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Abstract 

A disruption of normal brain development during early stages of life has been 

associated with higher male vulnerability expressed by male preponderance among 

affected individuals and/or more severe impairments in males for developmental 

disorders. Although this phenomenon is frequently acknowledged by the scientific 

community, its neurophysiological underpinnings remain largely unclear. In this thesis I 

investigate male vulnerability in very preterm children and individuals with Autism 

Spectrum Disorder (ASD). Both clinical child populations entail early developmental 

adversity leading to behavioural and cognitive alterations, believed to be elicited, in part, 

by disrupted communication between brain areas. Therefore, I examine resting state 

whole-brain connectivity and its developmental changes in these clinical populations using 

fMRI and MEG and test the hypothesis of sex-specific connectivity differences between 

males and females resulting in male disadvantage.  

In the first study I investigate sex differences in interhemispheric homotopic 

connectivity and its developmental trajectories in participants with ASD as well as in 

typically developing individuals. Our findings demonstrate differences in developmental 

trajectories rather than connectivity. Both females and males with ASD deviate from typical 

female trajectories while expressing similar developmental trajectories to typical males. In 

the second study I examine local connectivity and its age-related changes using a similar 

cohort of participants. Group and sex differences are observed in both local connectivity 

and its developmental trajectories. Females with ASD are characterised by more robust 

alterations. Lastly, in the third study I test the hypothesis that male vulnerability in very 

preterm children can be detected as more pronounced alterations in inter-regional 

connectivity in boys compared to girls. Our results confirm this hypothesis suggesting that 

connectivity alterations might contribute to male disadvantage reflected in long-term 

behavioural and cognitive outcome. 

Overall, this thesis highlights that disruptions in brain connectivity and/or its 

developmental trajectories differ between males and females with altered early 

development supporting the existence of female protective features preventing females 

from developing pathological outcome.  

Keywords:  brain connectivity; sex differences; autism spectrum disorder; very 
preterm children; fMRI; MEG 
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Chapter 1.  
 
Introduction 

In this chapter I will present a review of current knowledge regarding coordinated 

brain activity and male vulnerability. First, I describe how the male vulnerability is 

expressed in various clinical populations. Then I review sex differences in fetal 

development that could account for such male bias. In the following subsections I present 

how the male vulnerability is expressed in the clinical populations central to this thesis – 

individuals with autism spectrum disorder (ASD) and very preterm children. This will 

include a review of multiple hypotheses which were generated to explain male bias in ASD 

population. After that I focus on the large-scale connectivity as a way to investigate such 

sex disparity given that alterations in these clinical child populations involve behaviour and 

cognition. Latter subsections review previous findings on developmental changes of large-

scale connectivity, sex differences in normal population and reports of connectivity 

alteration in ASD and very preterm children. I conclude this chapter outlining aims and 

hypothesis of the current thesis.  

1.1. Male vulnerability or female resiliency in early life 

There is mounting evidence of certain sex differences in pathological outcome of 

early developmental disorders and pathological conditions. For example, numerous 

adverse prenatal and neonatal factors such as very preterm birth, low birth weight, 

intrauterine growth restriction lead to worse long-term health consequences in males 

compared to females such as higher mortality, morbidity and impaired behavioural and 

cognitive abilities (Hindmarsh et al. 2000; Johnson 2007; Tyson et al. 2008; Torrance et 

al. 2010; Binet et al. 2012). Such male vulnerability is not limited to the neonatal period 

but perseveres to childhood. Multiple reports show that the neuropsychiatric disorders with 

onset in early childhood, commonly referred as neurodevelopmental disorders, also show 

substantial male preponderance together with higher severity in males (Rutter et al. 2003; 

Thapar et al. 2017). These include ASD, Attention Deficit/Hyperactivity Disorder (ADHD), 

intellectual disabilities, specific learning, communication and motor disorders (Yairi and 
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Ambrose 1999; Freeman et al. 2000; Strømme and Diseth 2007; Reigosa-Crespo et al. 

2012; Willcutt 2012; Halladay et al. 2015; Quinn and Wagner 2015). The female/male 

ratios among clinical child populations are provided in the Figure 1.1 to exemplify a strong 

male prevalence. 

 
Figure 1.1. Female to male ratio across neurodevelopmental disorders 

The blue bar represents a number of males diagnosed per one diagnosed female (a pink bar). 

The majority of neurodevelopmental disorders are characterized by high 

heterogeneity of clinical expression within a disorder, yet the symptoms of 

neurodevelopmental disorders greatly overlap with each other (Thapar et al. 2017) and 

the examples of co-occurrence of neurodevelopmental disorders are frequently reported 

(e.g. ASD and intellectual disabilities, ADHD and specific learning disorder) (American 

Psychiatric Association 2013). Also, the majority of them share similar risk and prognostic 

factors and male sex is one of the most common.  

Such evidence of differential impact of maturational disturbances in males and 

females might indicate that there are particular features in female early neurodevelopment 

which have a protective effect during childhood. In contrast, the absence of those in males 

causes higher vulnerability. 
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1.1.1. Impact of fetal sex on brain development 

The timing of disturbance in normal development appears to be central to the 

phenomenon of male and female vulnerability in clinical populations. While pathological 

alterations in early life maturation tend to affect males more than females resulting in more 

frequent and/or severe neuropsychiatric and neurologic conditions, females are more 

likely to suffer from them in adulthood (McCarthy et al. 2017). According to this, it is 

reasonable to suggest that sex differences in early brain maturation processes could 

provide a physiological foundation of male vulnerability phenomenon.  

There are two major factors responsible for sex differences in brain development. 

Cells of male and female individuals have different sets of sex chromosome genes and 

are regulated in a temporally distinct manner by different combinations of gonadal 

hormones. At conception, the sex of a fetus is determined by the presence of the SRY 

gene on the Y chromosome. Its expression triggers the development of testes and male 

external genitalia, and if SRY gene is not present the fetus will develop a female 

reproductive system. The deficiency of the SRY expression leads to a female phenotype 

in an individual with XY genotype even if the rest of the Y chromosome remains intact 

(Berta et al. 1990; Lovell-Badge and Robertson 1990). Conversely, a translocation of the 

SRY gene to the autosomal chromosome in a male mouse and subsequent breeding with 

normal female results in mice with male phenotype and female genotype XX among the 

offspring (Becker et al. 2005). Such animal models helped to disentangle the contribution 

of the sex-linked genes and gonadal hormones to sexual differentiation (Arnold et al. 

2004).  

In both sexes the development of sex gonads and external reproductive organs is 

completed by 13th gestational week (McCarthy 2008). Around that time the testes start 

producing testosterone that due to its steroid nature passes freely through brain-blood 

barrier and sets sex-specific hormonal milieu in male brain, while female ovaries remain 

mostly quiescent through gestation. Thus, from the very early developmental stages, male 

and female brains maturate in different hormonal environments starting from neural 

proliferation (third - fourth months of gestation) and neuronal migration (third - sixth months 

of gestation) to three - eight weeks after birth (birth-related testosterone surge in males). 

After that hormonal differences get smaller until puberty when gonads resume production 

of sex hormones (Knowles et al. 2012; Clarkson and Herbison 2016). It has been 

demonstrated that sex-specific hormonal milieu in the foetus brain leads to volumetric 
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(through regulation of cell apoptosis) and connective (by regulating neurites growth, 

branching, synaptic patterning, ion channels modulation) sex differences in the brain, 

some of which potentially underlie future predisposition to pathological outcome in males 

(McCarthy 2011; Sellers et al. 2015). Such extensive impact of sex hormones on brain 

reconfiguration is not limited to early development but continues throughout the lifetime 

(Sheppard et al. 2019).  

Following subsections describe in detail two clinical child populations which are 

the primary focus of this thesis due to profound male disadvantage and various interlinks 

between them.   

 

1.1.2. Male bias in Autism Spectrum Disorder 

ASD is a neurodevelopmental condition characterized by social communication 

and interaction deficits, and restricted, stereotypic behaviours (American Psychiatric 

Association 2013). ASD has always been of particular interest to the scientific community 

studying sex differences due to one of the largest and the most reliably documented ratios 

of male prevalence (4 males to 1 female) (Christensen et al. 2018). This led to the 

introduction of various hypotheses to explain the disparity between sexes in ASD 

incidence and symptomatology (Halladay et al., 2015). The majority of them suggested 

that the same level of predisposing factors causes pathological disruptions in males but 

not in females, thus the number of affected females is smaller. Many of them also posit 

existence of some biological characteristics of female sex which protect females from 

developing autistic phenotype. Such hypotheses can be grouped under umbrella Female 

Protective Effect (FPE).  

The earliest references of FPE were introduced through the hypothesis of 

differential genetic loading in males and females (Tsai et al. 1981; Tasi and Beisler 1983). 

The relevance of genetic factors in ASD etiology was confirmed by studies showing ASD 

to be highly heritable with high concordance rate among monozygotic twins and little or 

no concordance in dizygotic twins implying that genetic factors might prevail the 

environmental influence (Colvert et al. 2015; Tick et al. 2016). It suggested that the higher 

‘dose’ of pathogenic genetic variants is necessary for females to manifest ASD phenotype. 

Recent large-sample studies demonstrated that siblings of females with ASD had 
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significantly more autistic traits then siblings of males with ASD confirming that females 

require greater familial etiologic load to be affected (Robinson et al. 2013; Jacquemont et 

al. 2014). However, the exact mechanism responsible for such female resilience was not 

discussed in the genetic loading hypothesis.  

The obvious candidate to cause such protective effect is the X chromosome 

(Skuse 2000). Relative to other chromosomes, the X chromosome contains the largest 

number of genes that are highly expressed in brain tissues (Nguyen and Disteche 2006). 

Evidence of higher ASD occurrence in such genetic conditions as Turner syndrome 

(females with only one X chromosome [45,X0 genotype]) and Fragile X chromosome 

(faulty FMR1 gene on the X chromosome) suggest that the X chromosome plays an 

important role in ASD etiology (Belmonte and Bourgeron 2006; Barnett et al. 2017). 

Similarly, the higher female resilience was hypothesized to be originated by absence of 

the Y chromosome. Again, there is supporting evidence of higher prevalence of autism in 

the population with sex chromosome aneuploidy. It has been shown that males with XYY 

and XYYY genotypes have 4.8 times higher risk of developing ASD compared to males 

with XXY genotype and 20 times higher risk of developing ASD compared to males with 

standard set of sex chromosomes (Tartaglia et al. 2017). However, the majority of linkage 

studies targeting sex chromosomes failed to identify genes located on the sex 

chromosomes to account for such male bias (Schaefer 2016). 

Male preponderance in ASD was also explained through the hypothesis of the sex 

difference in brain plasticity (Mottron et al. 2015). It builds on four scientific observations: 

(i) males are more vulnerable to genetic mutations that affect genes related to synaptic 

plasticity (Huber et al. 2002; Kang et al. 2011); (ii) evidence that normal sex differences 

are often registered within higher order cortical regions which are more prone to plastic 

changes than primary sensory or motor areas (Lopez-Larson et al. 2011; Zhang et al. 

2018); (iii) ASD related alterations mostly involve higher-order areas (Müller et al. 2011; 

Rane et al. 2015; Hull, Jacokes, et al. 2017); (iv) brain recovery due to brain plasticity after 

pathological events displays sex-specific pattern (Kirkness et al. 2004; Girijala et al. 2017). 

This hypothesis suggests that the disproportionate male-female ratio in ASD can be 

explained as following: any pathological factor is more likely to elicit plastic brain changes 

that lead to ASD manifestation in males compared to females. In this way, it shares similar 

basic concept with FPE that identical etiological risk will produce more alterations in males 

than females (Figure 1.2, A). 
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The idea of the FPE was also extended in the theory of ‘three hits’ proposing  that 

ASD development is elicited by superposition of three predisposing factors: genetic risk 

variants, environmental stress and testosterone modulation of the stress reaction that 

results in pathological outcome (Pfaff et al. 2011). Thus, according to the authors the 

absence of negative impact of testosterone in early life and the existence of protective 

agents such as oxytocin in females prevent them from developing ASD. Accordingly, to 

manifest ASD phenotype females have to be confronted with higher number of 

pathological factors compared to males (Figure 1.2, A). 

Neuroimmune mechanisms were also hypothesized to be involved in the ASD 

etiopathology and used to explain male bias. Such evidence came from animal research 

that highlights the role of inflammation in normal sex differentiation (McCarthy and Wright 

2017). It has been shown that estrogenic metabolites of testosterone trigger activation of 

inflammatory signaling molecules (Hisasue et al. 2010). Normally, they are necessary for 

the masculinization of specific brain areas. However, in case of infection such 

neuroimmune activation increases fetus’ susceptibility to pathological outcome. 

Consistently with this hypothesis, maternal infection is a well-known risk factor for 

developing ASD and evidence of inflammatory-like markers was reported in postmortem 

ASD brains (Patterson 2011). Plausibly, less reactive neuroimmune system due to the 

absence of testosterone modulation, prevents female fetuses from developing ASD. 

Other group of hypotheses emphasises the direction of ASD-related alteration  in 

respect to typical sex differences. One of them is the Extreme Male Brain (EMB) theory. 

Its main idea is grounded in typical sex differences in cognitive styles where females on 

average tend to empathize and males on average are inclined to systemize (Baron-Cohen 

2002; Baron-Cohen et al. 2011). Respectively, females tend to score higher on the 

Empathy Quotient than typical males and the opposite is true for the Systemizing Quotient. 

Individuals with ASD demonstrate an extreme male profile scoring very high on 

Systemizing Quotient and very low on the Empathy Quotient. It is important to keep in 

mind, however, that the EMB theory does not imply that all psychological sex differences 

have an exaggerated form of maleness in individual with ASD (Baron-Cohen et al. 2011). 

In search of physiological bases for the EMB theory, its supporters focused on the 

endocrinological explanation of male bias in ASD linking it to fetal testosterone. The 

exposure to testosterone in early development is shown to affect brain development 

leading to its masculinization (Auyeung et al. 2009; Nguyen et al. 2013). The hypothesis 
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links elevated levels of testosterone to hypermasculinization that leads to autistic-like 

phenotype based on EMB theory (Auyeung et al. 2010). The relation between elevated 

levels of testosterone and ASD was supported by studies of elevated autistic traits in 

females with polycystic ovaries syndrome and increased risk of autism among their 

children. Polycystic ovaries syndrome is a condition when ovaries produce excessive 

amount of androgens including testosterone (Cherskov et al. 2018). Similar findings of 

increased autistic traits were reported for another hyperandrogenic condition – congenital 

adrenal hyperplasia (Knickmeyer et al. 2006). Despite this evidence, increased foetal 

testosterone levels alone cannot explain the etiology of ASD. For example, a large 

longitudinal study demonstrated that testosterone concentrations from umbilical cord 

blood are not related to autistic-like traits in the general population (Whitehouse et al. 

2012). 

  
Figure 1.2 Schematic illustration of hypotheses explaining male bias in 

ASD 
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The most common hypotheses of the origin of male bias in ASD are schematically explained 
relatively to the typical sex differences. In each graph two Gaussian curves represent 
distribution of some trait (e.g. brain connectivity) in typical males (in blue) and in typical females 
(in pink). The alterations from typical male or female distributions related to ASD phenotype 
are represented as arrows starting from the distribution means (blue arrow for ASD males and 
pink arrow for ASD females). A – the hypotheses relying on existence of female protective 
mechanisms; B – the extreme male brain theory; C – the gender incoherence hypothesis. 

There is another hypothesis that interprets ASD-related alterations within the 

context of the typical sex differences in the set of traits which are modulated by exposure 

to sex hormones. It is called Gender Incoherence (GI) hypothesis (Bejerot et al. 2012). 

Originally, its authors aimed to test the EMB theory on anthropological features which were 

reported to be affected by testosterone. Partially the EMB theory was confirmed and their 

findings revealed masculinization of some specific traits in females with ASD. However, 

males with ASD surprisingly displayed feminization of the anthropologic traits rather than 

masculinization. The principal difference between the EMB theory and GI hypothesis are 

illustrated on Figure 1.2, B and C.  It is important to mention that unlike other hypotheses 

discussed above, the GI hypothesis does not attempt to explain the male bias in ASD but 

only rationalizes the results of the conducted study (Bejerot et al. 2012).  

There is an alternative explanation for the higher incidence of ASD in males. It 

posits that the disproportion of male/female ratio might be caused by the imperfections of 

diagnostic tools which were developed and perfected on mostly male samples. 

Consequently, they might not be sensitive enough to female-specific variation of the ASD 

symptoms. For this reason female phenotypes of neurodevelopmental disorders often fail 

to be properly diagnosed leading to the male preponderance among diagnosed population 

(Bargiela et al. 2016). Research focussed on clarifying the particularities of ASD 

symptoms manifestation in females reported the existence of a female ASD phenotype. 

The female ASD phenotype is characterized by more internalizing problems (anxiety and 

depression) and less externalizing problems (hyperactivity/impulsivity, conduct problems), 

higher social motivation and ability of camouflaging the symptoms (Mandy et al. 2012; 

Kirkovski et al. 2013; Hull, Mandy, et al. 2017). The latter is of particular interest, because 

constant camouflaging of difficulties in social interaction requires considerable cognitive 

effort, induces stress, anxiety and depression and even problems with self-identification 

(Lai, Lombardo, et al. 2017). 

Such distinctions in ASD manifestation between females and males disregarded 

in the standard tools used for ASD diagnostics could systematically leave females 

undiagnosed resulting in the inflated male-to-female ratio. However, recent genetic, 
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immunological and endocrinological studies provide evidence of a different threshold for 

genetic or environmental ‘hits’ needed to introduce the pathological alterations in males 

and females as well as important role of sex hormones in brain development (McCarthy 

2008; Robinson et al. 2013; Bilbo 2018; Cherskov et al. 2018). Thus, the adjustment of 

diagnostic tools to account for sex specific variations of neurodevelopmental problems 

might potentially reduce the male bias but will not eliminate it.  

 

1.1.3. Effect of sex on long-term outcomes of very preterm birth 

Children born very preterm (≤ 32 weeks gestational age) is another population that 

is characterized by a profound male disadvantage. The causes of premature birth are 

highly heterogeneous and not limited to fetus vulnerability. Multiple pregnancies, genetic 

factors, infections, placental insufficiency and chronic maternal conditions (e.g. 

hypertension, diabetes) might lead to interruption of normal intra-uterus development 

(“WHO | Preterm birth” 2017). The prevalence of male infants born very preterm is just 

slightly higher than females (male/female ratio = 1.06 in a population of 549,048 births), 

however, male sex is recognized as a risk factor leading to lower survival rates and worse 

long-term outcomes (Ingemarsson 2003; Nyman et al. 2017). Thus, the better ability to 

cope with premature birth consequences is the most important factor that differentiates 

females from males and leads to male disadvantage in preterm population. Notably,  

similar proportion of premature birth in girls and boys excludes the possibility of 

underrepresentation of one sex due to imperfections in assessment tools as in case of 

neurodevelopmental disorders.  

The male disadvantage comprises a higher risk of neurodevelopmental 

impairment including moderate to severe cerebral palsy, Bayley Mental and Psychomotor 

Developmental Indices < 70, and deafness or blindness in extremely preterm (<28 weeks 

gestation) boys compared to girls (Hintz et al. 2006a). Multiple lines of evidence suggest 

that extremely preterm male infants have higher risk of respiratory complications (e.g. 

bronchopulmonary dysplasia) and associated morbidities compared to the same 

gestational age female infants (Binet et al. 2012; Shim et al. 2017). Also, very preterm 

birth results in largely increased risk of neurodevelopmental disorders: ASD, ADHD, 

learning difficulties, and motor disorders. And again, male sex increases the likelihood or 

severity of these disorders  (Marlow et al. 2005; Johnson et al. 2010; MacKay et al. 2010; 
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Edwards et al. 2011; Lindström et al. 2011; Uccella et al. 2015; Young, Morgan, Powell, 

et al. 2016). Such interlinks between very preterm birth and neurodevelopmental disorders 

might imply a similar origin of male vulnerability. 

