement to conduct permutation 

testing at a corrected threshold of p < 0.05 (Winkler et al., 2014). Fourth, all group-level analyses 

were completed using a single-subject preprocessing stream which did not include global signal 

or its derivative as nuisance regressors.  

 

RESULTS 

Within-Group Resting-State Network Maps 

The DMN maps included the precuneus/posterior cingulate cortex, medial prefrontal 

cortex (mPFC)/ventromedial prefrontal cortex (vmPFC), angular gyrus, and superior frontal 

gyrus/middle frontal gyrus for both groups at T1 and T2 (Fig. 4.1, Table 4.2). TD participants 

additionally displayed functional connectivity with the middle temporal gyrus (MTG) and 

thalamus at both time points, while participants with ASD displayed significant functional 

connectivity with these structures only during late adolescence. Further regions that were part of 

the DMN for only one group and time point (i.e., cerebellum, caudate, parahippocampal gyrus) are 

shown in Fig. 4.1. 

The SN maps of both groups included the anterior insula, anterior cingulate cortex, 

dorsomedial prefrontal cortex (dmPFC), frontal pole, ventrolateral prefrontal cortex (vlPFC), and 

subcortical structures at each time point (Fig. 4.2, Table 4.3). During both T1 and T2, TD 

participants furthermore exhibited functional connectivity between the SN seed and the 

dorsolateral prefrontal cortex (dlPFC), as well as functional connectivity with the mPFC at T1 only 

and functional connectivity with the supramarginal gyrus and MTG at T2 only. Participants with 

ASD displayed significant functional connectivity with the supramarginal gyrus, superior temporal 

gyrus, and MTG at both time points, in addition to dlPFC functional connectivity during the late 
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adolescence. 

Lastly, the CEN maps for both groups contained the intraparietal sulcus and dlPFC/vlPFC 

at both time points (Fig. 4.3, Table 4.4). The TD group also displayed significant functional 

connectivity with the dmPFC, insula, temporal lobe, and cerebellum at both time points, as well 

as significant functional connectivity with the thalamus during the late adolescent time point only. 

Of these additional regions which were part of the CEN in the TD group, the ASD group exhibited 

significant functional connectivity only with the insula and temporal lobe, and this functional 

connectivity was visible solely during early/mid-adolescence. Further structures that exhibited 

significant functional connectivity with the CEN for one diagnostic group and time point (caudate, 

pallidum) are shown in Fig. 4.3. 

 

Effects of Group within Time Point 

When comparing the ASD and TD groups at T1, no significant differences were noted in 

the DMN, SN, or CEN. Similarly, when examining DMN and SN functional connectivity at T2, 

no significant between-group differences emerged. During late adolescence, however, the CEN 

demonstrated significant functional connectivity differences with the mPFC/vmPFC (MNI peak 

coordinates: -12, 44, -8; max Z: 4.20) when contrasting the ASD and TD groups. This 

mPFC/vmPFC area is part of the DMN (Table 4.5), and extracted z-statistics revealed that the TD 

group displayed significant negative functional connectivity between the CEN seed and this area 

(p < 0.001), whereas the ASD did not show significant functional connectivity between these 

regions (p > 0.1) (Fig. 4.4). 
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Effects of Time Point within Group 

 The ASD group displayed no significant changes in DMN, SN, or CEN functional 

connectivity between early/mid- and late adolescence. In contrast, the TD group displayed 

significant changes over time in all three networks.  

With regards to the DMN, the TD group displayed reduced functional connectivity with 

increasing age with the right angular gyrus/MTG (MNI peak coordinates: 42, -56, 28; max Z: 5.01), 

a region within the DMN (Table 4.5). Connectivity z-statistics from this cluster showed that there 

was significant positive functional connectivity with this region during both time points among 

TD participants (both p < .01), although there was greater positive functional connectivity during 

T1 than T2 (Fig. 4.5A). 