The course of development of very preterm infants is affected by multiple factors 

aside from low gestational age at birth and subsequent immaturity of multiple organ 

systems to cope with external environment. To ensure life support, very preterm babies 

are placed into neonatal intensive care unit and undergo numerous procedures to which 

full-term babies are never exposed. Some adverse experiences during this period are 

associated with harmful long-term outcomes. For instance, increased exposure to pain 

(usually through skin breaking procedures) was linked to lower IQ at school age (Vinall et 

al. 2014). Another source of neonatal pain is mechanical ventilation to which preterm 

babies are subjected due to pulmonary insufficiency (Bellù et al. 2010). The use of 

morphine-based medication to mitigate the pain induced by ventilation was shown to 

adversely affect internalizing behaviours at school (Ranger et al. 2014). Interestingly, that 

pain sensitivity and adverse consequences also have sex-specific character (Burke and 

Trang 2017; Mogil 2020). Thus, lower gestational age, prolonged ventilation and higher 

exposure to pain could be considered as risk factors that contribute to worse long-term 

outcomes.  

Overall, very preterm birth and ASD are interrelated due to adverse alterations in 

behaviour and cognition, early disruptions of neurodevelopment which is interrelated by 

male disadvantage in both clinical populations. Very preterm babies are also at higher risk 

of developing ASD (Johnson et al. 2010; Johnson and Marlow 2011). Yet there are some 

distinctions between two populations which could be considered helpful to male 

vulnerability investigation. The fact that ASD and very preterm children are different in 

terms of clinical gradation – a disorder and ‘at risk’ population enables to examine the 

male vulnerability phenomenon on distinct levels of clinical severity. Another advantage 

of investigating very preterm children is that while the male bias in diagnostic tools could 

be partially responsible for male preponderance in ASD, it is highly unlikely that male 

vulnerability in very preterm children can be explained in that way.  

Adverse consequences of early neurodevelopmental disruptions affect behaviour 

and cognition in both clinical populations. Male vulnerability could be investigated from 

multiple perspectives. Endocrinological and genetic research is very informative since sex 

bias is likely to be modulated by genetic and hormonal differences between males and 
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females. However, since in both clinical populations examined in this thesis male 

vulnerability is expressed through alterations in behaviour and cognition the investigation 

of brain function directly could be promising in revealing the mechanisms that mediate 

such discrepancy between males and females. The availability of neuroimaging modalities 

enables in vivo non-invasive investigation of brain activity even in challenging participant 

groups, such as children and participants with ASD. That being said, before plunging in 

investigating group differences in large-scale brain activity and connectivity it is important 

to understand the nature of the brain signal collected by neuroimaging modalities. 

1.2. Coordinated brain activity as bases of behaviour and 
cognition 

Whole brain activity registered by neuroimaging tools reflects a complex and highly 

dynamic pattern of multiple groups of neurons firing together (Schnitzler and Gross 2005).  

It is generally accepted that behavior and cognition are maintained through functional 

specialization and integration of brain areas (Friston 2011). Functional segregation implies 

that various cortical areas can be attributed with specific functions. While such kind of 

organization is well observed in some areas (e.g. right fusiform face area is highly 

specialized in face processing, Wernicke area is specifically activated during language 

processing), the majority of cortical areas do not express such specificity. Functional 

integration helps to solve this inconsistency suggesting that many specialized areas are 

interconnected to accommodate efficient performance of specific functions. In this way, 

functional segregation could be also considered on the network level with distributed 

networks being characterized by certain spatial pattern and activation to empower certain 

functions and cognitive states. Overall, functional integration and segregation provide the 

bases of network organization of the brain which has been extensively studied as intra- 

(short-distance or local) and interregional (long-range or distributed) connectivity over the 

last three decades using neuroimaging techniques. Short-distance connectivity reflects 

local information processing within functionally segregated areas, whereas long-range 

connectivity is used by large-scale networks to coordinate their activity and share relevant 

information reflecting functional integration. On the structural level, communication 

between neurons is supported through abundant synaptic connections locally as well as 

distantly facilitated by white matter tracks. Functionally, it results in local oscillation of 

neural activity and the synchronization of such oscillations between distributed areas 
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define a network (Schnitzler and Gross 2005). Temporal characteristics of rhythmic 

oscillations are very important to functional purpose that they conduct (Fries 2015). Fast 

oscillations (30-90 Hz) also known as gamma band rhythm facilitate local synchronization 

and information processing within a neural group. Such communication is thought to 

represent bottom-up information flow. Essentially, it includes receiving an input from 

sensory systems, information processing and propagation of the outputs towards higher 

order cortical areas. Such fast communication is ideal for synchronization of small closely 

located groups of neurons and allows to balance their excitation and inhibition cycles 

facilitating efficient information processing. Slower oscillations in alpha and beta bands (8-

13 Hz and 13-35 Hz, respectively) promote top-down information flow encompassing 

distant regulation imposed by higher order areas to the regions involved in primary 

information processing. In this way, through inhibition and modulation of neural resources 

higher order areas prioritize processing of the most salient stimuli. This mechanism has 

been proposed to underpin attention and working memory (Fries 2015; Miller et al. 2018). 

The oscillation in theta frequency band (4-8 Hz) also has been shown to modulate gamma 

synchronization reflecting attentional shifts required for exploratory behavior (Fries 2009). 

Theta-gamma modulation in hippocampus was shown to be involved in memory 

consolidation and action planning (Buzsáki and Llinás 2017). There is an evidence that 

disrupted balance between alpha, theta and gamma oscillatory activity underlies 

numerous neurological and neuropsychiatric conditions (Ribary et al. 2017).  

Apart from temporal features, networks can be characterized by the connectivity 

strength between its nodes. For example, the strength of connections within particular 

brain networks could be potentially used as a signature of cognitive processes, as it has 

been recently shown with sustained attention (Rosenberg et al. 2016). There are other 

ways to characterise connectivity using various network properties derived employing 

graph theory such as modularity (an extend of network’s division into modules), centrality 

(node’s importance according to its connections), efficiency (information propagation 

capacity) (Bullmore and Sporns 2009). Such approach offers a comprehensive theoretical 

framework for understanding neurophysiological underpinnings of brain function and can 

provide insights into cortical architecture, evolution, development and clinical disorders. 

The communication between different brain regions is not limited to task 

performance but also happens during rest. Multiple resting-state networks have been 

identified in humans (van den Heuvel and Hulshoff Pol 2010). These networks incorporate 
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distributed brain areas (nodes and hubs) with synchronized activity that can be detected 

even if a subject is not engaged in any task. It is believed that such coordination between 

distant areas at rest promotes efficient information processing when specific goal-directed 

behaviour is required. For example, sensory networks are interconnected to efficiently 

process incoming sensory information (e.g. visual network comprising occipital cortical 

regions (Beckmann et al. 2005) and auditory network localized in temporal lobes (Andoh 

et al. 2015)). Sensorimotor network is responsible for body representation, control and 

initiation of body movements and involves areas which surround central sulcus (Yeo et al. 

2011). Attention network is engaged in reorganisation of neural activity to modulate 

processing of relevant stimuli. Usually it is subdivided in dorsal and ventral attention 

networks which are located in frontal and parietal areas (Yeo et al. 2011). Executive 

network including dorsolateral prefrontal and posterior parietal cortex mediates successful 

task accomplishment when cognitive control and working memory is needed (Seeley et 

al. 2007). Default mode network is unique in being highly active during rest which has 

been related to spontaneous thoughts, self-introspection and thinking about others 

(Buckner and DiNicola 2019). The biggest hubs of default mode network include posterior 

cingulate cortex, medial prefrontal cortex and temporoparietal junction. These networks 

were shown to possess high test-retest reliability within participants and, at the same time, 

their spatial properties vary across participants (Mueller et al. 2013; Zuo and Xing 2014). 

Application of multiple modalities and development of various connectivity estimation 

methods have supported a rapid progress in resting-state functional connectivity 

investigation. 

 

1.2.1. Approaches to investigate brain connectivity 

Brain connectivity can be studied on multiple scales using variety of invasive (local 

field potentials and electrocorticogram) and non-invasive (functional Magnetic Resonance 

Imaging [fMRI], functional Near-Infrared Spectroscopy [fNIRS], electroencephalography 

[EEG] and magnetoencephalography [MEG]) modalities. Functional MRI and MEG have 

proven to be gold standards in the research of brain functional connectivity due to their 

non-invasiveness, whole brain coverage and an excellent spatial resolution of fMRI and 

temporal resolution of MEG (Matthews and Fair 2015; Baillet 2017). fMRI and MEG are 

costlier compared to their counterparts fNIRS and EEG but it comes with considerable 
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advantages. More specifically, fMRI outmatches fNIRS in capturing activity of deep brain 

sources while MEG has much higher spatial resolution compared to EEG. fMRI and MEG 

provide similar information about brain function essentially reflecting the activation of large 

groups of neurons. However, their signals reflect very distinct physiological processes.  

The fMRI signal (blood oxygenation level dependent - BOLD) measures changes 

in blood oxygenation level caused by increased metabolic demands of firing neurons as 

the result of phenomenon called a neuro-vascular coupling (van den Heuvel and Hulshoff 

Pol 2010). The fluctuations of the BOLD signal are quite slow and lie below 0.1 Hz (Cordes 

et al. 2001). BOLD signal is measured for each voxel within subject’s head and typically 

gets averaged within all voxels of a functionally or anatomically defined area to increase 

a signal-to-noise ratio and reduce dimensionality of the fMRI data. With an improvement 

in computational power, however, voxel-wise connectivity analysis becomes more 

common. Functional connectivity is defined as statistical temporal dependence between 

BOLD signals of two brain areas or voxels. Among connectivity estimates, the most 

common are Pearson’s correlations, partial correlations, Kendal’s coefficient of 

concordance (Jiang and Zuo 2016; Sala-Llonch et al. 2019). 

Unlike fMRI, MEG collects the information on neuronal activity in a more direct way 

by measuring tiny magnetic fields generated by electrochemical currents within and 

between neurons (Baillet 2017). These magnetic fields are detected by an array of sensors 

called SQUIDs (Superconductive Quantum Interference Device) which surround subject’s 

head. Various approaches have been developed to reconstruct neuronal activity in a brain 

space – inverse modelling – using magnetic signal measured by sensors and their 

geometry relative to head location. In resting state research the most common inverse 

modelling methods are beamforming, minimum norm estimate, LORETA (Hämäläinen 

and Ilmoniemi 1994; Pascual-Marqui et al. 1994; Nunes et al. 2020). Despite advances in 

these approaches, the estimation of source-space brain dynamics remains an ill posed 

problem that significantly restraints the spatial resolution of MEG (Baillet 2017). In 

contrast, MEG does not suffer from temporal restrictions on the measured signal which is 

considered to be among of its main advantages over fMRI. MEG captures brain dynamics 

on the level of milliseconds. It is similar to the temporal scale on which brain is believed to 

operate. Consequently, the signal acquired by MEG is more complex and can be studied 

in different frequency domains. There are five standard frequency bands that are often 

investigated in MEG and EEG studies: delta (1-4 Hz), theta (4-8 Hz), alpha (8-13 Hz), beta 
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(13-35 Hz), gamma (>35 Hz). It also results in different approaches of measuring 

connectivity between two brain sources based on MEG signal. The most common 

connectivity metrics estimate amplitude coupling (e.g. envelope correlation), stability in 

phase difference (e.g. phase-locking value), cross-spectral properties  (e.g. coherence) or 

directional relationships (e.g. Granger-causality) of two signals (Colclough et al. 2016).  

Overall, both modalities – MEG and fMRI – provide complementary information to 

aid the overall understanding of brain functional organization and have been successfully 

applied to study how brain connectivity is affected by sex and age in typical population. 

Both modalities were crucial for examining alterations in brain communication in 

neurodevelopmental disorders and particularly in ASD, suggesting disrupted brain 

connectivity to be a potential neural signature of ASD (Maximo et al. 2014). 

 

1.2.2. Sex differences in large-scale brain connectivity 

Within- and inter-regional brain communication is believed to underlie behaviour 

and cognition and those diverge in multiple aspects between males and females 

(Schnitzler and Gross 2005; Miller and Halpern 2014). Such sex differences are related to 

social behaviour, memory, emotions and were formed over the course of human species 

evolution and likely augmented by specialization of male and female sociocultural roles 

(Morrow 2015; Choleris et al. 2018). On the other hand, it was hypothesised that not all 

organizational differences between male and female brain lead to differences in function. 

The dual-function hypothesis proposed that different mechanisms employed by male and 

female brains may help to prevent sex differences in behaviour and cognition by 

compensating for sex differences in physiology (De Vries 2004).  It is very plausible that 

such sex-specific variation in brain function underlies the sex biases reported in 

neuropsychiatric and neurodevelopmental conditions. 

Within recent decades research that aims to elucidate differences in brain function 

between males and females gained more attention in scientific community. Multiple 

studies have shown that male and female brains differ in some aspects including 

connectivity and significant portion of confirming evidence came from machine-learning 

studies. Female and male participants can be discriminated based on functional 

connectivity using machine learning classification with accuracy over than 80% (Pervaiz 
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et al. 2020). Similar findings of accuracy as high as 87% were reported by another 

research (Zhang et al. 2018). The accurate prediction of sex described in this study relied 

mostly on functional connectivity within default mode, fronto-parietal control and 

sensorimotor networks. Another work employing machine learning approach 

demonstrated that personality traits could be decoded based on functional connectivity 

pattern in a sex-specific manner (Nostro et al. 2018). It suggests that functional 

connectivity is not just distinct in males and females but the way connectivity facilitates 

individual behavior and cognitive traits can be sex-specific. 

Previous connectivity studies report sex-specific variation in the strength 

connectivity and network organization in human brain, although most of them far from 

being dimorphic and display a high degree of overlap between males and females (Joel 

and Fausto-Sterling 2016). The balance of within- and between-module (basically, 

segregation vs integration) functional connectivity has been shown to be distinct in males 

and females with males having more between-module connectivity and vice versa 

(Satterthwaite et al. 2015). Similar findings of higher local connectivity in females were 

reported when investigating regional homogeneity and functional connectivity density 

(Lopez-Larson et al. 2011; Tomasi and Volkow 2012). Sex differences in distributed 

networks were found in sensorimotor network (higher in males) and default mode network 

(higher in females) (Ritchie et al. 2018). 

Another subject of particular interest in sex-specific brain organization is laterality 

of brain connectivity. Such attention is triggered by the well-established fact of the male 

prevalence in left-handedness and evidence of sex hormones’ impact on brain 

lateralization (Papadatou-Pastou et al. 2008; Nguyen et al. 2013). A recent structural 

connectivity study with a sample size of nearly 1000 individuals demonstrated higher 

within-hemispheric connectivity in males whereas females were characterized by higher 

between-hemispheric connectivity (Ingalhalikar et al. 2014). Another study that included 

participants from 5 to 18 years old demonstrated that reliance on interhemispheric 

connectivity was increasing with age in girls but not in boys (Schmithorst and Holland 

2007). 

In summary, there is converging evidence of sex differences in functional 

connectivity in healthy population. Those involve differences in local connectivity, 

distributed networks and interhemispheric communication. The evidence of sex-specific 
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variations in functional connectivity implies its potential relevance in studying male 

vulnerability reported in clinical groups. 

 

1.2.3. Age-related changes in brain connectivity 

Brain connectivity is not constant and changes throughout life (Benasich and 

Ribary 2018). Resent methodological advances in fMRI made possible to study functional 

connectivity in utero (van den Heuvel and Thomason 2016). The studies conducted on 

human fetuses suggest the presence of bilateral functional connectivity between 

distributed brain regions even before birth and its rapid increase with gestational age 

(Thomason et al. 2013). A study on preterm infants similarly found that interhemispheric 

functional connectivity between homologous medial cortical regions was evident as early 

as on 26 weeks of gestational period, whereas homotopic connectivity between more 

spatially distant areas developed later on (Smyser et al. 2010). Apart from 

interhemispheric homotopic connections, there is evidence of lateralised networks in fetal 

brain (Schöpf et al. 2012). A precursor of default mode network in full-term infants was 

detected based on fMRI signals within 2-3 days after birth (Smyser et al. 2010). Such 

findings suggest that the bases of resting state networks are established even before the 

term age potentially due to a rapid neural growth during the last trimester of pregnancy. 

The strengthening of such functional connectivity is the most likely to reflect the process 

of myelinization in the infant brain which soon after birth is combined with extensive 

pruning of axonal branches and connections (Low and Cheng 2006). 

Similar developmental changes during first years of life can be observed in EEG 

or MEG studies. The electrophysiological brain activity of extremely preterm infants 

consists of large amplitude, long-lasting  events called spontaneous activity transients 

(SATs) (Vanhatalo and Kaila 2010). Those are believed to result from immaturity of 

GABAergic inhibition circuits and tend to coincide in homologous interhemispheric regions 

(Vanhatalo et al. 2005; Vanhatalo and Kaila 2006a). With increase in gestational age SATs 

occurrence diminishes and EEG activity becomes higher in frequency and more 

continuous which is believed to be associated with GABA-inhibitory signalling 

development and establishment of thalamocortical and cortico-cortical connections 

(Vanhatalo and Kaila 2010). At the same time the developmental studies of event-related 

potentials report age-related increase in amplitude and decrease in latency of evoked 
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potentials in children traditionally accounted for by increase in myelination, synaptic 

efficacy and neural synchronization (Kushnerenko et al. 2002). 

Later development in childhood (5-8 years) is characterized by adult-like functional 

connectivity in sensory and motor networks but lower within-network functional 

connectivity and higher proportion of aberrant connections between distributed areas in 

associative cortex compared to adults (de Bie et al. 2012).  Numerous evidence suggested 

a general pattern of connectivity development in which local connectivity decreases with 

age while long-range connectivity increases (Fair et al. 2009; Kelly et al. 2009). In other 

words, the inter-regional communication in children is arranged by anatomical proximity 

whereas adult brain represents a more ‘distributed’ connectivity architecture. Such 

reorganization is thought to reflect a balance shift from feed-forward to feedback regulation 

strategies leading to more mature and controlled cognition (Rubia 2013). Similar evidence 

comes from EEG studies that report age-related reduction in information processed locally 

and increase in information processed through distributed communication (Vakorin et al. 

2011). Electrophysiological studies also report profound age-related changes in spectral 

characteristics of resting state activity expressed through reduction in low frequency 

oscillations and increase higher frequency power (Somsen et al. 1997; Clarke et al. 2001). 

Another developmental signature is a resting state frequency shift to a faster rhythm which 

cooccur with reorganization of alpha band cortical networks (Miskovic et al. 2015). Thus,  

age-related changes of functional connectivity underlie complex reconfiguration of the 

brain organization that is likely to be disturbed as a result of neurodevelopmental disorders 

and premature birth complications. 

 

1.2.4. Brain connectivity is altered in autism spectrum disorder 

Functional connectivity alterations have been considered to be intrinsic to ASD 

pathophysiology. One of the earliest hypothesis of connectivity alterations in ASD 

suggested that autistic brain is characterised by local overconnectivity and long-range 

underconnectivity (Belmonte et al. 2004; Courchesne and Pierce 2005). Since then, 

multiple reviews consolidated findings provided by a large number of fMRI studies testing 

this hypothesis (Müller et al. 2011; Vissers et al. 2012; Rane et al. 2015; Hull, Jacokes, et 

al. 2017). Similar evaluation was conducted merging conclusions from MEG and EEG 

studies (Vissers et al. 2012; O’Reilly et al. 2017). They reported mixed findings regarding 
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local overconnectivity, however, the suggestion of long-range underconnectivity in ASD 

was confirmed to a certain extent. One of the most consistent findings of reduced 

communication between distributed cortical areas in ASD involved default mode network 

(Weng et al. 2010; von dem Hagen et al. 2013; Padmanabhan et al. 2017). It was also 

suggested that alterations in default mode network are not stationary across age 

pinpointing distinct developmental trajectories in ASD and TD (Padmanabhan et al. 2017). 

The only study that focused on sex differences in default mode network connectivity in 

ASD confirmed the presence of underconnectivity in the default mode network in both 

males and females with ASD (Ypma et al. 2016). Despite, the pattern of long-range 

underconnectivity received general confirmation, connectivity research still suffers from 

discrepancy in findings that cannot be simply explained by differences in methodology and 

study design. 

Recently hypothesis suggested that inconsistencies in connectivity alterations in 

ASD research can be explained by atypical developmental trajectories of functional 

connectivity in participants with autism (Uddin et al. 2013). The following studies confirmed 

this assumption by showing aberrant age-related trajectories for large-scale and local 

connectivity in ASD population (Nomi and Uddin 2015; Dajani and Uddin 2016; Vakorin 

and Doesburg 2016). Similar findings of altered developmental curvatures of network 

modularity and global efficiency were found in ASD group (Henry et al. 2018). 