When investigating the SN, the TD group displayed decreasing functional connectivity 

with the right mPFC (MNI peak coordinates: 12, 62, 24; max Z: 4.18) with increasing age. The 

mPFC is part of the DMN (Table 4.5), and extracted z-statistics revealed that the SN was positively 

connected with this region in early/mid-adolescence (p < 0.001) but not significantly connected 

with this area in late adolescence (p > 0.7) (Fig. 4.5B).  

For the CEN, TD participants displayed an increase in negative functional connectivity 

with the mPFC/dmPFC from T1 to T2 (MNI peak coordinates: 2, 52, 36; max Z: 5.09), an area 

which again falls within the DMN (Table 4.5). The TD group did not display significant functional 

connectivity with this cluster in early/mid-adolescence (p > 0.6) but did display significant 

negative functional connectivity with this region during late adolescence (p < 0.001) (Fig. 4.5C). 

 

Interactions between Group and Time Point 

There was no significant interaction between group and time point for the DMN or the SN. 
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However, a significant group ´ time point interaction was identified for the CEN with the 

mPFC/dmPFC (Fig. 3; MNI peak coordinates: 10, 42, 28; max Z: 4.00). This mPFC/dmPFC cluster 

is located within the DMN (Table 4.5) and notably overlaps with the region where the ASD and 

TD groups significantly differed in CEN functional connectivity during late adolescence (Fig. 4.4), 

as well as the region in which the TD group displayed a significant change in CEN functional 

connectivity over time (Fig. 4.5C).  

To qualify this group ´ time point interaction, we extracted and analyzed connectivity z-

statistics from this significant mPFC/dmPFC cluster. During early/mid-adolescence, the ASD 

group displayed significant negative functional connectivity between the CEN seed and this 

mPFC/dmPFC area (p < 0.001), whereas the TD group exhibited no significant functional 

connectivity between these regions (p > 0.4), although as described above there was no significant 

difference between the ASD and TD groups at the whole-brain level at this time point. By late 

adolescence the ASD group displayed no significant functional connectivity between the CEN 

seed and this cluster (p > 0.5), while the TD group exhibited negative functional connectivity (p < 

0.001). 

 

Additional Analyses 

 Medication status did not affect our results. Specifically, when examining connectivity z-

statistics extracted from clusters showing significant effects at T1 (Fig. 4.6) or T2 (Fig. 4.4, Fig. 

4.6), no significant differences were observed between unmedicated and medicated participants 

with ASD (all ps > 0.3). Similarly, the change in connectivity z-statistics between Time 1 and 

Time 2 (Fig. 4.6) did not differ between those subjects with ASD who switched medication and 

those who did not (p > 0.5). When repeating our whole-brain analyses with mean relative motion 
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as a group-level covariate, all whole-brain analyses yielded similar results (Table 4.6). Similarly, 

when using permutation testing all functional connectivity findings remained significant; there was 

additionally a significant change over time in CEN functional connectivity with the thalamus 

among TD participants (Table 4.6). When conducting analyses without global signal regression, 

the interaction between group and time point remained significant; the difference in T2 CEN 

functional connectivity between the ASD and TD groups, as well as the developmental change in 

CEN functional connectivity among TD participants, were also statistically significant albeit at a 

somewhat less stringent statistical threshold of (Z > 2.3 , p < .01; Table 4.7). 

 

DISCUSSION 

We found that adolescents with ASD exhibited age-dependent alterations relative to TD 

controls in functional connectivity between the CEN and the DMN. Previous studies have found 

that individuals with ASD generally display atypical functional connectivity, but conflicting 

results have emerged as to whether ASD is associated with increased or decreased functional 

connectivity (Rudie & Dapretto, 2013; Hernandez et al., 2015; Hull et al., 2016; Picci et al., 2016; 

Vasa et al., 2016). Such inconsistent findings may have been driven by differences in age between 

studies, coupled with atypical developmental trajectories in ASD between childhood an adulthood 

(Uddin et al., 2013b). As no prior longitudinal studies have investigated whether ASD does indeed 

display an altered pattern of brain development during this window, our results are the first 

longitudinal data to support the presence of atypical development of functional connectivity in 

adolescents with ASD. We focused on the DMN, SN, and CEN based on their previously-

established relevance to ASD and their known relationships with each other: the DMN and CEN 

are anticorrelated in neurotypical adults, while the SN is theorized to influence activity within the 
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DMN and CEN (Fox et al., 2005; Menon, 2011; Barber et al., 2013; Chai et al., 2014; Plitt et al., 

2015b; Uddin, 2015; Abbott et al., 2016). More generally, the DMN typically deactivates during 

externally-driven tasks and has been associated with social cognition, whereas the CEN generally 

activates during cognitively demanding tasks and has previously been related to executive 

functioning and decision making (Menon, 2011). The SN is thought to play a role in detecting and 

coordinating a response to salient interoceptive and exteroceptive stimuli, including modulating 

the DMN and CEN as necessary (Menon & Uddin, 2010). 

When investigating differences between the ASD and TD groups within each time point, 

the CEN exhibited significantly less negative functional connectivity with the mPFC hub of the 

DMN among late adolescents with ASD than their TD counterparts, such that the CEN and the 

DMN were anticorrelated in typical development but not so in ASD. A prior study examining a 

mixed sample of children and adolescents similarly found less negative functional connectivity 

between the CEN and the DMN in ASD when using a preprocessing pipeline similar to ours 

(Abbott et al., 2016). Functional connectivity alterations between the CEN and DMN have also 

previously been demonstrated in other neurodevelopmental disorders (e.g., Hoekzema et al., 2014; 

Manoliu et al., 2014), and functional connectivity patterns between the CEN and the DMN in ASD 

can significantly predict changes in adaptive behavior among late adolescents with ASD (Plitt et 

al., 2015b). While prior research has also found alterations in within-network functional 

connectivity among individuals with ASD (see Hull et al., 2016 for review), we did not find any 

differences in within-network functional connectivity when contrasting the ASD and TD groups. 

This may be due to our strict statistical threshold, chosen to stringently control for false positives. 

When examining longitudinal trajectories of the DMN, SN, and CEN within each group, 

the TD group displayed significant development in all three of these networks. The DMN 
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displayed a reduction in short-range within-network functional connectivity, whereas the SN had 

decreased between-network functional connectivity with the mPFC hub of the DMN. The TD 

group additionally displayed an increase in negative functional connectivity between the CEN and 

the mPFC hub of the DMN, such that the CEN and DMN were significantly anticorrelated during 

late but not mid-adolescence. These developmental changes in our TD sample are in line with prior 

studies demonstrating that typical development between childhood and adulthood is characterized 

by a weakening of short-range connections, an increase in segregation between networks, and the 

development of anticorrelations between the CEN and the DMN (see Ernst et al., 2015; Stevens, 

2016 for review). In contrast, our ASD sample displayed no significant longitudinal changes in the 

DMN, SN, or CEN from early/mid- to late adolescence. Some prior cross-sectional studies 

similarly found that ASD is associated with less change in functional connectivity over 

development (Padmanabhan et al., 2013; Washington et al., 2014), although other cross-sectional 

studies have not found such a relationship (Wiggins et al., 2011; Wiggins et al., 2012; Bos et al., 

2014; Doyle-Thomas et al., 2015). As previous studies have suggested that typical development 

displays synaptic reorganization during adolescence (Blakemore, 2012), the lack of significant 

developmental changes among our participants with ASD may reflect atypical synaptic processes 

(Zikopoulos & Barbas, 2013), possibly driven by ASD-associated genetic variants which have 

been predicted to influence the structure and function of synapses (Bourgeron, 2015). 