Interestingly, they also reported marginal significance of age-by-sex-by-group interaction 

that suggests an important role of sex in developmental changes of connectivity in ASD. 

Relatively few neuroimaging studies explored resting state connectivity alterations 

in males and females with ASD. The investigation of whole brain seed-based connectivity 

aiming to test the EMB theory revealed patterns of typical female-like connectivity 

(hypoconnectivity) in males with ASD and typical male-like connectivity (hyper 

connectivity) in females with ASD (Alaerts et al. 2016). While the EMB theory was not 

confirmed, such pattern was hypothesized to reflect the Gender incoherence (GI) 

hypothesis. Very similar results were obtained when investigating cortico-cerebellar 

connectivity (Smith et al. 2019). In contrast, when the resting state functional connectivity 

was investigated only in mentalizing cortical regions, the opposite pattern was observed: 

overconnectivity in males and underconnectivity in females (Yang and Lee 2018). Later, 

another research group decided to test both the EMB and the GI hypotheses in males with 

ASD measuring shift-towards-femaleness and shift-towards-maleness in network 
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connectivity (Floris et al. 2018). They found both effects were present in males with ASD. 

Shift-towards-maleness was the most evident in default mode network supporting the 

EMB theory, whereas shift-towards-femaleness was observed in somatomotor network 

providing arguments towards the GI hypothesis. A recent study that tested the FPE 

hypothesis investigated ASD-associated risk alleles of the oxytocin receptor gene and 

connectivity in the reward network (Hernandez et al. 2020). They found that females and 

males with ASD had different modulation of increased genetic risk on brain connectivity. 

Connectivity profile of amygdala with the rest of the cortex exhibited sex differences in 

typical children but not in ASD (Lee et al. 2020). Overall, most of the studies show altered 

patterns of sex differences in ASD population compared to typical individuals (Beacher et 

al. 2012; Alaerts et al. 2016; Ypma et al. 2016; Yang and Lee 2018). Importantly, there is 

a lack of neuroimaging studies exploring the developmental trajectories of brain function 

in males and females with ASD, whereas epidemiological and psychological findings 

suggest that differences in symptom expression between males and females with ASD 

arise due to the time mismatch of symptoms coming into sight (Halladay et al. 2015).  

 

1.2.5. Evidence of altered brain connectivity in very preterm children 

Altered interregional connectivity is characteristic of very preterm population. 

Multiple disruptions in structural connectivity have been reported in individuals born 

preterm that suggests possible alterations in functional connectivity as well (Karolis et al. 

2016; Young, Morgan, Whyte, et al. 2016; Keunen et al. 2017). The study with the largest 

up to date sample including extremely and very preterm children have shown altered 

connectivity in frontal areas and decreased spectral power (Kozhemiako, Nunes, et al. 

2019). However, further analysis identified that only connectivity alterations were 

associated with both adverse neonatal experience and long-term behavioural outcome.  

In the case of very preterm population, the knowledge of sex differences in brain 

coordinated activity is scarce. There were few EEG studies aiming to unravel the causes 

of male vulnerability in preterm population. Most of those were interested in auditory 

brainstem responses (ABR) in preterm infants. Three studies demonstrated shorter 

latencies and higher amplitudes in ABR waves in females compared to preterm male 

suggesting more mature brain response in females (Eldredge and Salamy 1996; Morlet et 

al. 1999; Li et al. 2013). Similar studies came to the same conclusion, observing a larger 
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number of high amplitude bursts and less cyclicity in background activity in males 

compared to females born very preterm (Olischar et al. 2013; Griesmaier et al. 2014; 

Reynolds et al. 2014). However, it’s not unique to preterm population, the same pattern of 

earlier female maturation has been shown in full-term infants (Li et al. 2013). The study 

on older children (5 years) using the oddball paradigm found larger amplitudes of the P3 

component (large positive event related potential that occurs around 300 ms after stimulus 

presentation with the highest amplitude over frontal/parietal electrodes that is believed to 

reflect stimulus evaluation and categorization) in full-term boys compared to girls, whereas 

there were no differences in extremely preterm children mostly due to diminished 

amplitude in extremely preterm boys (Lavoie et al. 1998).  

A slightly larger number of neuroimaging studies aimed to clarify the underlying 

mechanism of male disadvantage searching for sex differences in brain structural 

connectivity in preterm population. One example of such study on the preterm population 

reported lower regional and mean fractional anisotropy (FA) and higher medium diffusivity 

in males indicating less organized white matter microstructure (Constable et al. 2008; Liu 

et al. 2011; Thompson et al. 2018). Similarly, other studies have reported male sex to be 

associated with reduced corpus callosum (CC) microstructural growth trajectory during the 

first 6 month of life as well as being a risk factor for diffuse white matter injury (Barnett et 

al. 2017; Teli et al. 2018). The white matter features had different associations with long-

term outcome in males and females (van Kooij et al. 2011). Importantly, mean FA was 

shown to increase in preterm females but not in males in response to erythropoietin 

treatment, indicating sex-specific medical therapy effectiveness in the very preterm 

population (Phillips et al. 2017). Konties et al., found that preterm females had lower mean 

diffusivity in CC than full-term females but no differences between males (Kontis et al. 

2009). These multiple evidences of white matter alterations suggest that exploration of 

brain connectivity is a promising direction to get closer to the origin of sex differences in 

the preterm population.  

 

1.3. Thesis outline and specific aims 

The overarching goal of this thesis was to examine if functional brain connectivity 

and its age-related changes can provide valuable insights on the nature of male 
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vulnerability during early life. I focused specifically on two clinical child populations: ASD 

and very preterm children for the next reasons: i) both of them are characterized by well 

reported male vulnerability, ii) both conditions are caused by disruption of normal 

development at very early stages of life and iii) are related by the higher risk of ASD in 

very preterm children. Moreover, the combination of these child populations provides the 

unique opportunity to investigate the sex differences on two levels: a disorder with well-

established symptomatology (ASD) and relatively healthy population ‘at risk’ of having 

cognitive and behavioural difficulties (very preterm children). Importantly, while in the ASD 

cohort the assessment of risk factors that played role in the pathological outcome was not 

possible, the data quantifying neonatal adverse experience was available for the very 

preterm cohort. The comparison between very preterm boys and girls showed no 

differences in adverse neonatal experience in our cohort and this enabled us to investigate 

how sex effects connectivity alterations when the risk factor burden is approximately the 

same. Additionally, in very preterm population we could exclude the possibility of artificial 

male bias due to male-oriented diagnostic tools since the accidence of very preterm birth 

is similar in girls and boys. 

Given the abovementioned commonalities between ASD and very preterm 

children and literature observations I presumed that in both populations the nature of male 

disadvantage had a similar origin and was based on typical sex differences in early 

development. In the projects described in the following three chapters of this thesis I 

tested if brain connectivity alterations in ASD and very preterm cohort have a sex-
specific pattern that can support any of the existing hypotheses which attempt to 
explain the male disadvantage. Based on the previous reports advocating the 

developmental approach in ASD research, I also investigated differences in age-related 

changes in connectivity with similar intent to test if the pattern of typical sex differences 
in connectivity trajectories is altered in ASD.  

I also specifically tested the common hypothesis of FPE in very preterm children 

cohort exploiting the fact that common risk factors such as gestational age, number of skin 

breaking procedures, the total duration of mechanical ventilation, cumulative morphine 

dosage were not different between very preterm girls and boys. I hypothesised that based 

on FPE in the case of equal number of complication-predisposing factors, very preterm 

males would express more pronounced alterations in connectivity than females.  



23 

The aims and hypothesis specific to the studies which were conducted under the 

framework of the current thesis: 

Aim 1 (Chapter 2) Using resting-state fMRI data I aimed to investigate sex 

differences in interhemispheric homotopic connectivity and its developmental trajectories 

in ASD population. I also examined if there was a significant association between revealed 

alterations and ASD symptoms severity separately in males and females with ASD. 

I hypothesized that that sex-specific alterations in ASD might be better 

characterized as differences in developmental trajectories rather than connectivity 

differences per se. Also, it was hypothesized that alteration in developmental trajectories 

of homotopic connectivity would be associated with ASD symptomatology. 

Aim 2 (Chapter 3) Using fMRI data at rest I aimed to examine sex-specific 

alterations in local connectivity and its association with age within the context of 

established resting-state networks (RSNs) in ASD population. I also investigated if the 

alterations revealed by our analysis were relevant to ASD symptomatology. 

Although being similar to Chapter 2 hypothesis of finding sex-specific alterations 

in developmental trajectories of local connectivity, I also expected to find alterations in 

local connectivity especially within default mode network boundaries. I also hypothesized 

that such alterations, if present, will correlate with ASD symptomatology. 

Aim 3 (Chapter 4) Using MEG resting state data I aimed to test the hypothesis 

that connectivity alterations were more pronounced in very preterm boys as compared to 

very preterm girls as reflection of higher male vulnerability or female protective effect. I 

also investigated how such alterations were linked to adverse neonatal experience and 

long-term behavioural outcome. 

For Chapter 4 I hypothesized that very preterm boys have more pronounced 

alterations in interregional connectivity than girls potentially reflecting the male 

vulnerability. I also expected that the alteration in connectivity in very preterm children 

would be associated with long term behavioural and cognitive outcome and adverse 

neonatal experience.  
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Chapter 2.  
 
Sex differences in interhemispheric connectivity and 
its developmental trajectories in ASD 

This paper was published as Kozhemiako N., et al. (2019) Extreme male 

developmental trajectories of homotopic brain connectivity in autism. Human Brain 

Mapping, 40(3), 987-1000. 

2.1. Abstract 

It has been proposed that autism spectrum disorder (ASD) may be characterized 

by an extreme male brain (EMB) pattern of brain development. Here, we performed the 

first investigation of how age-related changes in functional brain connectivity may be 

expressed differently in females and males with ASD. We analyzed resting-state functional 

magnetic resonance imaging data of 107 typically developing (TD) females, 114 TD 

males, 104 females, and 115 males with ASD (6–26 years) from the autism brain imaging 

data exchange repository. We explored how interhemispheric homotopic connectivity and 

its maturational curvatures change across groups. Differences between ASD and TD and 

between females and males with ASD were observed for the rate of changes in 

connectivity in the absence of overall differences in connectivity. The largest portion of 

variance in age-related changes in connectivity was described through similarities 

between TD males, ASD males, and ASD females, in contrast to TD females. We found 

that shape of developmental curvature is associated with symptomatology in both males 

and females with ASD. We demonstrated that females and males with ASD tended to 

follow the male pattern of developmental changes in interhemispheric connectivity, 

supporting the EMB theory of ASD. 

2.2. Introduction 

Autism spectrum disorder (ASD) is a neurodevelopmental disorder which is 

diagnosed behaviorally based on deficits in social communication and restricted and 

repetitive behaviors and interests (American Psychiatric Association 2013). ASD has a 
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heterogeneous genetic basis (Muhle et al. 2004), and lacks clear objective biomarkers. 

Altered connectivity between brain areas is increasingly understood to be a characteristic 

feature of ASD (Geschwind and Levitt 2007). There is considerable evidence that brain 

connectivity in ASD is associated with cognitive and affective alterations in this group 

(Rane et al. 2015; Picci et al. 2016; Hull, Jacokes, et al. 2017; O’Reilly et al. 2017). Both 

functional overconnectivity and underconnectivity, as well as normal levels of connectivity 

have been reported in ASD population (Monk et al. 2009; Vissers et al. 2012; Di Martino 

et al. 2014; Cerliani et al. 2015; Cheng et al. 2015). However, due to a significant number 

of contradictory findings, it has been argued that alterations in connectivity strength do not 

consistently explain ASD pathogenesis (Picci et al. 2016). 

A number of recent studies have also indicated that rather than being 

overconnected or underconnected per se, atypical brain development in individuals with 

ASD can be characterized by an altered developmental trajectory of brain rhythms and 

connectivity (Uddin et al. 2013). Atypical maturational trajectories in ASD have been 

described in studies on brain connectivity estimated from functional magnetic resonance 

imaging (fMRI) (Nomi and Uddin 2015; Dajani and Uddin 2016). Also, a recent study based 

on neurophysiological recordings has reported complex spatial–temporal profiles of age-

related changes in neuromagnetic rhythms and spontaneous network synchrony in ASD, 

whereas no overall group differences were observed (Vakorin et al. 2017). Similar findings 

were reported using other imaging modalities and their derivatives, such as cortical 

thickness and brain volume estimated from structural MRI (Ecker et al. 2015). A 

particularly promising recent study showed that the rate of change in infants' brain volume 

and surface areas was sensitive enough to predict ASD in the brains of individual 

participants using machine learning tools (Hazlett et al. 2017). 

There is compelling evidence emerging that altered maturational trajectories in 

brain structure as well as functional network connectivity are hallmarks of ASD. However, 

whether atypical maturation of structural and functional features of the brain are expressed 

differently in males and females with ASD remains poorly understood. The prevalence of 

ASD is significantly greater in males (Werling and Geschwind 2013). Epidemiological 

studies on ASD report the ratio of males to females to be between 1.9 and 16 males 

diagnosed for every female (Fombonne 2009). This suggests that the female brain may 

have protective features, or conversely that the male brain may confer heightened 

vulnerability, or that ASD may manifest differently in the female brain (Lai, Lerch, et al. 
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2017). Our study aims to investigate sex-related and clinical group differences in functional 

connectivity in ASD and typically developing (TD) populations under the framework of 

developmental trajectories. The autism brain imaging data exchange (ABIDE), a large 

repository of both structural and functional MRI data for ASD research, allowed us to form 

a large pool of both males and females for ASD and TD populations (Di Martino et al. 

2014). 

Our study tested the hypotheses that males and females with ASD would show 

distinct alterations in developmental trajectories of functional connectivity. Specifically, we 

focused on interhemispheric homotopic connectivity, and investigated voxel-mirrored 

homotopic connectivity (VMHC) which reflects the similarity between fMRI time series of 

two symmetrical voxels in the right and left hemispheres. This measure previously was 

shown to have a potential to distinguish various neurological and neuropsychiatric 

populations, including ASD  (Anderson et al. 2010; Hahamy et al. 2015), schizophrenia 

(Lang et al. 2016), depression (Hou et al. 2016), Parkinson's disease (Zhu et al. 2016), 

Alzheimer's disease (Wang et al. 2015), amyotrophic lateral sclerosis (Zhang et al. 2017), 

and stroke (Yang et al. 2017). In addition, it has been reported to change throughout the 

lifespan in typical brains (Zuo et al. 2010). Another rational to explore interhemispheric 

connectivity was the evidence of great impact of sex hormones in brain lateralization, 

which makes VMHC particularly interesting to explore in terms of sex differences (Nguyen 

et al. 2013). 

We studied age-related changes in VMHC in 115 males and 104 females with 

ASD, 114 TD males, and 107 TD females, selected from the ABIDE database and aged 

between 6 and 26 years old. Using a data-driven approach, we applied a multivariate 

technique to decompose the entire data into latent variables (LVs), each associated with 

a group contrast and z-scores of how this contrast is expressed across specific brain 

regions. We found no overall group differences for VMHC. However, we observed 

significant differences between the groups in terms of the rate of age-related changes in 

VMHC. 



27 

2.3. Methods 

2.3.1. Cross-sectional participants 

Structural and resting-state fMRI data were provided by the ABIDE I and II releases 

initiative, which combines data across multiple centers (Di Martino et al. 2014). 

First, to investigate sex differences in interhemispheric homotopic connectivity in 

ASD, we created four cross-sectional groups of subjects: 104 females with ASD, 115 

males with ASD, 114 TD males, and 107 TD females. Detailed phenotypic information is 

provided in Table 2.1 Characteristics of the participants (due to limited phenotypic data 

available on ABIDEs I and II, not all the subjects included to this study had intelligence 

quotient (IQ) and Autism Diagnostic Observation Schedule (ADOS) measurements which 

we admit being a limitation of this study). 

Table 2.1 Characteristics of the participants 

Group characteristic Typical Development (TD) Autistic Spectrum Disorder 
(ASD) 

Males Females Males Females 
Number of subjects 114 107 115 104 

Age (Mean±STD) 12.9±4.04 12.7±4.16 13.0±3.76 12.8±4.31 

Full IQ (Mean±STD) 110.7 ±11.87 
(98 subj) 

113.5±14.89 
(93 subj) 

104.8±19.22 * 
(101 subj) 

105.2±17.45 ** 
(92 subj) 

Verbal IQ (Mean±STD) 112.4±12.20 
(79 subj) 

113.7±16.47 
(75 subj) 

105.8±21.13* 
(83 subj) 

104.4±17.17** 
(79 subj) 

Performance IQ 
(Mean±STD) 

107.4±12.87 
(88 subj) 

108.9±19.93 
(84 subj) 

104.9±18.7 
(89 subj) 

101.4±18.09** 
(83 subj) 

ADOS total (Mean±STD)  12.0±4.25 
(56 subj) 

11.6±3.66 
(54 subj) 

ADOS communication 
(Mean±STD)  3.7±1.69 

(56 subj) 
3.5±1.48 
(54 subj) 

ADOS social interaction 
(Mean±STD)  8.0±3.08 

(56 subj) 
7.7±2.32 
(54 subj) 

Framewise 
Displacement 
(Mean±STD) 

0.11±0.107 0.12±0.097 0.13±0.121 0.12±0.127 

*- significant differences between ASD groups and TD groups of the same sex; 

** - significant differences between ASD groups and TD groups of the same sex which survived Bonferroni correction; 

There were no significant differences between males and females within the same diagnostic group. 
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Due to limited number of female participants, we formed the female groups first. 

With the preponderance of males in ASD studies, and to alleviate a possible bias due to 

unbalanced sample sizes, we took a random subsample of male subjects from the larger 

TD and ASD cohorts of males, under the condition that all four below-mentioned inclusion 

criteria were satisfied. There were no significant group differences in age in the final 

sample, as confirmed by six two-sample t tests comparing all four groups on a pair-wise 

basis. Our inclusion criteria were: (a) participants between 6 and 26 years of age 

(considering our research question we aimed for the widest age range as possible). As 

the number of participants available on ABIDEs I and II drops considerably after 30 years, 

we initially defined the age range 6–30 years, which was adjusted after preprocessing 

procedures to 6–26 years); (b) similar number of selected subjects for all four groups per 

center and total number of selected subjects per center more than 10 (please see Table 

A1); (c) acceptable quality of structural MRI scans based on visual inspection; and (d) 

successful preprocessing using the Configurable Pipeline for the Analysis of 

Connectomes (C-PAC). 

2.3.2.  Longitudinal participants 

With the primary goal of investigating potential abnormalities of developmental 

trajectories of interhemispheric homotopic connectivity in ASD, we also analyzed 

longitudinal data available through the ABIDE II release, wherein subjects were scanned 

twice with an interval varying between 1 and 4 years. We applied the same inclusion 

criteria, as in the case of the cross-sectional data, and generated two age- and sex-

matched groups of participants (aged between 9 and 18 when the first scan was 

obtained): n = 19 for ASD (16 males and 3 females, mean 12.5 ± 2.3 year of age) 

and n = 13 for TD (11 males and 2 females, mean 13.5 ± 1.8 year of age). Two-sample t-

tests found no significant group differences in age, wherein age was determined either by 

the first scan or the second one or both. 

2.3.3. Data acquisition and preprocessing 

Data acquisition parameters varied across sites. Detailed descriptions of the scan 

parameters and site-specific protocols are available 

at fcon_1000.projects.nitrc.org/indi/abide/. All data were preprocessed using the C-
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PAC (Craddock et al. 2013). Preprocessing steps included the removing of the first four 

volumes to ensure magnetic stability was reached. All volume slices were time corrected 

and head motion was regressed on 24 parameters (Friston et al. 1996). Sources of 

spurious signal were removed, regressing out the global, linear, motion and quadratic 

signals, CompCor was applied calculating five components derived from nuisance signals 

from the white matter and cerebrospinal fluid (Behzadi et al. 2007). Then, the functional 

images were temporally filtered between 0.1 and 0.01 Hz. Structural and functional images 

were aligned into Montreal Neurological Institute (MNI) standard space, and then a spatial 

smoothing using a Gaussian filter of 6 mm was performed. 