When examining the interaction between group and time point, the developmental 

trajectories of CEN functional connectivity with the mPFC hub of the DMN significantly differed 

between the ASD and TD groups. This finding was driven by the whole-brain results described 

above: the TD but not the ASD group displayed an increase in negative functional connectivity 

between the CEN and the DMN with age, which resulted in the TD but not the ASD group having 
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significant anticorrelations between the CEN and the DMN during late adolescence. Our results 

suggest that TD individuals display developmental trajectories that allow them to attain mature 

patterns of negative functional connectivity between the CEN and DMN by late adolescence, 

whereas individuals with ASD do not. Prior studies have noted that the emergence of 

anticorrelations between the CEN and the DMN in typical development occurs during a similar 

developmental window as normative improvements in executive function (e.g., Luna et al., 2004; 

Chai et al., 2014), and stronger anticorrelations between the CEN and DMN are associated with 

better performance on lab-based measures of executive function and IQ in neurotypical individuals 

(Kelly et al., 2008; Hampson et al., 2010; Sherman et al., 2014). Our findings thus suggest the 

possibility that atypical developmental trajectories between the CEN and DMN in ASD, which 

prevent them from attaining typical mature patterns of functional connectivity, may be related to 

the persistent executive function deficits observed in ASD (e.g., Chen et al., 2016; Davids et al., 

2016; Wang et al., 2017). 

More broadly, our results support a localized age-dependency of functional connectivity 

alterations in ASD. This is the first longitudinal study to support the notion that variable functional 

connectivity findings in ASD may be driven by age differences (Uddin et al., 2013b). However, 

our results also suggest that the developmental trajectories for different functional networks are 

not equally impacted in ASD, underscoring the value of considering other factors which may be 

driving conflicting results in the ASD literature. For instance, functional connectivity estimates in 

ASD may potentially be impacted by genetic (Rudie et al., 2012; Bourgeron, 2015; Hernandez et 

al., 2017) and behavioral heterogeneity between different ASD cohorts, including variation in 

previously completed interventions, the presence of psychiatric comorbidities, and variability in 

intellectual functioning and autistic symptoms (Hazlett et al., 2006; Di Martino et al., 2013; Uddin 
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et al., 2013a; Venkataraman et al., 2016); methodological differences, such as whether analyses 

were conducted on task-based or resting-state measures of functional connectivity, may similarly 

affect functional connectivity findings in ASD across studies (Muller et al., 2011; Nair et al., 2014; 

Hernandez et al., 2015). Our pattern of results additionally indicate that between-network 

functional connectivity may be a more sensitive metric for detecting neural alterations in ASD 

than focusing on within-network functional connectivity, as our participants displayed functional 

connectivity differences in the former but not the latter. 

Based on our findings, future investigations which plan to use connectivity-based measures 

for pre-clinical purposes, such as predicting treatment response or creating biologically-based 

ASD subgroups, should consider including age as a variable of interest to improve the accuracy 

and meaningfulness of results. However, our sample was relatively small and future investigations 

with much larger longitudinal sample sizes, achievable through data-sharing, are needed to 

replicate the preliminary findings reported here and allow for a better characterization of brain-

behavior relationships (Di Martino et al., 2017). Additionally, longitudinal studies with a wider 

age range should be used to more comprehensively delineate changes in functional connectivity 

among individuals with ASD over development. Such future longitudinal studies should also 

collect lab-based measures of executive function to further investigate the relationship between 

RSN development and executive function in ASD. Lastly, future investigations should additionally 

examine whether boys and girls with ASD display similar alterations in developmental trajectories, 

as prior studies suggest the existence of behavioral and genetic differences in ASD as a function 

of gender (Werling & Geschwind, 2013; Hull et al., 2017).  