2.3.4. VMHC calculation 

Interhemispheric homotopic connectivity was computed by applying a standard 

implementation of C-PAC where structural and functional images were fitted to MNI 

symmetrical template and the Pearson's correlation between each pair of symmetrical 

voxels in different hemispheres was calculated (Craddock et al. 2013). To assess the 

spatial features of interhemispheric homotopic connectivity, we used population-level 

resting-state fMRI atlas of intrinsic connectivity of homotopic areas (AICHAs) which 

clusters the cerebrum into 192 homotopic regional pairs (Joliot et al. 2015). To compute 

region of interest (ROI)-specific VMHC, we averaged voxel-specific VMHC values across 

all the voxels within a given ROI. A number of previous studies reported the multicenter 

variability in MRI-based measures (Haar et al. 2016). We removed the variability of 

homotopic connectivity across centers in ABIDE with a linear regression analysis, 

modeling the presence of centers with dummy (binary) variables. To avoid any issues 

caused by variability of scan parameters or recording procedures, we did not merge 

individuals from the same centers in ABIDE I and II. The schematic illustration of the 

analysis pipeline is displayed in Figure 2.1. 
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Figure 2.1 Schematic illustration of the data analysis.  
To investigate overall interhemispheric homotopic connectivity, we used C-PAC to calculate 
the VMHC (1). We applied AICHA atlas and obtained data matrix (number of subjects × ROIs) 
for each of the group (2) which we explored the statistical differences by mean-centered PLS 
(3a). We used the same data matrices to build developmental trajectories. First, we generated 
50 subsamples for each group. Each subsample contained VMHC values of 50 subjects for 
192 ROIs (3b). Then we fitted quadratic function to each subsample (4) and formed new data 
matrices of curvature coefficients (5), which define curvature shape. We compared these new 
data matrices by using PLS analysis (6). PLS analysis provides the LVs, for each of them we 
obtained between group contrast and z-score distribution within ROIs which was projected 
back to the brain surface 
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2.3.5. Developmental trajectories of VMHC 

A number of studies have reported U-shaped, or inverted U-shaped patterns for 

the age-related changes in gray matter density within the age range which includes the 

onset of puberty, possibly reflecting synaptic reorganization (Giedd et al. 1999). Also, it 

has been shown to be a reasonable compromise between nonlinearity and complexity. 

Quadratic model was previously found optimal for exploring age-related changes in VMHC 

when compared to cubic and linear models (Zuo et al. 2010) and was successfully applied 

in neuromagnetic and structural neuroimaging studies in ASD population (Vakorin et al. 

2017). 

To further support our choice of the quadratic model, we tested goodness of fit for 

VMHC as a function of age, using both linear and quadratic models. This was done for 

each ROI, separately for each group, by computing the Akaike information criterion (AIC) 

and Bayesian information criterion (BIC). We found that the model that best fit the data 

could be either linear or quadratic, depending on which ROI was being investigated. In 

addition, we performed paired t tests, separately for each group, comparing AIC or BIC 

values for linear and quadratic models across ROIs within a specific group, and found no 

significant differences (p-values for AIC criterion were ranging from 0.44 to 0.84, and for 

BIC—from 0.2 to 0.95) indicating that there is no ultimate winner among the models. This 

would also support our choice of considering only quadratic functions, taking into account 

that a linear model represents a specific case of a quadratic function. 

One unique property of quadratic functions is their curvature, which is 

mathematically defined as the second derivative, and represents how the rate of change 

of a variable is itself changing. The quadratic functions have constant curvatures, which 

can be either positive (concave upward or U-shaped functions), negative (concave 

downward or inverted U-shaped functions) or zero (linear function). Previously, curvature 

values were found to be a sensitive neurophysiological marker to differentiate ASD and 

TD groups (Vakorin et al. 2017). To test group differences in terms of the curvatures of 

age-related changes, we need to introduce variability in the curvature values. Instead of 

calculating the curvature for the original groups which would result in one estimate per 

group, we used subsampling to generate a distribution of the curvature estimates per 

group. This was done by randomly choosing subsamples of subjects, separately for each 

group, subsequently estimating the trajectories of VMHC for each subsample. This 



32 

method was adapted from a previous study on atypical developmental trajectories in ASD 

brain network connectivity (Vakorin et al. 2017). 

One limitation of the ABIDE database is that subjects are not uniformly distributed 

across age. To mitigate this, we generated a large number of subsamples (10,000) of 50 

subjects for each group (TD/ASD for males/females), but ultimately chose only 50 

subsamples with the flattest age distribution. We used a criterion based on calculating the 

entropy of distributions, which is highest for uniform distributions Then, for each 

subsample, we fitted a quadratic function, estimating its curvature. Thus, each group was 

associated with 50 estimates of the curve parameter for each of 192 ROIs. Analysis of 

group differences was then performed in a multivariate manner, for all groups and ROIs 

simultaneously (see Analysis of group differences), resulting in three individual p-values, 

each associated with a data-driven group contrasts and ROI-specific z-scores. To 

increase the robustness of the results, we performed all these procedures 100 times 

including generation of subsamples (thus in total 100 × 50 subsamples were selected for 

each group), curve fitting, and group analysis), subsequently averaging the p-values and 

z-scores. In Section 3, we report the averaged three group contrasts, their p-values, and 

z-scores. 

To assess group differences in the curvature parameter reflecting the trajectory of 

development of connectivity strength for each interhemispheric region pair from the 

longitudinal data, we applied a similar procedure. First, for each subject, we estimated the 

rate of changes in VMHC values computed as the ratio of VMHC changes between two 

longitudinal points to the corresponding age difference. Thus, each subject was 

associated with the 192 ROI-specific first derivatives of the developmental trajectories, 

and these estimates were used for further analysis. For each round of trajectory analysis 

(out of total 100), we generated, separately for each group (TD and ASD), 10 randomly 

chosen subsamples of 10 subjects. For each subsample, we fitted a linear function, 

estimating its slope. Note that the slope parameter computed from the rate of changes in 

VMHC (from the first derivatives) represents how the rate of change in VMHC is changing, 

which is equivalent to the curvature estimated from the cross-sectional data, as described 

above for the cross-sectional data. Thus, each group was associated with 10 estimates of 

the curvature parameter for each of 192 ROIs. 

We then performed an analysis of group differences, estimating the global contrast 

between the two groups (one p-value), and assessing how the contrast is expressed 
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across ROIs (a 192-dimentional vector of z-scores). The procedure that includes 

subsample generation, linear regression, and group analysis, was repeated 100 times to 

increase the robustness of the results. We report the group differences in the curvatures 

computed from the longitudinal data, as p-value and ROI-specific z-scores averaged 

across the rounds of trajectory analysis (Figure 2.5). 

2.3.6. Analysis of group differences 

The analyses of group differences, both for homotopic connectivity and its 

trajectories, were performed with partial least squares (PLS) analysis. PLS is a 

multivariate statistical technique designed to extract LVs that account for the variance in 

the data, which is similar to principal component analysis (Lobaugh et al. 2001; McIntosh 

and Lobaugh 2004). Two versions of PLS are often applied in the neuroimaging literature: 

mean-centered and behavioral PLS (Krishnan et al. 2011). Mean-centered PLS is 

designed to derive data-driven contrasts between two or more groups or conditions. 

Behavioral PLS investigates the significance of correlations between imaging data and 

continuous variables such as behavioral scores (ADOS generic scores in our case (Lord 

et al. 2000)). 

For both versions of PLS, the entire data structure is considered at once, and the 

data are organized into matrices: subjects within groups by ROIs. Mathematically, PLS is 

based on singular value decomposition (SVD). SVD is a factorization of the original data 

matrix into three matrices: left matrix with vectors of dimensionality equal to the number 

of groups (overall group contrast), diagonal matrix showing the strength of each 

component (which is ultimately related to the amount of explained variance), and right 

matrix with vectors of dimensionality equal to the number of ROIs (robustness of overall 

group contrast). 

Routinely, the PLS method includes one global test and a series of local tests. The 

global test is based on permutations and assesses the significance of the effect 

represented by the overall data-driven contrasts or overall correlation between imaging 

and clinical data by measuring how it is different from random noise. Thus, PLS generates 

one p-value for each LV associated with a group contrast or overall correlation mitigating 

the multiple comparison problems. Also, each LV is associated with local tests based on 

bootstrap procedures, which is performed separately for each ROIs, exploring how the 

overall contrast or correlation is expressed across ROIs. As a result, each ROI is 
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associated with a bootstrap ratio value. Under the assumption of a Gaussian distribution, 

the bootstrap ratio value of 2.5 or −2.5 approximately corresponds to the limits of the 95% 

confidence interval. In this study, we use the terms of z-scores and bootstrap ratio values 

from PLS interchangeably. 

We applied the following PLS analyses: mean-centered PLS for exploring group 

differences for VMHC and their curvatures, and behavioral PLS for exploring correlations 

between VMHC and ADOS as well as between the VMHC curvatures and ADOS (see 

Section 2.3.7). In each PLS analysis, we used 1,000 permutations for the global test, and 

1,000 bootstrap samples (for local tests). For the longitudinal data, we used 500 

permutations for the global test and 500 bootstrap samples for local tests. In each case, 

we report the significance of group contrast or over-all correlation (p-value), and if the p-

value is less than 0.05, we report the distribution of z-scores across ROIs. The z-scores 

that are largest in magnitude (positive or negative), indicate the most robust effects, which 

was identified as 5% tails of the overall distributions of z-scores. ROIs with positive z-

scores directly support the given contrast or sign of the overall correlation. ROIs with 

negative z-scores also support the same contrast or correlation, but in a reverse direction. 

Thus, for ROIs with negative z-scores, we have to invert the overall group contrast to have 

an idea about the directionality of changes in the curvature values across the groups. 

Group differences in demographic, psychometric characteristics were explored by series 

of two-sample t tests which were further corrected by Bonferroni method. The results are 

presented in Table 2.1. 

2.3.7. Brain-behavior correlations 

We performed behavioral PLS analysis to investigate associations between VMHC 

values and ADOS-Generic scores for communication, social interaction and total (social 

interaction and communication). In addition, we applied behavioral PLS analysis to 

investigate potential associations between ADOS with VMHC trajectories. We included 

only those participants who had information on all three ADOS modules: n = 56 for males 

with ASD, and n = 54 for females. There were no significant differences in any of the three 

subscales between females and males with ASD, as confirmed by two-sample t tests. 

Our approach for investigating potential associations between trajectories and 

ADOS scores was based on recent findings regarding slowing of cortical thinning in 
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individuals with ASD (Nunes et al. 2019). Specifically, the study demonstrated that the 

shape of developmental curvature is related to ASD symptomatology. Following these 

methods, we investigated the relationship between curvature shape of fMRI-based 

connectivity in ASD participants and mean ADOS score, separately for males and 

females. 

First, we generated a set of 50 subsamples separately for males and females with 

ASD and calculated mean ADOS score for each subsample. Each subsample contained 

20 subjects (the number of subjects was reduced in order to increase the impact of single 

subject on curvature shape and mean ADOS score). Then, we computed the ROI-specific 

VMHC curves as functions of age, fitting a quadratic function to each subsample. In result, 

we obtained curvature coefficient for each ROI and mean ADOS score per subsample. 

Finally, we performed six PLS analyses to correlate VMHC with ADOS scores 

(communication, social interaction, and total), separately for males and females. We also 

performed six PLS analyses to investigate correlations between three ADOS scores and 

the curvature coefficients (for males and females). In all cases, we used 1,000 

permutations to assess the significance of an overall correlation between ADOS and 

VMHC or their curvatures (one p-value from a global test), and 1,000 bootstrap samples 

to explore the robustness of the correlation effects across ROIs (ROI-specific z-scores 

from local tests, see group-level analysis). 

 

2.4. Results 

2.4.1. No group differences for overall connectivity 

The multivariate group analysis, which we performed using mean-centered PLS 

with all four groups included, did not find any significant group differences in 

interhemispheric homotopic connectivity. 

2.4.2. Three significant group contrasts for age-related changes 

We thus tested the hypotheses that age-related changes in homotopic connectivity 

would be atypical in ASD and differentially expressed in males and females with ASD. We 
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characterized the development of functional connectivity in both TD and ASD in terms of 

anatomical loci, and tested for group differences in the curvature of maturational changes, 

including all four groups into the PLS analysis. PLS revealed, in a data-driven manner, 

three significant group contrasts (LVs), which represent contrasts between TD females 

and all other groups (Figure 2.2; LV1), between TD and ASD (Figure 2.3; LV2), and 

between males and females in ASD (Figure 2.4; LV3). Note that each contrast is 

associated with a single P-value, resulting from one global test for group differences in the 

multivariate PLS analysis. In turn, each contrast is associated with a vector of saliences 

representing contributions of individual ROIs to the overall group contrast. In our study we 

report the stability of those saliences, quantified as bootstrap ratio values (or z-scores) 

from a series of local tests, each associated with a ROI, as described in the Methods 

section. 

2.4.3. Group differences between TD females and all other groups 

The first group contrast (LV1) explained 57% of the total variance in the data, and 

represents overall group differences between TD females and three other groups, as 

illustrated in Figure 2.2a (p < .001). It essentially decomposes the variability in 

developmental trajectories of functional connectivity into two clusters: one cluster 

uncovering similarities between TD males with males and females with ASD, and the other 

one representing TD females. Figure 2.2b shows the corresponding distribution of z-

scores, each associated with one ROI, which reflects the robustness of the effects 

specified by the group contrast in Figure 2.2a. The largest absolute values of z-scores, 

which in general, can be either positive (here shown in red) or negative, are associated 

with the most robust effect. The same distribution of z-scores is illustrated in Figure 2.2c 

as a color map within a template of the brain in the MNI space, using the Computerized 

Anatomical Reconstruction Toolkit (Caret) (Van Essen et al. 2001). 

To identify the most robust effects across ROIs specified by a given group contrast, 

we typically explore 5% left and right tails of the distribution of z-scores (Vakorin et al. 

2013, 2017). Note, however, that the distribution in Figure 2.2b is highly skewed. Thus, 

for the group differences in developmental trajectories of homotopic connectivity, which 

reflected TD females contrasted with all three other groups, we focus only on the largest 

positive z-scores (shown in dark red in Figure 2.2b,c). Specifically, these group differences 

in the shape of trajectories of connectivity were expressed prominently in the middle frontal 
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gyrus, paracentral lobule, intraparietal sulcus, and superior and middle temporal gyri. We 

report that, on average, the developmental trajectories were concave upward (an inverted 

U) to a larger degree in the group of TD females than in the other three groups. In other 

words, the trajectories of connectivity for TD males, ASD males, and ASD females were 

flatter, in comparison to TD females. To further illustrate these effects, we identified two 

ROIs with the largest positive z-scores (angular and parahippocampal gyri). We then 

computed the mean fitted quadratic functions, which represent age-related changes in 

homotopic connectivity, averaging across all ensembles of trajectories, separately for 

each group. The averaged trajectories for the two brain areas are plotted in Figure 2.2d. 
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Figure 2.2 Male patterns of development of functional brain connectivity in 

ASD (cross-sectional sample) 
(a) first significant data-driven contrast (57% variance explained, LV1); (b) a corresponding 
distribution of z-scores showing how the contrast is expressed across 192 ROIs from the 
AICHA atlas; (c) same z-scores shown as a topographic map in the MNI space; and (d) 
estimated group-specific trajectories exemplified for two ROIs (brain areas G Angular-1 and 
G ParaHippocampal-1 according to the nomenclature of the AICHA atlas). The contrast in (a) 
represents a similarity between two ASD groups and TD males in contrast TD females. Note 
that the PLS analysis of group differences revealed three significant contrast; the other two 
are described in Figure 2.3 and Figure 2.4 
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2.4.4. Altered development of homotopic connectivity in ASD 

Explaining 26% of the total variance, the second group contrast (LV2) in PLS 

(p < .001) represents a difference in the VMHC trajectories between ASD and TD 

populations, with the differences between ASD and TD males being stronger than those 

between ASD and TD females, as shown in Figure 2.3a. The robustness of these effects 

is represented by the distribution of z-scores in Figure 2.3b, which shows how the group 

contrast is expressed across individual ROIs. Figure 2.3c illustrates the same z-scores as 

a topographic map on the template of the brain in the MNI space, similar to Figure 2.2c. 

The largest absolute values of z-scores define the most robust effects. ROIs within 

the 5% positive tail of the distribution in Figure 2.3b (shown in red) include orbitofrontal 

cortex, middle and inferior temporal gyri, and the lateral occipital gyrus. On average, the 

developmental trajectories were concave upward (negative curvature) in both TD and ASD 

males; however, the curves tend to be flatter for males with ASD. ROIs belonging to the 

5% negative tail of the distribution of z-scores (shown in blue in Figure 2.3b,c) were mostly 

located in the middle frontal gyrus, intraparietal sulcus, and inferior parietal lobule. 

Quadratic functions describing the age-related changes in VMHC for these ROIs tend to 

be concave downward (positive curvature for a U-shaped function) for TD males, whereas 

they tend to be concave upward for ASD males (negative curvature for an inverted U 

function). To illustrate the contrast in Figure 2.3a, we chose two ROIs with the largest 

absolute values of z-scores (one positive and one negative). Similar to Figure 2.2d, the 

averaged trajectories in VMHC for these ROIs are plotted in Figure 2.3d. 
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Figure 2.3 Altered developmental trajectories in ASD (cross-sectional data 

set) 
(a) second significant contrast (26% variance explained, LV2); (b) a corresponding distribution 
of z-scores demonstrating the robustness of the overall group contrast across ROIs; (c) 
topographic distribution of the same z-scores in the MNI space; and (d) group-averaged 
trajectories for two ROIs with the largest positive and negative z-scores (brain areas G 
SupraMarginal-5 and G Occipital Lat-2 in the AICHA atlas). The contrast in (a) represents 
differences between ASD and TD populations, driven mostly by males. Note that the contrast 
is supported by both highly positive and negative z-scores. Positive z-scores (shown in red) 
directly support the contrast in (a) whereas for interpretation purposes, the contrast has to be 
flipped to interpret its expression across ROIs with negative scores 
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2.4.5. Group differences between males and females with ASD 

The third group contrast (LV3, p = .003, 17% variance explained) identified 

significant differences in developmental trajectories between females and males with ASD 

as shown in Figure 2.4a. The corresponding distribution of ROI-specific z-scores is shown 

in Figure 2.4b as a histogram, and in Figure 2.4c as a topographic map. The most robust 

effects expressed by the group contrast in Figure 2.4a are supported by both positive and 

negative z-scores. 

Positive z-scores represent a scenario wherein the estimated curvatures are 

higher in ASD males in comparison to ASD females. ROIs with the highest positive z-

scores were included the middle frontal gyrus, paracentral lobule, middle, inferior temporal 

and fusiform gyrus, and the precuneus (red areas in Figure 2.4c). For these ROIs, the 

trajectories in the ASD female group were concave downward (negative curvatures) and 

relatively flat for ASD males (small negative or positive values of the curvatures). 

The same contrast is supported by negative z-scores (curvature is higher for ASD 

females). ROIs with the most robust effects were observed in the prefrontal cortex, 

premotor cortex and inferior temporal gyrus (blue areas in Figure 2.4c). The fitted 

quadratic functions are concave upward for ASD males, whereas for ASD females they 

tend to follow the opposite U-shaped pattern. 



42 

 
Figure 2.4 Sex differences in developmental trajectories of brain 

connectivity in ASD (cross-sectional sample) 
(a) third significant contrast (17% variance explained, LV3); (b) a corresponding distribution of 
z-scores each associated with ROIs from the AICHA; (c) same z-scores shown topographically 
in the MNI space; and (d) group-specific trajectories for two ROIs with the largest positive and 
negative scores (brain areas G Frontal Sup-1 and G Fusiform-6 according to the nomenclature 
of the AICHA atlas). The contrast in (a) represents differences between ASD males and ASD 
females. The contrast in (a) reflect mainly differences between males and females in ASD 
 

2.4.6. Longitudinal sample 

The smaller longitudinal sample was used to test the hypothesis that atypical 

trajectories reported in the cross-sectional analysis were also observed in a longitudinal 

analysis. Due to the small sample size, however we did not have that ability to further 
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stratify differences between ASD and TD participants according to their sex. Our results 

based on the longitudinal sample were qualitatively similar to those obtained from analysis 

of the cross-sectional data. Specifically, PLS analysis did not find significant overall group 

differences in VMHC between ASD and TD groups when either the first scans or second 

scans or both were used. However, group differences were significant in terms of the 

curvatures of the maturational trajectories. Note that we computed the normalized 

difference in VMHC between the two scans to estimate the rate of change in VMHC. These 

changes were further used to estimate the curvatures of the trajectories in VMHC, which 

were the foci of our analysis based on the cross-sectional sample. 