In conclusion, our results demonstrate that the developmental trajectories of the CEN and 

the DMN – as assessed in a longitudinal sample, covarying for motion, and using robust 
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nonparametric statistics – are significantly altered in adolescents with ASD. These findings thus 

highlight the need to carefully consider participant age when examining functional connectivity in 

ASD. 
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Figure 4.4 | Cluster which displayed a significant effect of group within time point. The plot 

represents the connectivity values extracted from the significant cluster above. Bold indicates 

group means, and each individual point represents the connectivity value from one subject. Error 

bars are standard error of the mean (+/- 1). ASD: autism spectrum disorder; TD: typically 

developing; CEN: central executive network; L: left. 
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Figure 4.5 | Clusters w
hich displayed a significant effect of tim

e point w
ithin group. Each plot represents the connectivity values 

extracted from
 the significant cluster above. Error bars are standard error of the m

ean (+/- 1). A
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: central executive netw

ork; D
M
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: default m

ode netw
ork; SN
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Figure 4.6 | Cluster which displayed a significant interaction between group and time point. The 

plot represents the connectivity values extracted from the significant cluster above. Bold indicates 

group means, and each individual point or line represents the connectivity value or values from 

one subject. Error bars are standard error of the mean (+/- 1). ASD: autism spectrum disorder; TD: 

typically developing; CEN: central executive network; L: left. 
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Table 4.4 | Peak Coordinates of Central Executive N
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Table 4.5 | Network Membership of Significant Clusters 
Significant Contrast Cluster Location Overlap 

with DMN 
Overlap 
with SN 

Overlap 
with CEN 

CEN: Time 2, ASD group > TD group mPFC/vmPFC 89.6% 5.7% 0.0% 
DMN: TD group, Time 1 > Time 2 Angular Gyrus/MTG 42.8% 7.2% 7.5% 
SN: TD group, Time 1 > Time 2 mPFC 81.2% 20.5% 1.0% 
CEN: TD group, Time 1 > Time 2 mPFC/dmPFC 78.0% 16.7% 0.8% 
CEN: Time × Diagnosis Interaction mPFC/dmPFC 77.8% 16.7% 0.3% 

ASD: autism spectrum disorder; TD: typically developing; DMN: default mode network; CEN: central executive network; 
SN: salience network; dmPFC: dorsomedial prefrontal cortex; mPFC: medial prefrontal cortex; MTG: middle temporal 
gyrus; vmPFC: ventromedial prefrontal cortex.  
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CONCLUSION 

 Autism spectrum disorder (ASD) is a common neurodevelopmental condition which 

displays extraordinary heterogeneity in both its behavioral and neural presentation. Previous 

studies have consistently demonstrated that ASD is characterized by brain-based alterations. 

However, the exact nature of such atypicalities, as well as how they may relate to individual 

differences in ASD, has remained understudied. This dissertation advances our understanding of 

how brain-based variability in ASD is dependent on three sources of individual differences: 

participant sex, polygenic load for ASD, and age. By beginning to characterize the heterogeneity 

within ASD, the current work may ultimately aid with the development of novel and more 

personalized interventions. 

 In Chapter 1, resting-state functional connectivity of the salience network (SN), default 

mode network (DMN), and central executive network (CEN) was examined in a sample of girls 

and boys with and without ASD using both whole-brain seed-based and region of interest (ROI)-

based network analyses. When examining whole-brain seed-based connectivity, girls and boys 

with ASD exhibited no significant functional connectivity differences, but typically developing 

(TD) youth did. Specifically, TD boys displayed more negative between-network connectivity of 

the SN than TD girls. When investigating functional connectivity using ROI-based network 

analyses, the female and male ASD groups significantly differed only in functional connectivity 

between the DMN and CEN. In contrast, TD girls and boys displayed significant sex differences 

in SN connectivity only, including differences in both within-network connectivity and between-

network connectivity. This pattern of results demonstrates that youth with ASD exhibit significant 

sex differences in functional connectivity between the DMN and the CEN which are not present 

among TD youth, whereas typical sex differences in SN functional connectivity are not observed 
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in ASD. These altered sex differences among youth with ASD suggest in turn that biological 

factors related to sexual differentiation – such as sex hormones and sex differential gene expression 

– may exhibit atypicalities in ASD and contribute to its presentation. Importantly, these results 

also underscore the value of considering participant sex when studying the neural mechanisms 

underlying ASD. 