PLS analysis revealed an association between VMHC and age, which was 

measured in terms of the rate of changes in VMHC (curvatures), was significantly different 

between ASD and TD groups. The overall group contrast (p < .001) is illustrated in Figure 

2.5a. The distribution of z-scores associated with this contrast is shown in Figure 2.5b. 

The topographic map in Figure 2.5c shows the same distribution in anatomical space. 

Similar to the effects shown in Figure 2.3, the group contrast contributed to by brain areas 

showing expressing both positive and negative z-scores. ROIs with the largest positive z-

scores (5% tail), which reflect the U-shaped patterns for ASD as opposed to the inverted 

U-shaped ones frequently observed for TD, include lateral prefrontal cortex, inferior 

temporal gyrus, and cingulate gyrus. These patterns are reversed for negative z-scores. 

The 5% negative tail of the overall distribution of z-scores in Figure 2.5b are composed of 

ROIs localized in medial prefrontal areas, intraparietal sulcus, inferior parietal lobule, and 

precuneus, as shown in Figure 2.5c. 
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Figure 2.5 Group differences between ASD and TD in the curvature of 

developmental trajectories in interhemispheric homotopic 
connectivity (group analysis based on longitudinal sample) 

(a) group contrast (p < .001); (b) corresponding distribution of z-scores showing how the 
contrast is expressed across 192 ROIs; and (c) same z-scores shown as a topographic map 
in the MNI space 
 

2.4.7. Correlation with ASD symptomatology 

Associations between VMHC and ASD symptomatology were analyzed only for 

the cross-sectional data as the number of subjects in the longitudinal data set with ADOS 

scores was small. Our multivariate group analyses, which were performed with behavioral 

PLS separately for males and females did not find any significant correlations between 

VMHC and any of the ADOS scores. Significant correlations, however, were observed in 

the ASD groups between the mean social ADOS scores and shape of developmental 

trajectories. The latter was quantified as curvature coefficient (see Section 2.2.7). 

Correlations between the curvature shape of individual ASD participants and ADOS social 

interaction scores were positive (Figure 2.6a). More specifically, the significance of 

correlations was p = .004 for the ASD males and p = .02 for the ASD females. Essentially, 

the bigger curvature coefficient (the more curvature was concave upward), the higher 

severity of symptoms. 
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Figure 2.6 Association of curvature shape and ADOS (social subscale) 
(a) distribution of correlation coefficient among ROIs for ASD males (left) and ASD females 
(right); (b) ROIs where curvature shape correlated the most with ADOS scores for ASD males 
(left) and ASD females (right); (c) the association between ADOS (social subscale) and 
developmental trajectories exemplified in superior temporal gyrus. The top left plot illustrates 
developmental trajectories of interhemispheric homotopic connectivity in all four groups. The 
top left plot is a schematic illustration of curvature coefficient and curvature shape. The 
scatterplots in the bottom demonstrate the association between curvature coefficient and 
ADOS social scores. The bigger deviation from TD female down concaved trajectory to “U” 
shape correlates with higher ADOS score in both ASD males and ASD females 
 

Interestingly, the spatial distribution of ROIs with highest correlation between 

curvature shape and mean ADOS scores (middle frontal gyrus, paracentral lobule, inferior 

parietal lobule and superior temporal sulcus [Figure 2.6b]) in both males and females with 

ASD were similar to the ones with highest z-scores in the first group contrast (LV1). Note 

that the main difference revealed by LV1 was highly concaved down developmental curve 

(negative curvature coefficient [Figure 2.6c, top right]) for TD females, whereas ASD 

groups and TD males tended to have flatter (close to zero) or concaved up curvatures 

(positive curvature coefficient [Figure 2.6c, top right]). In other words, the higher curvature 

coefficient (the more the trajectory curved upward in contrast to the downward curving 

typical female trajectory) was associated with higher mean social interaction score on the 

ADOS (Figure 2.6c). 
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2.5. Discussion 

The present study has yielded several novel insights into sex differences in ASD, 

unified under the framework of developing trajectories of functional brain connectivity. 

First, based on a large cross-sectional cohort of males and females, robust differences in 

interhemispheric homotopic connectivity (quantified as VMHC) between ASD and TD 

populations were identified by estimating the curvatures of age-related changes. This 

analysis identified robust differences in the developmental trajectories of functional brain 

connectivity where no overall group differences were observed. Importantly, these results 

were replicated with a similar analysis on a smaller longitudinal sample. Thus, our results 

can be incorporated into the growing body of recent evidence which supports the view that 

atypical development of functional brain connectivity may be a cardinal feature of ASD 

(Uddin et al. 2013; Nomi and Uddin 2015; Dajani and Uddin 2016; Vakorin et al. 2017). 

The present study extends this line of research by delineating the critical role of sex 

differentiation in the development of brain network connectivity in ASD. 

Previous studies reported both decreased interhemispheric homotopic 

connectivity in ASD compared to typical population as well as no differences between 

groups (Anderson et al. 2010; Di Martino et al. 2014; Hahamy et al. 2015). Our findings 

indicate no differences in VMHC between groups while differences in developmental 

changes of VMHC were very pronounced. This indicates that alterations found in VMHC 

might be highly dependent on the age range of participants and have to be taken into 

consideration (note that age ranges of participants in the studies mentioned above differ). 

Importantly, our results found similarities between ASD populations and TD males, 

in contrast to TD females, in terms of the curvatures of age-related changes in 

interhemispheric connectivity. This finding supports the extreme male brain (EMB) theory 

which considers many autism traits as an extreme profile of “typical male” strengths and 

challenges (Baron-Cohen et al. 2011). It explains ASD as an extreme manifestation of a 

male inclination to perceive the external world through systemizing rather than the female 

inclination toward empathizing (Baron-Cohen et al. 2005). Within a biological context, the 

most popular explanation of EMB theory is an alteration of the level of sex hormones, 

particularly fetal testosterone as it has been shown to have a considerable effect on 

prenatal and postnatal brain development (Auyeung et al. 2009). 
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Previously, the EMB theory has been supported by behavioral (Baron-Cohen et al. 

2005), endocrinological (Auyeung et al. 2009), and genetic (Chakrabarti et al. 2009) lines 

of research. Recent studies of brain morphometry are also consistent with the EMB theory 

(Beacher et al. 2012; Lai et al. 2012). Particularly, it has been shown that females with 

male-typical cortical thickness pattern more likely to have ASD than biological females 

with a characteristically female brain phenotype (Ecker et al. 2017). An fMRI study showed 

that brain activity pattern in females with ASD was shifted to neural masculinization; 

however, at the same time, males with ASD demonstrated a shift toward the neuronal 

feminization (Alaerts et al. 2016). Another study got closer to EMB theory by focusing on 

default mode network (DMN) intraconnectivity. It was shown that among four groups, TD 

females had the highest connectivity between DMN nodes whereas ASD females had 

lower connectivity than TD males but higher connectivity than ASD males (Ypma et al. 

2016). Our study provides one of the first robust neuroimaging evidence in support of the 

EMB theory with a large sample size. 

Results from our investigations of associations between developmental 

trajectories of homotopic connectivity are also concordant with observed patterns of group 

differences. LV1 demonstrates that the curvature coefficient in TD males, males and 

females with ASD was on average more positive in contrast to negative curvature 

coefficient of TD females. Thus, the positive association between curvature coefficient and 

mean ADOS score is also consistent with the EMB theory. In other words, the more distinct 

is the shape of the curvature in ASD groups from that of the typical female trajectory the 

more severe the ASD symptomatology. This result is partially congruent with recent 

studies on ASD idiosyncrasy (Hahamy et al. 2015; Vakorin et al. 2017; Nunes et al. 2019). 

Although these prior studies demonstrated that ASD symptomatology increases with 

deviation from typical pattern, they did not investigate the impact of sex differences in this 

association. 

Although the second group contrast explained only 26% variance in the data, it 

captured significant differences between TD males and ASD groups. Mapping of age-

related deviations from typical brain development has the potential to predict ASD from 

individual scans, which has thus far proven difficult using only estimates of overall 

connectivity. Although a number of studies reported relatively high predictive power of 

abnormal brain connectivity in ASD, in particular in adults (Yahata et al. 2016), other 

studies, especially those covering a wide range of ages during development are more 
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conservative regarding the performance of machine learning tools, reporting accuracies 

indistinguishable from chance (Katuwal et al. 2015; Haar et al. 2016). A recent study, 

however, found that the rate of change in surface area and brain volume in infancy can 

predict, with high accuracy, the diagnosis of ASD in high risk siblings of children with ASD 

at 2 years of age (Hazlett et al. 2017). Thus, adopting a developmental perspective 

provides a promising framework to further clarify the nature and extent of atypicalities in 

ASD and is more likely to yield success in the search for imaging biomarkers for ASD than 

focusing on neural alterations which are expected to remain consistent throughout 

development. 

Our results indicate that a developmental trajectories approach is effective when 

exploring sex differences in ASD. We show that although both males and females with 

ASD tend to follow typical male brain trajectory they still are significantly different from one 

another. We suspect that sex differences in ASD may be better characterized as 

differences in developmental trajectories of brain function in ASD rather than absolute 

differences which remain static throughout the course of development. Behavioral 

research shows a similar pattern of findings. Few consistent sex differences in ASD 

behavioral symptoms have been identified, particularly when IQ is in the average range. 

However, different developmental trajectories of symptom presentations are more 

commonly found for boys and girls with ASD. For example, boys were more impaired on 

social and communicative behavior at a young age, whereas females had more social 

deficits as adolescents and adults, specifically in reciprocal interaction and peer 

relationships (McLennan et al. 1993) and more lifetime sensory issues (Lai et al. 2011). 

2.5.1. Conclusion 

Using multivariate data-driven techniques from computational neuroscience and 

neuroimaging, we uniquely demonstrate that the developmental trajectories of homotopic 

connectivity variable across young age with different typical or atypical patterns, providing 

a new framework for studying pathological alterations and sex differences. Moreover, our 

findings indicate that age- and sex-specific alterations in connectivity might better 

characterize this group rather than specific overconnectivity or underconnectivity per se. 

Importantly, we provide one of the first direct evidences in support of the EMB theory in 

terms of developmental trajectories in homotopic functional connectivity. Finally, our 
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results demonstrate the association between developmental trajectory shape and 

symptoms severity in both males and females with ASD. 
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Chapter 3.  
 
Effect of sex on local connectivity and its 
developmental trajectories in ASD 

This paper has been accepted for publication in Cerebral Cortex as Kozhemiako 

N., et al. Alterations in local connectivity and their developmental trajectories in autism 

spectrum disorder: Does being female matter 

 

3.1. Abstract 

Autism Spectrum Disorder (ASD) is diagnosed more often in males with a ratio of 

1:4 females/males. This bias is even stronger in neuroimaging studies. There is growing 

evidence suggesting that local connectivity and its developmental trajectory is altered in 

ASD. Here we aim to investigate how local connectivity and its age-related trajectories 

vary with ASD in both males and females. We used resting-state fMRI data from the 

ABIDE I & II repository: males (n=102) and females (n=92) with ASD, and typically 

developing (TD) males (n=104) and females (n=92) aged between 6 and 26. Local 

connectivity was quantified as regional homogeneity. 

We found increases in local connectivity in participants with ASD in the 

somatomotor and limbic networks and decreased local connectivity within the default 

mode network. These alterations were more pronounced in females with ASD. In addition, 

the association between local connectivity and ASD symptoms was more robust in 

females. Females with ASD had the most distinct developmental trajectories of local 

connectivity compared to other groups. Overall, our findings of more pronounced local 

connectivity alterations in females with ASD could indicate a greater etiological load for an 

ASD diagnosis in this group congruent with the female protective effect hypothesis. 
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3.2. Introduction 

Autism Spectrum Disorder (ASD) is a neurodevelopmental disorder characterized 

by deficits in social communication, interaction and stereotypic behaviours and restricted 

interests (American Psychiatric Association 2013). The ratio of 4 males to 1 female is 

reported in the ASD population but not well understood (Halladay et al. 2015). This gender 

bias is even higher in neuroimaging studies with frequent underrepresentation of females 

with ASD (Hull, Jacokes, et al. 2017). For example, according to the ABIDE I data set 

description, 25% of the sites excluded females participants by design (Di Martino et al. 

2014). In the largest dataset with neuroimaging data on participants with ASD (ABIDE I & 

II) the approximate ratio of males to females with ASD is 6:1. Thus, most of the findings 

on brain alterations in ASD are based on male-skewed samples and not necessarily 

applicable to females with ASD.  

There is growing evidence that brain connectivity alterations are intrinsic to the 

ASD population (Wass 2011). Multiple studies have reported disrupted connectivity in 

distributed networks in ASD, suggesting impaired long-range communication between 

brain areas (Weng et al. 2010; von dem Hagen et al. 2013; Cerliani et al. 2015). Such 

alterations are often interpreted without taking into account the local connectivity within 

the regions which belong to these distributed networks. It has been shown, however, that 

local connectivity alterations might induce long-range connectivity changes underscoring 

the importance of understanding both together with their relationship (Deco et al. 2014). 

Investigation of local connectivity within borders of distributed networks might provide 

additional information facilitating the interpretation of the reported differences in long-

range communication previously reported in ASD.  

One of the most reliable and commonly used fMRI metrics to measure local 

connectivity is regional homogeneity [ReHo] (Zuo and Xing 2014; Jiang and Zuo 2016). 

ReHo measures the concordance of time-series of neighboring voxels, and thus is 

designed to represent local synchronization of spontaneous neural activity on 

approximately one-centimeter scale depending on the voxel size and the number of 

neighboring voxels included in the computation. ReHo typically decreases with age 

(Lopez-Larson et al. 2011), and is associated with cognitive control and inhibition (Wang 

et al. 2014), intelligence (Wang et al. 2011), the signaling hierarchy of information 

processing in the brain (Jiang, Xu, et al. 2015). Sex differences in ReHo distributed across 
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various cortical regions were reported across healthy populations. Using a multivariate-

pattern analysis a recent study was able to predict sex based on ReHo with 79% specificity 

and 88% sensitivity (Wang et al. 2012). This study also reported higher ReHo in males in 

cortical regions located primarily in the right hemisphere, while ReHo in the left 

hemisphere was increased in females. Another study investigated sex differences in ReHo 

within twelve resting-state networks (RSNs) and found males had higher ReHo in primary 

visual network whereas females had marginally significant increase in ReHo within left 

attention network (Xu et al. 2015). 

ReHo has been previously studied in people with ASD and was shown to be altered 

across multiple brain regions, mostly in the right hemisphere (Paakki et al. 2010; Shukla 

et al. 2010; Maximo et al. 2013; Di Martino et al. 2014; Jiang, Hou, et al. 2015). Some of 

these studies also investigated associations between ReHo and age, showing how local 

connectivity age-related changes differ between ASD and typical individuals (Shukla et al. 

2010; Jiang, Hou, et al. 2015; Dajani and Uddin 2016). These studies support the view 

that the developmental approach can be useful in studying ASD alterations (Uddin et al. 

2013). Importantly, male to female ratios in the previous studies investigating ReHo 

ranged from 2.5:1 (Paakki et al. 2010 with 20 males & 8 females) to 25:1 (Shukla et al. 

2010 with 25 males & 1 female). The studies with the largest sample sizes did not include 

females at all (Jiang et al 2015, Maximo et al. 2013).     

Based on previous reports of sex differences in ReHo in normative 

populations (Wang et al. 2012; Xu et al. 2015), together with findings of altered ReHo in 

ASD (Paakki et al. 2010; Maximo et al. 2013; Jiang, Hou, et al. 2015b; Dajani and Uddin 

2016) it could be expected that local connectivity would be disrupted in a different manner 

in males and females with ASD. Due to the relationship between local and long-range 

brain connectivity, and the established disruption of large-scale brain network connectivity 

in ASD, we tested our hypothesis of sex-specific ReHo alterations in ASD population 

within the context of established RSNs. This approach enables us to relate our results to 

the vast findings reported in the context of long-range connectivity alterations. In particular, 

we expected to see alterations in default mode network based on the persistent evidence 

of underconnectivity in participants with ASD within this network (Padmanabhan et al. 

2017). Moreover, there are also indications that such hypoconnectivity is expressed 

differently in males and females suggesting that we could expect to see similar patern in 

the present study (Ypma et al. 2016). Our previous investigation in interhemispheric 
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connectivity indicated that sex-specific alterations in ASD might be better characterized 

as differences in developmental trajectories rather than connectivity differences per 

se (Kozhemiako et al. 2018). More specifically, our previous findings indicated that males 

and females with ASD were following the typical male developmental trajectories in 

interhemispheric homotopic connectivity (Kozhemiako, Vakorin, et al. 2019). A similar 

male-like pattern of developmental trajectories was recently shown for modularity in males 

and females with ASD (Henry et al. 2018). Given the indications that ReHo 

reflects functional segregation and modularity of cortical areas (Jiang and Zuo 2016) we 

hypothesized that males and females with ASD would display more similarities in 

trajectories in local connectivity with typical males than with typical females. Accordingly, 

we used cross-sectional data to investigate associations between ReHo and age and 

specifically compared the developmental trajectories of ReHo between males and females 

with and without ASD. 

3.3. Methods 

3.3.1. Participants 

Resting-state fMRI and anatomical T1 scans were obtained from the ABIDE 

repository (releases I and II), a publicly available repository of neuroimaging data from 

multiple data acquisition centers (Di Martino et al. 2014). To investigate the effect of sex 

and age on ReHo, four groups of subjects were formed: males (male TD, n = 104) and 

females (female TD, n = 92) with typical development (TD), males (male ASD, n = 102) 

and females (female ASD, n = 92) with an ASD diagnosis. Table 3.1 provides detailed 

phenotypic information of the cohorts.  Data for some variables are only available for a 

subset of participants (some information was missed across the centers).  