 In Chapter 2, this work was extended by examining how girls and boys with and without 

ASD differ in their neural responsivity to socially rewarding stimuli. Compared to boys with ASD, 

girls with ASD displayed greater neural activity to social rewards in the nucleus accumbens 

(NAcc), the hub of the reward circuit. In contrast, no significant sex differences were observed 

among TD youth. Girls with ASD also exhibited greater neural sensitivity to socially rewarding 

stimuli than TD girls; such hyperactivity among girls with ASD was primarily visible within lateral 

frontal regions, including the ventrolateral prefrontal cortex (vlPFC) and the lateral orbitofrontal 

cortex (OFC), in addition to the anterior insula. The anterior insula activates during reward-related 

tasks and is one of the hubs of the SN; it is therefore possible that socially rewarding stimuli may 

possess increased salience to females with ASD. The vlPFC and OFC are known to play a role in 

reversal learning and to encode reward-related characteristics, such as the subjective value and 

probability of rewards. The NAcc has similarly been directly implicated in reward learning and 

processing, as it contributes to reward-related hedonic pleasure, as well as incentive motivation 

and prediction error-based learning. Together, these findings thus suggest that girls with ASD may 

be characterized by an increased motivation to obtain positive social feedback and, furthermore, 

that these girls’ neural circuitry may be more fine-tuned to learn from such stimuli. This increased 

sensitivity to socially rewarding stimuli among girls with ASD may also have implications for the 
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use and personalization of reinforcement-based interventions and, more generally, highlights the 

importance of studying potential sex differences in ASD. 

 In Chapter 3, the relationship between polygenic risk for ASD and functional connectivity 

of the SN was investigated among boys and girls with ASD, as well as TD boys and girls. In boys 

with ASD, elevated polygenic risk for ASD was associated with increased functional connectivity 

between the SN and regions implicated in somatosensory processing. Among TD boys, greater 

cumulative genetic risk for ASD was related to stronger SN functional connectivity with 

sensorimotor cortices, as well as weaker connectivity with the inferior temporal gyrus. Girls with 

ASD and TD girls both displayed no significant association between polygenic risk for ASD and 

SN connectivity. When examining whether the relationship between polygenic risk and SN 

functional connectivity differed between groups, sex significantly modulated this relationship in 

both the ASD and the TD groups. Specifically, compared to girls with ASD, boys with ASD 

exhibited stronger functional connectivity between the SN and areas related to sensorimotor 

processing as a function of increasing polygenic risk. TD boys similarly displayed greater 

functional connectivity between the SN and motor regions as a function of increasing polygenic 

load relative to TD girls. As a whole, these results suggest that SN functional connectivity with 

sensorimotor regions is more sensitive to polygenic risk for ASD among boys than girls. That 

females are comparatively protected from the impact of cumulative genetic risk on sensorimotor 

areas is particularly notable because numerous studies have found that females with ASD 

specifically exhibit lower levels of restricted and repetitive behaviors, which include sensory and 

motor symptoms. This thus raises the intriguing possibility that girls may exhibit fewer repetitive 

behaviors, and ultimately be less likely to receive an ASD diagnosis, precisely because such neural 

circuitry is relatively protected. As a whole, these findings suggest one pathway through which 
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cumulative genetic risk may contribute to ASD and propose a neurobiological mechanism for the 

female protective effect, thereby suggesting an area of investigation for future early intervention 

studies. 