Table 3.1 Demographic characteristics of the cohort 

Group characteristic Typical Development (TD) Autistic Spectrum Disorder (ASD) 

Males Females Males Females 
Number of subjects 104 92 102 92 
Age (Mean±STD) 13.1±4.14 12.6±4.08 13.0±3.56 12.9±4.13 

Full IQ (Mean±STD) 110.8 ±12.23 
(89 subj) 

113.1±15.33 
(81 subj) 

103.9±19.82 ** 
(89 subj) 

103.7±17.22*** 
(83 subj) 

Verbal IQ (Mean±STD) 112.7±11.83 113.2±16.76 104.9±21.12** 103.2±16.56*** 
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(71 subj) (66 subj) (75 subj) (71 subj) 

Performance IQ (Mean±STD) 107.6±13.22 
(80 subj) 

108.2±14.47 
(73 subj) 

104.1±19.12 
(80 subj) 

101.1±17.88** 
(72 subj) 

ADOS total (Mean±STD)  12.1±4.40 
(50 subj) 

11.4±3.57 
(49 subj) 

ADOS communication 
(Mean±STD)  3.8±1.75 

(50 subj) 
3.3±1.36 
(49 subj) 

ADOS social interaction 
(Mean±STD)  8.0±3.17 

(50 subj) 
7.6±2.29 
(49 subj) 

ADOS restricted & repetitive 
behaviours (Mean±STD)  2.1±1.80 

(42 subj) 
1.9±1.6 
(42 subj) 

SRS total (Mean±STD) 18.4 ±11.09 
(34 subj) 

17.4 ±16.72 
(31 subj) 

91.6 ±27.03*** 
(32 subj) 

95.5 ±28.60*** 
(34 subj) 

SRS awareness (Mean±STD) 4.1 ±2.19 
(34 subj) 

4.0 ±3.20 
(31 subj) 

12.8 ±3.37*** 
(32 subj) 

12.4 ±4.52*** 
(34 subj) 

SRS cognition (Mean±STD) 2.7 ±2.21 
(34 subj) 

2.6 ±2.45 
(31 subj) 

15.7 ±6.44*** 
(32 subj) 

17.7 ±5.40*** 
(34 subj) 

SRS communication 
(Mean±STD) 

5.8±4.79 
(34 subj) 

5.8 ±6.20 
(31 subj) 

30.6 ±9.65*** 
(32 subj) 

32.1 ±10.73*** 
(34 subj) 

SRS motivation (Mean±STD) 4.2±2.52 
(34 subj) 

2.9 ±3.87 
(31 subj) 

14.5 ±5.92*** 
(32 subj) 

15.4 ±5.66*** 
(34 subj) 

SRS mannerism (Mean±STD) 1.7±2.73 
(34 subj) 

2.1 ±2.91 
(31 subj) 

18.0 ±6.86*** 
(32 subj) 

18.0 ±6.60*** 
(34 subj) 

Framewise Displacement 
(Mean±STD) 0.18±0.145 0.17±0.143 0.20±0.122 0.20±0.133 

** - p < 0.01, *** - p < 0.001, STD – standard deviation, IQ – Intelligence Quotient, ADOS – Autism Diagnostic 
Observation Schedule, SRS – Social Responsiveness Scale 

The female TD and female ASD groups were formed first because the dataset 

included few females. To avoid any possible bias due to unbalanced sample sizes, 

random subsamples of male subjects were selected from the total cohorts of TD and ASD 

male cohorts to form age- and center-matched male TD and male ASD groups. All groups 

were formed with the following inclusion criteria: (i) similar representation of subjects per 

center and the total number of subjects per center more than ten (Table A2); (ii) acceptable 

quality of structural MRI scans and acceptable coverage of cerebellum on fMRI scans 

confirmed by visual inspection (since cerebellum ROIs were included in our subsequent 

analysis); (iii) successful preprocessing using Configurable Pipeline for the Analysis of 

Connectomes (C-PAC, see more details below); (iv) age range 6 – 26 years and no 

significant group differences in age between groups tested by six two-sample t-tests. Due 

to our intention to investigate developmental trajectories, we aimed to use the sample with 
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an age range as wide as possible. Initially we focused on participants with ages 6 to 30 

years.  As the number of subjects available through the ABIDE I & II database drops 

significantly after 30 years, because additional scans were not available for analysis due 

to unsuccessful preprocessing or failure of visual scan inspection, we restricted our 

analysis to participants 6 – 26 years of age.  

3.3.2. Data acquisition and preprocessing 

Since ABIDE I and II is a multi-center dataset, with data acquisition parameters 

which were specific to each data acquisition site. The scan parameters and acquisition 

protocols are provided at http://fcon_1000.projects.nitrc.org/indi/abide/.  C-PAC was used 

to preprocess anatomical and functional MRI scans (Craddock et al. 2013). Structural MRI 

scans underwent brain extraction and segmentation into gray matter, WM, and CSF. For 

the functional MRI, the following standard preprocessing steps were applied: slice timing 

correction and spatial realignment. Sources of spurious signals were removed by 

regressing out linear and quadratic trends, Friston 24 motion parameters signals and 10 

CompCor components derived from nuisance signals from the cerebrospinal fluid (CSF) 

and white matter (WM) (Friston et al. 1996; Behzadi et al. 2007). Subsequently, the 

temporal band-pass filter of 0.1 – 0.01 Hz was applied. Then, functional and anatomical 

images were normalized by aligning to the Montreal Neurological Institute (MNI) standard 

space and co-registered together.  

 

3.3.3. Brain-behaviour correlation 

For a subset of the original ASD sample, three scores of the Autism Diagnostic 

Observation Schedule (ADOS) were available: reciprocal social interaction, 

communication, and stereotyped behaviors and restricted interests. The majority of those 

participants were assessed with module 3 (33 males with ASD and 32 females with ASD). 

However, there were a few participants assessed with module 4 (9 males with ASD and 8 

females with ASD) and module 2 (1 male with ASD and 2 females with ASD). Scores for 

participants who were assessed with module 2 and 3 were taken only if the ADOS version 

was ADOS-Generic. Module 4 assessment scores were used from both ADOS-Generic 
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and ADOS2 since changes introduced to computational algorithms with the ADOS update 

did not include module 4.   

For a different subset of individuals from all groups scores of the Social 

Responsiveness Scale (SRS) five sub-scales were available, including awareness, 

cognition, communication, motivation, and mannerism. Table 1 describes the sample with 

available ADOS and SRS scores. We used these scores to investigate correlations 

between ReHo and ASD symptomatology. 

 

3.3.4. Regional Homogeneity calculation and analysis 

The standard implementation of C-PAC was used to calculate ReHo, a voxel-

based measure of brain activity, which represents the similarity between the time series 

of a given voxel and the surrounding 26 voxels. This was accomplished by computing 

Kendall’s coefficient of concordance (Zang et al. 2004). Obtained individual ReHo maps 

were spatially smoothed using a Gaussian filter of 6 mm. To explore changes in ReHo in 

terms of functional networks,  we applied cerebral gray matter 7 Network Liberal Mask for 

selecting cerebral gray matter voxels and 7 network mask of the cerebellum (Buckner et 

al. 2011; Yeo et al. 2011). Each voxel from these masks has a label indicating its 

membership in one of the seven RSNs: visual, somatomotor, dorsal attention, ventral 

attention, limbic, fronto-parietal control and default mode network. To correct for center-

specific variability in ReHo, for each voxel a linear model was fitted to estimate the 

variance explained by centers while preserving the variance explained by group, sex, age, 

group-by-age, and sex-by-group interactions: 
 

𝑹𝒆𝑯𝒐(𝒂𝒈𝒆)	~	𝑰𝒏𝒕𝒆𝒓𝒄𝒆𝒑𝒕+	𝜶𝒐𝑪𝒆𝒏𝒕𝒆𝒓 + 𝜶𝟏𝑨𝒈𝒆+	𝜶𝟐𝑮𝒓𝒐𝒖𝒑+	𝜶𝟑𝑺𝒆𝒙+	𝜶𝟒(𝑮𝒓𝒐𝒖𝒑× 𝑨𝒈𝒆) +	𝜶𝟓(𝑮𝒓𝒐𝒖𝒑×

	𝑺𝒆𝒙), 

 

where 𝐶𝑒𝑛𝑡𝑒𝑟 is a binary matrix (the number of subjects by the number of centers 

– 1) and 𝛼F explains the center variability for a given voxel. The term  𝛼F𝐶𝑒𝑛𝑡𝑒𝑟 was 

removed for ReHo values of each voxel. Further, individual ReHo values were 

standardized by dividing the ReHo value of each voxel by the global mean across all 

voxels for a given individual similarly to previous ReHo studies on ASD (Paakki et al. 2010; 
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Shukla et al. 2010; Dajani and Uddin 2016). We use this normalized ReHo for all 

subsequent analyses.  

3.3.5. Statistical analysis 

We applied a series of Partial Least Squares (PLS) analysis to test for group 

differences and associations between ReHo scores and ASD symptomatology (Lobaugh 

et al. 2001; McIntosh and Lobaugh 2004). There numerous advantages of PLS. First, it is 

a multivariate technique that considers ReHo values for all voxels at once when testing 

for group differences (so called mean-centered PLS) or associations with behavioural 

variables (so called behavioural PLS). Second, PLS allows comparison of several 

experimental groups or conditions at once. Third, there is no need to specify group 

contrast when using PLS.   

PLS is a multivariate approach that aims to extract the latent variables (LVs) which 

express the most variance in the data. The LVs are based on the singular value 

decomposition of the ReHo data organized as one matrix of size number-of-subjects by 

number-of-voxels. Subsequently, permutation and bootstrap tests are performed to test 

the significance of individual LVs, and to investigate the robustness of contribution of 

individual voxels to overall group differences (mean-centered PLS) or correlations 

(behavioral PLS). The permutation test is based on randomly permuting subjects across 

groups. It renders a single p-value for each LV, reflecting its statistical significance (it can 

be considered as a ‘global’ test). The bootstrap test is based on randomly sampling the 

subjects with replacement within the groups. As a result, each voxel is associated with a 

bootstrap ratio value (original saliences divided by the standard deviation of the saliences 

in the bootstrap samples), which is equivalent to z-scores. 

In our study, we used two types of PLS analyses: mean-centered and behavioral 

PLS. Mean-centered PLS is used to test the significance of group differences whereas 

behavioural PLS is used to investigate the significance of associations between ‘imaging’ 

data (such as ReHo) and ‘behavioral’ variables (continuous such as behavioural scores 

or age). For both types of PLS, a LV is composed of three elements: (i) singular vector 

that represents a group contrast in mean-centered PLS (e.g. Figure 3.2, A) or overall 

correlation in behavioural PLS (e.g. Figure 3.4, A). (ii) Singular value that indicates total 

variance of the data expressed by this LV. We report total variance of the data explained 

by a LV in percentage next to groups contrast or overall correlations (e.g. Figure 3.2, A). 
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(iii) Singular vector with bootstrap ratios for each voxel that demonstrates the contribution 

of each voxel to the groups contrast or overall correlations and can be interpreted as a z-

score. In the results section, we report general distribution of the z-scores (e.g. Figure 3.2, 

B) and spatial distribution of z-scores on the brain surface (e.g. Figure 3.2, C) using the z-

score threshold of -2.5 and +2.5 since it is approximately corresponds to 99% confidence 

interval (McIntosh and Lobaugh 2004).  For all PLS analyses 3000 permutations and 3000 

bootstrap resampling were run. We ran PLS both including ReHo for all voxels as well as 

separately for each resting state network (n=7). In the latter case, the p-values were 

corrected for multiple comparisons using Bonferroni correction. Figure 3.1 schematically 

illustrates the workflow of the analyses. We tested differences in demographic and 

psychometric characteristics between groups by a series of two-sample t-tests (Table 3.1).  

 
Figure 3.1 Analysis workflow 
A – Group analysis of regional homogeneity (ReHo): We used C-PAC to compute ReHo as 
Kendell’s Concordance Coefficient (KCC) between time series of 27 voxels and applied seven 
resting state networks (RSNs) liberal gray matter mask of cortex and cerebellum (1). Four 
ReHo matrices were obtained – one for each group (2). To test if there were group differences 
in ReHo we employed mean-centered Partial Least Squares (PLS) analysis (3): one global 
PLS was run with four groups across all voxels and seven PLS analyses were run separately 
for voxels within particular RSN. We also ran four pairwise PLS analyses (males ASD vs males 
TD, females ASD vs females TD, males ASD vs females ASD and males TD vs females TD) 



59 

across all voxels as well as separately for each RSN. We investigated the association between 
ReHo and ASD symptoms severity using behavioral PLS (4). For ASD groups, we used three 
subscales of the ADOS to investigate associations with ReHo with all voxels and for each RSN 
separately. Five SRS subscales were used to investigate the association with ReHo in all four 
groups (across all voxels and separately for each RSN) (4). We also used behavioural PLS to 
investigate the association between ReHo and age for all four groups across all voxels and 
separately for each RSN (5). B – Group analysis on developmental trajectories of ReHo: first 
we generated 50 subsamples of 50 subjects separately for each group (6), then we fitted a 
linear function to each subsample (7) and formed new data matrices of slope coefficients (8) 
which were compared across four groups using mean-centered PLS (9). 

 

3.3.6. Developmental trajectories of ReHo 

To investigate age-related changes in ReHo using cross-sectional data we used a 

linear model to fit ReHo as a function of age for each group separately. To compare the 

slope coefficients of developmental trajectories between the groups, subsampling was 

used to generate a distribution of the slope estimates per group. This was done by 

randomly choosing subsamples of subjects, separately for each group, and fitting the 

linear model for each subsample (Vakorin et al. 2017; Kozhemiako, Vakorin, et al. 2019). 

Assuming that the procedure for removing site-specific effects worked reasonably well, 

we did not apply any restriction on the sub-samples center representation. The distribution 

of ABIDE subjects across age was not uniform. To alleviate these effects, we generated 

a large number of subsamples (10,000) of 50 subjects for each group and selected 50 

subsamples with the flattest age distribution based on the entropy of the distribution (the 

higher entropy would be characteristic for more uniform distributions).  The slope 

coefficients were estimated for each subsample and each voxel by fitting a linear 

polynomial model of age. This resulted in four matrices (one for each group) with 

dimensions 50 subsamples times the number of voxels. In other words, for the purpose of 

testing for group differences, the subsamples were equivalent to the observations 

(subjects), whereas the features (attributes) were represented by the slope estimates of 

the fitted trajectories across voxels, instead of ReHo values across voxels.  
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3.4. Results 

3.4.1. Differences in ReHo between ASD and TD groups 

PLS analysis performed to test for group differences across the four experimental 

groups (ASD/TD males/females) revealed two significant LVs. The first significant LV (p < 

0.001) expressed 40% of the data variance (Figure 3.2). Data-driven group contrast 

associated with this LV essentially expressed group differences in ReHo between ASD 

and TD groups (Figure 3.2, A). As shown in Figure 3.2, B, the z-score distribution is not 

skewed dramatically to the right or left, indicating that there were areas with higher (right 

tail highlighted in red) ReHo, as well as areas with lower (left tail highlighted in blue) ReHo 

in both males and females with ASD groups compared to TD groups. The spatial 

distribution of z-scores on the brain surface (Figure 3.2, C) indicates that higher ReHo in 

the ASD groups was most pronounced in the right primary motor cortex, left and right 

supplemental motor areas, left operculum, posterior cerebellum, and bilateral temporal 

poles. Lower ReHo in ASD groups was observed bilaterally in the medial prefrontal cortex, 

middle frontal gyrus, posterior cingulate cortex and precuneus, right supramarginal area. 

We computed the percentage of significant voxels for each resting state network (Figure 

3.2, D). ASD groups had higher ReHo in the limbic and somatomotor resting state 

networks, whereas lower ReHo was observed for the ASD groups in the default mode 

network.  

In addition, two pairwise PLS analysis were run separately for male and female 

groups (males ASD vs males TD [Figure 3.2, E] and females ASD vs females TD [Figure 

3.2, F]) to determine if group differences between ASD and TD participants were present 

in both male and female groups if compared separately. Both analyses confirmed the 

differences revealed by the main PLS analysis.  
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Figure 3.2 Group differences in ReHo between ASD and TD participants 
A – significant PLS contrast (p < 0.001); B – distribution of z-scores across ROIs where red 
and blue tails represent number of voxels with z-score > 2.5 or <-2.5 respectively; C – spatial 
distribution of z-scores where areas in blue represent regions with lower ReHo in ASD groups 
and areas in red map the regions with higher ReHo in ASD groups compared with TD 
participants; D – the graph represents the percentage of voxels with z-score >2.5 (red) or <-
2.5 (blue) of each of the seven resting state networks; E – group contrast between ASD and 
TD males and a bar graph of the significant voxels within resting state networks; F – group 
contrast between ASD and TD females and a bar graph of the significant voxels within resting 
state networks. 
* - significant group differences that were revealed by a series of PLS analyses run for each 
resting state network separately; ** - significant differences after Bonferroni correction. 

 

3.4.2. Differences in ReHo between male and female groups 

The second data-driven LV (p < 0.05) expressed 33% of the variance in the data. 

The corresponding group contrast (Figure 3.3, A) represented group differences in ReHo 
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between males and females. According to the z-score distribution, there were slightly more 

significant voxels with negative z-score than with positive z-scores. Given the group 

contrast, this indicates that that, on average, female groups had lower ReHo compared to 

the male groups. Decreased ReHo in the female groups was located bilaterally in the 

inferior parietal cortex, anterior insular cortex, temporooccipital and supramarginal areas 

(Figure 3.3, C). On the RSN level, the highest percentage of voxels with z-score < -2.5 

were observed in the somatomotor, default mode networks (Figure 3.3, D). The areas with 

higher ReHo in female groups included the parieto-occipital sulcus, inferior temporal 

cortex bilaterally and anterior cerebellum. The highest percentage of significant voxels 

with positive z-scores were registered in the ventral attention network.  To determine if sex 

differences revealed by the second LV we ran two separate PLS analyses: (i) males ASD 

vs females ASD; and (ii) males TD vs females TD. Both PLS analyses did not reveal 

statistically significant differences, for TD groups where was a statistical trend with the p-

value was approaching significance. Speculatively, this might suggest that sex differences 

in ReHo observed in the second LV were driven mostly by differences between the TD 

groups.  
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Figure 3.3 Sex differences in ReHo between groups 
A – significant PLS contrast associated with second LV (p < 0.05); B – distribution of z-scores 
across ROIs where red and blue tails represent number of voxels with z-score > 2.5 or <-2.5 
respectively; C – spatial distribution of z-scores where areas in blue represent regions with 
lower ReHo in female groups and areas in red map the regions with higher ReHo in female 
groups compared to male participants; D – graph represents the percentage of voxels with z-
score >2.5 (red) or <-2.5 (blue) in each of the seven resting state networks; E – group contrast 
between males and females with ASD and the bar graph of the percentage of significant voxels 
across resting state networks; F – group contrast between TD males and females and the 
representation of group differences across resting state networks.  
* - significant group differences revealed by series of PLS analyses run for each resting state 
network separately (but none of them survived Bonferroni correction). 

3.4.3. ReHo association with ASD symptomatology 

We ran two behavioral PLS analyses, separately for males and females with ASD, 

to test if there was an association between three subscales of the ADOS and overall ReHo 

across all voxels. We found no significant correlation between ADOS and ReHo on the 

global level (ReHo in all voxels) for both groups. Subsequent analyses on the network 
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level, however, revealed significant correlations between the ADOS scores in three 

subscales and ReHo within the limbic network in females (Figure 3.4, A). The distribution 

of the z-scores across voxels was positively skewed, indicating the presence of overall 

positive correlations between ADOS scores and ReHo within the limbic network (Figure 

3.4, A).  

SRS scores were also available for some subjects in each group (see Table 3.1). 

To investigate their association with ReHo, we ran four separate PLS analyses across all 

voxels (one for each group). No group expressed significant correlations between the SRS 

scores and global ReHo. The analyses at the network level, though, revealed a few 

significant correlations. Females with ASD demonstrated significant correlations between 

ReHo in the ventral attention network and all five subscales of the SRS (Figure 3.4, B). 

From the z-score distribution across voxels we can see that it was mostly positive 

correlations. For males with ASD, ReHo in the somatomotor network was positively 

correlated with the SRS cognition score (Figure 3.4, C). Among TD groups, only females 

had significant associations between SRS scores and ReHo. Similarly to males with ASD, 

TD females showed significant correlations between SRS subscales and ReHo within the 

somatomotor network (Figure 3.4, F). However, whereas in males with ASD ReHo was 

significantly linked to SRS cognition sub-scale only, the association for TD females 

involved all five sub-scales of the SRS. Another significant positive association between 

ReHo and the SRS in TD females was registered in the limbic network (Figure 3.4, D). 

This association shares some similarity with correlations we found for females with ASD, 

where higher ReHo within the limbic network was also associated with ASD severity (but 

measured by ADOS scores). ReHo in the ventral attention network in typical females was 

positively correlated with all SRS sub-scores, similarly to females with ASD (Figure 3.4, 

E).  We ran seven PLS analyses for each group (one for each RSN) to investigate the 

association between ReHo and ASD symptoms severity. After correcting for multiple 

comparisons with a Bonferroni method, only the association between ReHo within the 

limbic network and SRS sub-scales in TD females survived the correction. 
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Figure 3.4 Association between ReHo and severity of ASD symptoms 
A – Overall correlations between ADOS sub-scales and ReHo within limbic network in ASD 
females. Overall correlation between SRS sub-scales and ReHo within B – ventral attention 
network in females with ASD; C – somatomotor network in males with ASD; D – limbic network, 
E – ventral attention network, F – somatomotor network in TD females. ADOS SBRI – 
stereotyped behaviors and restricted interests, ADOS Comm – communication, ADOS Social 
– reciprocal social interaction, SRS Awar – awareness, SRS Cogn – cognition, SRS Comm – 
communication, SRS Motiv – motivation, SRS Mann – mannerism. 

3.4.4. Association between ReHo and age  

We performed four behavioral PLS analyses to investigate an association between 

ReHo across all voxels and age of participants, one for each group. We found significant 

correlations between age and global ReHo for all four groups (Figure 3.5). In general, 

there were both positive and negative correlations between age and ReHo for all groups. 

In the visual network, ReHo was positively correlated with age in all four groups. Similarly, 
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positive correlations were seen in the ventral attention network but only in ASD groups. 