 In Chapter 4, longitudinal developmental trajectories of DMN, SN, and CEN functional 

connectivity were characterized in a predominantly male sample of adolescents with and without 

ASD; all participants were assessed once in early/mid-adolescence and once in late adolescence. 

When comparing the ASD and TD groups in early/mid-adolescence, no significant differences 

were observed. During late adolescence, however, there were significant differences in CEN 

functional connectivity with the DMN, such that the TD group displayed greater negative 

connectivity between these networks than the ASD group. When examining longitudinal 

trajectories within each group, the ASD group displayed no significant changes between early/mid- 

and late adolescence. In contrast, the TD group displayed significant changes over time in all three 

networks. The developmental trajectories of CEN connectivity with the DMN significantly 

differed between the ASD and TD groups, such that the CEN and DMN attained a mature pattern 

of between-network negative functional connectivity among TD youth by late adolescence, but 

not among youth with ASD. Prior studies have noted that the typical emergence of anticorrelations 

between the CEN and the DMN occurs during a similar developmental window as normative 

improvements in executive function, and stronger anticorrelations between the CEN and DMN are 

associated with better performance on lab-based measures of executive function and IQ. Our 

findings thus suggest the possibility that atypical developmental trajectories between the CEN and 

DMN in ASD, which prevent them from attaining typical mature patterns of functional 

connectivity, may be related to the persistent executive function deficits observed in ASD. As a 

whole, these findings suggest a localized age-dependency of functional connectivity alterations in 
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ASD and underscore the importance of considering age when examining brain connectivity in this 

population. 

 

Limitations and Future Direction 

 The studies presented in this dissertation addressed the potential impact of three factors – 

sex, polygenic risk, and age – on the neural heterogeneity present in ASD. However, there are a 

number of other factors which may contribute to variability in ASD. These include individual 

differences in intellectual functioning, language abilities, and comorbid medical conditions. The 

analyses discussed herein only included cognitively able individuals with fluent speech to 

minimize extraneous differences between the ASD and TD groups, and they furthermore did not 

investigate the possible contribution of comorbidities to neural heterogeneity within ASD. Future 

studies should acquire data from participants with a wider range of cognitive and language abilities, 

and specifically examine the potential contributions of individual differences in these abilities and 

comorbid conditions on brain activity and connectivity. Such analyses would further improve our 

understanding of the neural variability in ASD. 

 An additional limitation of the current set of studies is that, due to sample size constraints, 

it was not possible to examine how longitudinal connectivity trajectories were related to participant 

sex and polygenic risk for ASD. It will be important for future investigations to assess whether 

girls and boys with ASD display similarly altered trajectories relative to their TD counterparts, as 

well as how such changes over time may be influenced by genetic load for ASD. These studies 

would be particularly valuable in infants, as they would provide an opportunity to directly test the 

mechanism proposed above for the female protective effect, whereby decreased neural sensitivity 

to cumulative genetic risk for ASD may lead to a reduced probability of developing repetitive 
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behaviors. Longitudinal analyses would furthermore potentially allow for the creation of models 

which can accurately predict the developmental trajectories of ASD traits. When combined with 

intervention studies, longitudinal data from sufficiently large samples could possibly also be used 

to develop classifiers that can predict treatment response and thereby allow for more personalized 

interventions. 

 

Concluding Remarks 

 Autism spectrum disorder is a behaviorally and neurally heterogenous condition for which 

there is a concomitant paucity of broadly efficacious treatments. This dissertation used functional 

magnetic resonance imaging to examine how participant sex, polygenic risk for ASD, and age 

influence individual variability in brain connectivity and function. The resulting findings indicate 

that all three of these factors significantly impact both brain connectivity and activity and thus 

highlight the importance of considering individual differences in our understanding of ASD. 

Together, these studies help lay the groundwork for future research on the neurobiological 

underpinnings of ASD and may ultimately contribute to the development and personalization of 

interventions for treatment-seeking individuals with ASD. 

 
 