ReHo within other resting state networks expressed negative correlations with age.  

We also checked for similarities in the spatial distribution of the correlations 

between age and ReHo among all groups by computing correlations between z-scores 

obtained from PLS analyses (Figure 3.5, E). The highest similarity was observed between 

TD groups (r = 0.58). Male groups also had a similar pattern of ReHo association with age 

(r = 0.51). Interestingly, ASD females were more distinct in the spatial pattern of age 

association with ReHo with TD groups (r = 0.25 with males TD and r = 0.27 with females 

TD) compared to ASD males. While all other groups had z-score distributions slightly 

skewed to the negative side, females with ASD had it more symmetric. Visual analysis 

indicates that correlations between ReHo and age in the cerebellum, medial occipital 

cortex were more positive compared to TD groups, while the parietal and central areas 

had more negative correlations with age. Such results suggested that investigating 

developmental trajectories could be considered a sensitive biomarker for sex-specific 

alterations in ASD. We thoroughly tested this hypothesis in the next section in more detail. 

Since our results indicate significant linear associations between age and ReHo in all four 

groups we decided to focus primarily on linear age effects. However, in the appendix B 

we also provide developmental trajectories analyses using quadratic and cubic functions 

to model the age-related changes in ReHo. 
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Figure 3.5 Association between ReHo and age, separately for each group 
A - males ASD; B – males TD; C – females ASD; D – females TD. For each group there is z-
score distribution histogram, the spatial distribution z-score on brain surface (in the red-colored 
areas ReHo increases with age and in the blue-colored areas ReHo decreases with age 
relative to the mean ReHo); E – table representing a spatial similarity between age-related 
changes in ReHo.  
* - significant group differences revealed by a series of PLS analyses run for each resting state 
network separately; ** - significant differences after Bonferroni correction. 
 

3.4.5. Group differences in ReHo developmental trajectories 

We compared the rate of changes in ReHo, which was quantified as the slope 

coefficients estimated by fitting a linear model to sub-samples generated for each group. 

The PLS analysis revealed three data-driven significant LVs.  The group contrast 

associated with the first LV explained the largest portion of data variance (41 %, Figure 

3.6, first row). Based on dissimilarities in ReHo developmental trajectories, this contrast 

separated females with ASD from three other groups (and in particular, from TD females). 
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Differences in developmental trajectories were distributed across all RSNs with visual, 

limbic, ventral, and dorsal attention networks consisting of mostly positive z-scores and 

somatomotor, frontoparietal control, and default mode network consisting of negative z-

scores. Note that in this analysis, we compare the slope coefficients and positive z-score 

in general means a bigger slope coefficient in one group compared to the other. Thus, a 

positive z-score can mean i) stronger positive correlation (stronger association with age) 

in one group compared to others; ii) correlation closer to zero (weaker association with 

age) in one group when other groups have negative correlations. Similarly, a negative z-

score implies a smaller correlation coefficient indicating either i) stronger negative 

correlation in one group compared to others or ii) a correlation closer to zero in one group 

when other groups have positive correlations. For this group contrast, females with ASD 

demonstrated stronger positive correlations between ReHo and age in the visual network, 

weaker negative correlation in the ventral attention and limbic networks, as compared to 

other groups. At the same time, females with ASD expressed stronger negative correlation 

between ReHo and age within frontal-parietal control and default mode networks. 

The second LV explained 32% of the variance in the data and identified 

developmental trajectories in ReHo that were distinct in males with ASD, relative to the 

other three groups. In comparison with other groups, males with ASD had stronger 

negative correlations between age and ReHo within the somatomotor and dorsal attention 

networks, together with weaker negative correlations in the default mode network. The 

last (third) statistically reliable LV (27% of variance explained) associated with group 

contrast (Figure 3.6) revealed differences between TD males and all other groups. ReHo 

within the ventral attention, dorsal attention, and somatomotor networks had weaker 

negative correlations with age in TD males, whereas in the visual system there were 

weaker positive correlations with age as compared to other groups.  
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Figure 3.6 Group differences in ReHo developmental trajectories 
the first row is LV #1 representing 42% of variance in the data that separates females with 
ASD from the other three groups (in particular from TD females); the second row represents 
LV #2 that expresses 32% of variance in the data and revealed different developmental 
trajectories in ASD males as compared to other groups; the third row illustrates LV #3 that 
represents 27% of variance in the data and shows differences in developmental trajectories 
between TD males and other three groups. Column A – group contrasts showing group 
differences; column B – distribution of Z-scores with tails representing 5% of voxels with 
highest (in red) and lowest (in blue) z-scores; column C – a bar graph illustrating percentage 
of voxels that belong to the 5% tails for each RSN; D – spatial distribution of z-scores 
associated with each group contrast on the brain surface. 

3.5. Discussion 

In this study, we used a large publicly available dataset to test the hypothesis of 

sex-specific alterations in local connectivity and its developmental trajectories in 

participants with ASD. We found that both males and females with ASD had substantial 

alterations in ReHo within the somatomotor, limbic, and default mode networks as 

compared to participants without ASD. Moreover, increased ReHo in the somatomotor 

network in males with ASD and the limbic network in females with ASD positively 

correlated with ASD severity. We also found that ReHo was significantly associated with 
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age in all groups but followed distinct developmental trajectories across groups. In 

particular, females with ASD had the most divergent age-related changes in ReHo 

compared to the other groups. Importantly, it is the first study focusing on ReHo that 

investigates females with ASD as a separate group and our results indicate that alterations 

in ReHo, their association with ASD symptomatology, and distinct developmental changes 

of ReHo are not only present in females to the same extent as in males but are even more 

robust. 

3.5.1. The overall findings in the context of existing hypotheses 
explaining male bias in ASD 

Existing hypotheses attempting to explain male preponderance in ASD could 

provide some help in interpreting our findings. The Female Protective Effect (FPE) 

hypothesis (Lai, Lerch, et al. 2017) suggests that there are innate protective features of 

the female sex (particular genetic and/or hormonal features) that protect females from 

developing ASD. This theory stipulates that the etiological load has to be greater for 

females to manifest the same ASD symptoms as compared to males. This hypothesis has 

been supported by multiple genetic studies (Robinson et al. 2013; Jacquemont et al. 

2014). In the present study, both females and males had demonstrated a sufficient level 

of behavioural impairments to receive an ASD diagnosis. Speculatively, the level of 

alterations in ReHo and its developmental trajectories could be higher in females due to 

the confirmed presence of ASD symptomatology despite protective features of the female 

brain as suggested by the FPE hypothesis. It also implies that more pronounced 

disruptions in females with ASD may be triggered by greater etiological load (e.g. genetic 

risk factors, environmental perturbations) faced by them compared to males.  Alternatively, 

the Extreme Male Brain (EMB) theory considers many autism traits as an extreme profile 

of ‘typical male’ cognitive style (Baron-Cohen 2002). It has been supported by multiple 

behavioural, endocrinological and genetic studies (Baron-Cohen et al. 2005; Auyeung et 

al. 2009; Chakrabarti et al. 2009) as well as some neuroimaging findings (Ypma et al. 

2016; Kozhemiako, Vakorin, et al. 2019). Based on this theory, there should be more 

similarities between participants with ASD and typical males as compared to typical 

females. Our findings of more robust differences in ReHo and its developmental 

trajectories between female groups are consistent with this hypothesis. However, there 

was no indication of similarity between ASD-related alterations and typical male local 

connectivity pattern in our results to support EMB theory entirely. Another possible 
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explanation for the more pronounced alterations in females could arise from imperfections 

in diagnostic tools and procedures which more often fail to identify ASD symptomatology 

in females. There is evidence that females are better in camouflaging the social and 

communication deficits (Lai, Lombardo, et al. 2017). Consistent with this view, a recent 

study demonstrated that to be diagnosed with ASD girls need to exhibit more severe 

behavioural impairments compared to boys (Dworzynski et al. 2012). Accordingly, more 

robust disruptions in connectivity in females with ASD could potentially reflect the 

difference in the symptomatology between male and female participants due to the male 

bias in diagnostic tools. However, our results showing a high correlation between ReHo 

and symptomatology in females are not consistent with this interpretation. Overall, while 

being partially compatible with multiple hypotheses aiming to explain the disproportionate 

male-to-female ratio in ASD, our overall results support the FPE hypothesis as the most 

viable interpretation.  

3.5.2. Group differences in local connectivity  

Our comparison of ReHo across groups revealed both increased and decreased 

ReHo in participants with ASD. These results are topologically congruent with previous 

studies showing differences between participants with and without ASD (although mostly 

from male-composed samples) with similar age ranges. Most of these studies reported 

decreased ReHo in middle and posterior cingulate, precuneus and medial prefrontal 

cortex, middle frontal gyrus (Shukla et al. 2010; Maximo et al. 2013; Di Martino et al. 2014; 

Dajani and Uddin 2016). Our results are similar to other works which showed increased 

ReHo in temporal pole, amygdala and posterior cerebellum (Paakki et al. 2010; Shukla et 

al. 2010). Such group differences between ASD and TD participants are present even 

when considering males and females separately.  

In our analysis, we also consider changes in ReHo with respect to the RSN borders 

by computing the percentage of voxels with a significant z-score within a particular 

network. In this way, we assess the state of local connectivity within the nodes that belong 

to a particular RSN. Our analysis revealed that voxels within limbic and somatomotor 

networks had higher local connectivity in the ASD groups. This finding aligns with previous 

reports of somatosensory and limbic overactivation in participants with ASD in response 

to a tactile stimuli that was associated with sensory over-responsivity, a very common 

symptom of ASD that recently has being added to the diagnostic criteria specified in DSM-
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5 (American Psychiatric Association 2013; Green et al. 2015). Speculatively, such 

overconnectivity at rest might predispose to the over-reactivity in the areas of 

somatomotor and limbic networks in response to sensory stimuli probably also interfering 

with large-scale network integration.  

Our results also revealed that voxels belonging to default mode network were 

greatly involved in the group differences with lower ReHo in both ASD groups. Previously, 

the majority of connectivity studies were focusing on investigating RSN connectivity 

alterations based on long-range connections (Cerliani et al. 2015; Hull, Jacokes, et al. 

2017; Nunes et al. 2018). There is mounting evidence reporting alterations in default mode 

network in ASD and the majority of these studies report underconnectivity in ASD (Weng 

et al. 2010; von dem Hagen et al. 2013; Padmanabhan et al. 2017). To our knowledge 

there was just one study focusing on sex differences and default mode network 

connectivity in ASD, which confirmed that underconnectivity in the default mode network 

is present in both males and females with ASD (Ypma et al. 2016). Such decrease in long-

range connectivity and local connectivity within the default mode network suggests that 

the pathological changes in this network affects multiple scales of neuronal 

communication. 

It has been well recognized that efficient information processing in the brain 

requires a balance between local and long-range connectivity (Bullmore and Sporns 

2009). Although there is some evidence that the local connectivity might affect whole-brain 

dynamics (Deco et al. 2014), the understanding of the association between local and long-

range connectivity is far from complete. Speculatively, both local and long-range 

underconnectivity might be interlinked, e.g. the local area being not able to activate and 

deactivate synchronously as a result of weaker input from other nodes of the network due 

to long-range underconnectivity. Or the other way around, the long-range communication 

being weakened by the inability to generate strong output signals due to the lack of local 

synchronization. Alternatively, there is evidence from brain stimulation studies that local 

underconnectivity might coexist with long-range overconnectivity, as the result of a 

compensation effect (Davis et al. 2017). It is clear that more research is needed to unravel 

the link between local and distributed connectivity alterations and their causality. This 

would aid our interpretation of atypicalities observed in ASD brain and provide insights on 

neural origin of such atypicalities. 
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Another significant LV obtained from the four-group comparison appeared to show 

sex differences in ReHo with males (both ASD and TD) in general having higher ReHo 

than females with and without ASD. More specifically males tended to have higher ReHo 

in dorsal attention, default mode and somatomotor network whereas females had higher 

ReHo within ventral attention network. The latter finding is in line with a recent study on 

sex differences in ReHo showing higher ReHo in females within the lateral attention 

network. They also reported higher ReHo in visual network in males (Xu et al. 2015). 

Another study showed higher ReHo in females mostly in middle frontal gyrus and 

precuneus of the left hemisphere while males exhibited higher ReHo mostly in the right 

hemisphere including middle frontal and precentral gyrus. (Wang et al. 2012).  There is an 

evidence that higher ReHo can be reflective of higher functional segregation and 

modularity (Jiang and Zuo 2016). Considering this, our results are in line with another 

study focused on normal sex difference using a large sample of typical males and females 

reported higher modularity in males compared to females (Ingalhalikar et al. 2014). 

3.5.3. Associations between local connectivity and ASD severity 

The association between ReHo and ASD symptomatology, although being non-

significant on the whole brain scale, revealed significant links on the network level. Overall, 

association with ASD symptomatology was also more extensive in females with ASD 

compared to males. Specifically, females with ASD demonstrated positive associations 

between increased ReHo in the limbic network and severity of ASD symptoms measured 

by three ADOS scales (communication, reciprocal social interaction, stereotyped 

behaviours and restricted interests). Higher scores in all five SRS sub-scales were 

correlated with higher ReHo within the ventral attention network. In contrast, males with 

ASD had poorer ratings on cognition (indexed by the SRS) correlated positively with higher 

ReHo within the somatomotor network. In the TD groups, while no correlations were found 

for TD males and SRS scores, TD females showed significant associations between SRS 

scores and local connectivity within somatomotor, limbic, and ventral attention networks.  

The fact that local connectivity within somatomotor and limbic networks was 

related to ASD symptomatology is of particular interest, since higher ReHo there was 

featured in the group differences between ASD and TD groups. Worth mentioning in this 

regard, that numerous behavioral studies report differences in behavioral phenotypes 

between males and females with ASD. It has been shown that females with ASD, 
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compared to males, tend to have more ‘internalizing’ emotion-related difficulties such as 

social anxiety and in general, studies on anxiety often report the alterations in various 

parts of the limbic system (Hartley and Sikora 2009; May et al. 2014; Brooks and Stein 

2015). In contrast, males with ASD typically display more repetitive and stereotyped 

behaviours that some models link to alterations in the motor system (Van Wijngaarden-

Cremers et al. 2014; Kim et al. 2016). Future studies are needed to directly investigate 

such potential links between local connectivity within somatomotor and limbic networks 

and behavior to aid to our understanding of neural correlates of different behavioural 

phenotypes in males and females with ASD. 

3.5.4. Associations between local connectivity and age and 
differences in developmental trajectories between groups 

In the final part of our study, we show that ReHo is significantly associated with 

age in males and females with ASD as well as in TD groups. However, the age-related 

changes of ReHo are distinct in these groups.  In particular, we demonstrate altered 

developmental trajectories for ReHo in females with ASD which are different from other 

groups. These findings add to the growing body of evidence supporting the developmental 

approach to investigating of atypical brain function and structure in ASD (Vakorin et al. 

2017; Henry et al. 2018; Kozhemiako, Vakorin, et al. 2019; Nunes et al. 2019). Based on 

the structural findings, deviation from the typical trajectory of brain development most likely 

occurs at the very early life stages. The early overgrowth hypothesis suggests that brain 

volume enlargement, although not present at birth, becomes detectable by the end of the 

first year of life (Mosconi et al. 2006). The rate of change in brain volume and surface area 

in infants reliably predicted if they would develop ASD in the future (Hazlett et al. 2017). 

Such promising findings based on structural data motivate investigations of developmental 

changes in brain function as well. 

The results of the current study indicate that females with ASD had the most 

distinct developmental pattern of ReHo as evidenced by the contrast explaining more than 

40% of the variance in the data. Those differences in age-related changes involved the 

majority of RSN revealing a complex pattern of stronger positive correlation in visual 

network, weaker negative correlation in limbic and ventral attention network and stronger 

negative correlation in fronto-parietal control and default mode network. In contrast, males 

with ASD were different from other groups mostly due to stronger negative correlations in 
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somatomotor network. Another recent study investigated age and sex effect in functional 

integration and segregation in individuals with ASD (Henry et al. 2018). They also found 

that age-related changes in modularity involving the somatomotor network were 

contributing the most to observed group differences between ASD and TD groups. In 

another study employing developmental approach with interhemispheric connectivity, 

results indicated that both males and females with ASD were following typical male 

developmental trajectories (Kozhemiako, Vakorin, et al. 2019). However, previous studies 

as well as the current study were estimating age-related changes using cross-sectional 

datasets with large age ranges. Despite this limitation, they suggest that developmental 

approach can provide an important insight into ASD primary and secondary atypicalities. 

Other developmental approaches that include longitudinal datasets with dense sampling 

should be created to facilitate investigation of ASD neurodevelopment.  

3.5.5. Limitations of the study 

Overall, the findings of this study for the first time demonstrate that alterations in 

local connectivity and its developmental trajectories previously shown in males with ASD 

are equally (or even more robustly) present in ASD females. Importantly, ReHo alterations 

were also related to the symptom severity in ASD with females showing stronger and more 

robust correlations with multiple sub-scales of the SRS and ADOS. The findings of age-

related changes of ReHo provide a valuable insight into the differences between ASD and 

TD groups, proving to be sensitive to capture sex-specific alterations in developmental 

trajectories of local brain connectivity in ASD and TD groups. The evidence of females 

with ASD having the most distinct developmental trajectories compared to other groups 

complement our overall finding of more robust alterations in females with ASD, indicating 

that being a female matters when ASD-related alterations of local connectivity are 

assessed. Although our findings are also at least partially concordant with the EMB 

hypothesis, these new insights from local connectivity and its developmental trajectories 

is most consistent with the view that being female offers neuroprotective benefits in the 

context of ASD.  

3.5.6. Conclusion 

Overall, the findings of this study for the first time demonstrate that alterations in 

local connectivity and its developmental trajectories previously shown in males with ASD 
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are equally (or even more robustly) present in ASD females. We also demonstrate how 

alterations in local connectivity are expressed within borders of RSNs, which provides 

strong context for the interpretation of these alterations in the context of established long-

range connectivity disruptions in participants with ASD. Importantly, ReHo alterations were 

also related to the symptom severity in ASD with females showing stronger and more 

robust correlations with multiple sub-scales of the SRS and ADOS. The findings of age-

related changes of ReHo provide a valuable insight into the differences between ASD and 

TD groups, proving to be sensitive to capture sex-specific alterations in developmental 

trajectories of local brain connectivity in ASD and TD groups.  
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Chapter 4.  
 
Sex differences in brain connectivity and male 
vulnerability in very preterm children 

This paper was published as Kozhemiako N., et al. (2020) Sex differences in brain 

connectivity and male vulnerability in very preterm children. Human Brain Mapping, 41(2), 

388-400. 

4.1. Abstract 

Evidence indicates better cognitive and behavioural outcomes for females born 

very preterm (≤ 32 weeks gestation) compared to males, but the neurophysiology 

underlying this apparent resiliency of the female brain remains poorly understood. Here 

we test the hypothesis that very preterm males express more pronounced connectivity 

alterations as a reflection of higher male vulnerability. Resting state MEG recordings, 

neonatal and psychometric data were collected from 100 children at age 8 years: very 

preterm boys (n=27), very preterm girls (n=34), full-term boys (n=15) and full-term girls 

(n=24). Neuromagnetic source dynamics were reconstructed from 76 cortical brain 

regions. Functional connectivity was estimated using interregional phase-synchronization. 

We performed a series of multivariate analyses to test for differences across groups as 

well as to explore relationships between deviations in functional connectivity and 

psychometric scores and neonatal factors for very preterm children. Very preterm boys 

displayed significantly higher (p<0.001) absolute deviation from average connectivity of 

same-sex full-term group, compared to very preterm girls vs full-term girls. In the 

connectivity comparison between very preterm and full-term groups separately for boys 

and girls, significant group differences (p<0.05) were observed for boys, but not girls. Sex 

differences in connectivity (p<0.01) were observed in very preterm children but not in full-

term groups. Our findings indicate that very preterm boys have greater alterations in 

resting neurophysiological network communication than girls. Such uneven brain 

communication disruption in very preterm boys and girls suggests that stronger 

connectivity alterations might contribute to male vulnerability in long-term behavioural and 

cognitive outcome.  
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4.2. Introduction 

Preterm birth (≤ 37 weeks gestation) is the greatest cause of neonatal mortality 

and morbidity and, in case of survival, leads to long-term negative health consequences 

(Lawn et al. 2005; Moster et al. 2008). Mounting evidence suggests strong male 

disadvantage in the preterm population including increased preterm birth incidence, lower 

survival rates and worse long-term outcomes (Whitfield et al. 1997; Hindmarsh et al. 2000; 

Ingemarsson 2003; Hintz et al. 2006b; Rose et al. 2009; Peacock et al. 2012; Månsson et 

al. 2015; Schindler et al. 2017). Even in the absence of major pathologies and 

developmental impairments, preterm boys tend to experience more behavioral and 

cognitive difficulties, in particular: executive control (Urben et al. 2017a); language and 

speech problems (Wolke et al. 2008); language and cognitive ability (Wood et al. 2005; 

Skiöld et al. 2014; Young, Morgan, Powell, et al. 2016).  

A number of neuroimaging studies aimed to clarify the underlying mechanism of 

male disadvantage, investigating sex differences in brain structure in the preterm 

population. The most consistent finding was a larger intracranial volume in preterm boys 

compared to girls (Vasileiadis et al. 2009; Liu et al. 2011; Skiöld et al. 2014; Kersbergen 

et al. 2016; Ball et al. 2017; Urben et al. 2017b; Benavides et al. 2018; Thompson et al. 

2018). However, bigger brain volume in boys is also observed in the full-term population 

and was not shown to be related to preterm birth or long-term outcome. It has also been 

shown that preterm girls have more cortical folding despite smaller brain volume, 

suggesting more “compact” brain development compared to preterm boys (Vasileiadis et 

al. 2009). The proportional cerebral white matter volume has been shown to be larger in 

preterm boys, whereas proportional gray matter volume was larger in preterm girls 

(Benavides et al. 2018). Diffusion Tensor Imaging (DTI) studies also reported sex 

differences in the preterm population, which includes lower regional and mean fractional 

anisotropy (FA) and higher medium diffusivity in boys indicating less organized white 

matter microstructure (Constable et al. 2008; Liu et al. 2011; Thompson et al. 2018). 

Similarly, other studies have reported male sex to be associated with reduced corpus 

callosum microstructural growth trajectory during first 6 month of life as well as being a 

risk factor for diffuse white matter injury (Barnett et al. 2017; Teli et al. 2018). White matter 

features have also been shown to have different associations with long-term outcome in 
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boys and girls (van Kooij et al. 2011). Importantly, mean FA was shown to increase in 

preterm girls but not in boys in response to erythropoietin treatment indicating sex-specific 

medical therapy effectiveness in preterm population (Phillips et al. 2017). Such evidence 

of white matter alterations suggest that exploration of brain connectivity is a promising 

direction towards understanding of unequal consequences of preterm birth in males and 

females. 

In support of the view that neurophysiological connectivity may be associated with 

developmental outcomes in very preterm children, we recently found that extremely 

preterm (≤ 28 weeks gestation) and very preterm children (28-32 weeks gestation) had 

pronounced alterations in connectivity which were associated with both adverse neonatal 

experience and poorer behavioral and cognitive performance at school age (Kozhemiako, 

Nunes, et al. 2019). These findings, combined with the long-established evidence of males 

being more affected by preterm birth that leads to poorer long-term outcome, led us to 

hypothesize that preterm males are characterized by more pronounced interregional 

connectivity alterations than preterm females. Additionally, we predicted that such larger 

deviations from the full-term typical connectivity would be associated with adverse 

neonatal experience and poorer long-term outcome in both preterm males and females. 

We also investigated sex differences in connectivity in full-term individuals and how typical 

sex differences are affected by very preterm birth. 

 

 

4.3. Methods 

4.3.1. Participants 

Resting state MEG data were recorded from 100 children at age of eight. 

Participants were divided into four groups: preterm boys (24-32 weeks GA, n = 27), 

preterm girls (24-32 weeks GA, n = 34), full-term boys (40 weeks GA, n = 15) and full-term 

girls (40 weeks GA, n = 24). Children with major brain injury (periventricular leukomalacia 

or grade III-IV intraventricular hemorrhage on neonatal cranial ultrasound) or sensory or 

cognitive impairments were excluded. Clinical, demographic and psychometric data are 

presented in Table 4.1 Characteristics of the participants. The recruitment of the 
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participants was conducted within a prospective longitudinal study investigating effects of 

neonatal pain-related stress on neurodevelopment of very preterm children, e.g. (Grunau 

et al. 2007, 2009). This study was approved by the Clinical Research Ethics board of the 

University of British Columbia and the Research Ethics Board of the Children’s & Women’s 

Health Centre of BC. Written informed consent was obtained for every participant and their 

parent(s). 

 

Table 4.1 Characteristics of the participants 
Characteristics Preterm Full-term 

Boys Girls Boys Girls 
Number of subjects 27 34 15 24 
Age, years 7.8 (0.39) 7.7 (0.39) 8.0 (0.91) 8.0 (1.11) 
MRI scans 16 25 5 8 
Head circumference at age 8 years 51.5 (2.38) 51.7 (1.79) 52.8 (1.64) 52.3 (1.96) 
GA at birth, weeks 29.7 (2.29) *** 29.5 (2.45) *** 39.6 (1.21) 40.1 (0.68) 
Birth Weight, g 1382.9 

(501.46) *** 
1286.9 

(370.42) *** 
3496.4 

(732.20) 
3415.8 

(300.91) 
Number of subjects small for GA  2 2 0 0 
Number of Skin-Breaking 
Procedures 

103.6 (82.94) 94.6 (73.40) n/a n/a 

Morphine Dosage 0.9 (1.67) 0.9 (3.70) n/a n/a 
Days on Mechanical Ventilation 8.7 (13.29) 10.18 (18.02) n/a n/a 
Early illness severity (SNAP-II)  13.8 (10.08) 10.3 (10.71) n/a n/a 
Verbal Comprehension Index 
(WISC-IV) 

100.9 (18.33) 98.2 (11.26) ** 110.1 (14.87) 107.9 (12.15) 

Perceptual Reasoning Index 
(WISC-IV) 

101.0 (18.79) 

* 
100.7 (12.86) 

** 
113.6 (14.71) 112.8 (12.69) 

Working Memory Index (WISC-IV) 95.2 (11.92) 99.7 (12.18) 102.1 (12.16) 102.3 (10.92) 
Processing Speed Index (WISC-IV) 92.0 (10.47) 96.9 (14.64) * 98.4 (14.46) 108.5 (16.01) 
Full-scale IQ (WISC-IV) 97.0 (16.40) * 98.7 (12.38) ** 108.7 (13.67) 110.6 (12.40) 
Internalizing Behavior (CBCL) 51.4 (12.49) 50.6 (9.23) 51.9 (10.96) 48.4 (12.49) 
Externalizing Behavior (CBCL) 49.0 (11.60) 46.1 (9.23) 48.6 (10.83) 46.3 (10.52) 
Behavioral Regulation Index 
(BRIEF) 

54.6 (13.07) 49.2 (10.58) 50.6 (8.84) 50.0 (12.27) 

Metacognition Index (BRIEF) 56.5 (11.99) 52.4 (14.52) 51.6 (6.01) 48.0 (12.41) 
Visual Motor Integration (BEERY) 93.6 (7.66) * 94.5 (10.04) ** 100.7 (15.47) 103.4 (10.36) 
Visual Perception (BEERY) 101.8 (15.45) 

* 
102.2 (15.40) 

** 
114.4 (16.33) 113.5 (14.99) 

Motor Coordination (BEERY) 90.9 (9.61) 92.5 (10.18) * 95.2 (11.60) 99.2 (10.90) 
* [p < 0.05], ** [p < 0.01], *** [p < 0.001] group difference (preterm - full-term the same sex). Note that the statistics are 
reported in the terms of group mean (standard deviation), unless the number of subjects or scans is reported. 
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GA – gestational age, WISC-IV – Wechsler Intelligence Scale for Children, CBCL – Child Behaviour Checklist, BRIEF 
– Behavior Rating Inventory of Executive Function; BEERY – Beery-Buktenica Developmental Test of Visual-Motor 
Integration – 5th Ed. 

4.3.2. Data collection 

Resting state MEG data were recorded for two minutes in a magnetically shielded 

room using a 151 channel MEG system (CTF systems; Coquitlam, Canada). During the 

recording participants were supine and were instructed to fixate on a smiling face at the 

center of a screen.  A research assistant accompanied participants in the magnetically 

shielded room to ensure that the children were following the instructions.  Three fiducial 

coils were placed at the nasion and the left and right preauricular locations to enable 

continuous head position tracking. Data were collected at the sampling rate of 1200 Hz 

and stored for future analysis. The shape of each participant’s head surface was also 

digitized using a Polhemus FASTRACK digitizer. 

T1-weighted volumetric MRI images (1.5 Tesla) were also collected, but only for 

54 children (the information on MRI availability for each group is provided in the Table 1). 

Additionally, 19 children who participated in this study had MRI, but no MEG data. In total 

we had a pool of 73 T1-weighted MRI images. Each of those participants who did not have 

the T1 MRI, was best-matched with one of the T1 MRI images from this pool with the goal 

to create a head model (a detailed description is provided below in the Data Analysis 

subsection). 

4.3.3. Psychometric assessment 

Cognitive assessment was performed following MEG data collection by a 

psychometrician who was blind to the participant’s group status, and a parent completed 

questionnaires in a separate room. The assessment targeted the specific domains which 

frequently are reported to be altered in very preterm children. Those comprised verbal and 

nonverbal intelligence, visual-motor abilities, internalizing and externalizing behavior, and 

executive functions (Bhutta et al. 2002; Grunau et al. 2004; Aarnoudse-Moens et al. 2009; 

Loe et al. 2011; Ranger et al. 2014). Psychometric tests included the Wechsler Intelligence 

Scale for Children (WISC-IV) (Wechsler 2003) and Beery-Buktenica Developmental Test 

of Visual-Motor Integration – 5th Ed (Beery et al. 2004), and questionnaires included the 
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Child Behavior Checklist (Achenbach and Rescorla 2001), the Behavior Rating Inventory 

of Executive Function (BRIEF) (Gioia et al. 2000). 

4.3.4. Neonatal data collection 

During neonatal intensive care of the very preterm participants, daily chart reviews 

were conducted by an experienced research nurse to collect clinical information (for 

details see Grunau et al., 2009). In the present study we used GA, number of skin-breaking 

procedures, cumulative morphine dose adjusted for daily weight, days on mechanical 

ventilation and early illness severity (SNAP-II). 

4.3.5. MEG analysis 

Dipolar source solutions were calculated for three fiducial coils 30 times/s resulting 

in a continuous record of head position in the dewar for all participants individually. MEG 

data were down-sampled to 600 Hz. 60 Hz line noise was eliminated by applying a 2Hz-

wide notch filter. For each participant, 15 segments of data were selected such that the 

deviations of the position of any fiducial coil from its median position were within 5 mm for 

any direction. The segments were 4 s long and did not overlap. Due to excessive 

movement in 4 subjects only 11-13 segments were available (1 preterm girl, 2 preterm 

boys, 1 full-term girl), which were still included in the analysis.  

The following preprocessing steps were used to estimate comprised a 

reconstruction of neuromagnetic source activity using a beamformer. A head model was 

created for each subject using a single shell method as implemented in FieldTrip toolbox 

(Oostenveld et al. 2011). For those participants who did not have a T1 MRI image 

recorded, the pool of 73 child MRIs was searched for the best matched MRI for participant, 

as implemented in our previous study (Kozhemiako, Nunes, et al. 2019). Specifically, to 

choose the best match we calculated the mean distance between each Polhemus point 

and the closest point on the skull surface which was derived from segmented MRI image 

using Fieldtrip toolbox. Subsequently, the MRI scans with the smallest agregated distance 

between skull surface points and Polhemus points were selected for each participant. To 

ensure that the average distance was not different between our groups, we performed six 

two-sampled t-tests performed on a pair-wise basis. The results are reported in the 
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Results section. MEG and MRI were then co-registered using fiducial and head shape 

information.  

To estimate neuromagnetic activity originating from the cerebral cortex all 76 

cortical regions of interests (ROIs) were selected from the Automated Anatomical Labeling 

(AAL) atlas (Tzourio-Mazoyer et al. 2002). Each brain region was represented by one seed 

computed as the center of mass, under an extra condition that the center is within the 

given region. MEG data were band-pass filtered from 1 to 150 Hz to remove low-frequency 

drifts and ultra-high frequencies. Then, for each pair of brain regions, we applied a Multiple 

Constrained Minimum Variance (MCMV) beamformer to estimate neuromagnetic activity 

at two selected locations (Moiseev et al. 2011). The main advantage of such approach is 

that it computes a unique inverse solution for each source pair nulling the contribution of 

one source onto another and alleviating a signal leakage (Moiseev et al. 2011). 

4.3.6. Connectivity and statistical analysis 

Functional connectivity is often quantified in terms of coordinated phases of neural 

dynamics reconstructed at spatially distinctive locations (Vakorin and Doesburg 2016). In 

our case, for each seed location, a complex wavelet decomposition was applied for each 

segment to estimate phase dynamics for each epoch at 50 frequency points equally 

spaced on a logarithmic scale from 4 to 50 Hz (Flandrin et al. 1996). More specifically, to 

estimate MEG functional connectivity, we calculated the Phase Locking Value (PLV) 

(Lachaux et al. 1999), a measure which quantifies stability of phase differences across 

time, for each pair of reconstructed neuromagnetic dynamics at each frequency point. PLV 

values were subsequently averaged across epochs for each source pair. 

Partial Least Square (PLS) analysis was applied to test the significance of group 

differences in inter-regional connectivity and its association with neonatal and long-term 

behavioral and cognitive outcome in our participants. PLS is a multivariate technique, 

based on the singular value decomposition to decompose the entire data matrix (all the 

subjects within the groups by all the features) into latent variables (LVs) which explain the 

variance in the data, similar to Principal Component Analysis (Lobaugh et al. 2001; 

McIntosh and Lobaugh 2004). Each LV has three components: (i) a vector, which can be 

interpreted as a group contrast; (ii) a scalar value, which is ultimately related to explained 

variance; and (iii) a vector of saliences, representing a contribution of each feature (a 

combination of frequency and source pairing) to the group contrast. Two types of PLS 
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analysis were employed in the present study: mean-centered PLS and behavioral PLS. 

Both versions of PLS analysis comprise a global test for significance of overall group 

contrast in connectivity (in mean-centered PLS) or correlations between connectivity and 

neonatal or psychometric data (in behavioral PLS). The global test is based on random 

permutations of subjects across groups, resulting in one p-value for a group contrast. 

Additionally, there are series of feature-specific (local) tests based on bootstrapping 

subjects within the groups, performed with the goal to estimate the contribution of 

individual MEG features (PLV for unique combinations of frequencies and source pairs, in 

our case) to the overall group contrast or correlations. The resulting measures from the 

bootstrap resampling can be interpreted as z-scores. The positive or negative z-scores of 

2.5 or -2.5 approximately corresponds to the 95% confidence interval (McIntosh and 

Lobaugh 2004). In this study, the number of permutations and the number of bootstrap 

resamplings were equal to 5000. 

In the Results section, each significant LV obtained from the mean-centered PLS 

indicates a contrast representing overall group differences, a corresponding p-value from 

the global test, and a set of z-scores, each expressing the robustness of contribution of a 

given source pair at a specific frequency to the overall group contrast. To assess the 

overall directionality of the group differences we compute the sample skewness (Sk) the 

sample median (Md) for each z-score distribution. For the behavioral PLS p-values and 

overall correlations between connectivity alterations and neonatal or psychometric scores 

are presented. Statistical differences in neonatal and psychometric scores were 

investigated by series of pair-wise two-tailed t-tests with subsequent correction for multiple 

comparisons using Bonferroni method. 

4.3.7. Testing the hypothesis of male disadvantage 

To test our main hypothesis that very preterm boys are characterized by more 

pronounced connectivity alteration from same-sex full-term group than girls, the 

magnitude of connectivity alterations in preterm boys and girls were compared. For each 

subject from the preterm groups, the magnitude of connectivity alterations was defined for 

each unique combination of source pairing and frequency point as the absolute 

connectivity deviation from the same-sex full-term connectivity averaged across the full-

term boys or girls. Accordingly, the average connectivity for each connection and 

frequency bin was computed for full-term boys and girls separately. Then for each 
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individual male from the preterm group and for each MEG feature, the mean connectivity 

values of the full-term male group were subtracted which resulted in connectivity deviation 

matrix for preterm boys. Similar procedures were conducted for preterm girls by 

subtracting the average connectivity values of the full-term female group. Subsequently, 

a mean-centered PLS analysis was performed to compare the absolute connectivity 

deviations from full-term group between preterm boys and girls. Additionally, two separate 

mean-centered PLS analyses were used to compare connectivity between preterm and 

full-term participants for boys and girls separately.  

To test if the deviations from the full-term averaged connectivity in preterm groups 

are related to adverse neonatal experience and behavioral and cognitive abilities at school 

age, four behavioral PLS analyses were run. Thus, we investigated correlations, 

separately for preterm girls and boys, between the absolute deviations in functional 

connectivity, and two clusters of ‘behavioral’ data: (i) neonatal factors and (ii) behavioral 

and cognitive scores collected on the same day as MEG acquisition.  

 

4.3.8. Analysis of sex differences in connectivity 

To investigate sex differences in connectivity between the control groups, as well 

as how these differences are affected by very preterm birth, two mean-centered PLS 

analyses were performed comparing the phase locking values between boys and girls in 

the full-term and preterm groups, separately. Additionally, similarities in general sex 

differences pattern in full-term and very preterm children were assessed by comparing the 

female/male connectivity ratio between the preterm and the full-term group. The mean of 

connectivity across subjects was computed for each group resulting in one estimate of 

averaged connectivity for each MEG feature, specifically, for every connection at each 

frequency, per group. These values were used to calculate the female to male ratio by 

dividing the females’ average connectivity estimate by averaged connectivity of males 

from the same group for each MEG feature. Two distributions of the ratio values (for full-

term and preterm groups) were thus obtained for each unique combination of source 

paring and frequency: ratio value > 1 reflects higher connectivity in females, whereas ratio 

value < 1 implies higher connectivity in males. To quantify the size effects of differences 

between two distributions Cohen’s d was calculated. To assess spatial and temporal 

variations in the effect size of differences in female/male connectivity ratio Cohen’s d was 
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computed across source pairings within lobes (frontal, parietal, temporal, occipital and 

limbic) within the canonical bands (theta [4-8 Hz], alpha [8-13 Hz], beta [13-35 Hz] and 

gamma [35-50 Hz]), resulting in 16 distributions, in total, separately for preterm and full-

term cohorts. To check the significance of female/male ratio 20 random subsamples of 10 

participants for all four groups were generated. Then, for each subsample female/male 

connectivity ratio for preterm and full-term groups were computed separately, resulting in 

two matrices (subsamples x connections x frequency bins). Mean-centered PLS analysis 

was performed comparing female/male connectivity ratio between the full-term and 

preterm groups. It was performed similar to how the group differences in connectivity 

(regional synchrony) were explored, with two distinctions: (i) instead of phase-locking 

value (PLV), our variable of interest was the female/male ratio in PLV; and (ii) instead of 

subjects, our observations were sub-samples. 

4.4. Results 

4.4.1. Demographic, neonatal and behavioural characteristics of the 
cohort 

The results of statistical comparison between groups in clinical scores collected 

during neonatal period and psychometric scores assessed at school age are provided in 

the Table 4.1. The only significant differences in neonatal characteristics which survived 

after Bonferroni correction were lower GA and weight at birth for preterm boys vs full-term 

boys, and preterm girls vs full-term girls.  

4.4.2. Best-matched MRI selection 

On average, the distance between the Polhemus digitization and reconstructed 

MRI-based head surface was slightly smaller in the MRI-matched participants compared 

to those with native MRI (2.1±0.28 mm and 1.9±0.34 mm, respectively). These 

differences, however, were not statistically significant across the four groups, according 

to the six two-sampled t-tests performed on a pair-wise basis. 
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4.4.3. Preterm boys demonstrate more pronounced connectivity 
alterations 

Using mean-centered PLS analysis deviations in PLV from same-sex full-term 

groups in preterm boys and girls were compared. This analysis revealed significantly (p < 

0.001) larger deviations in functional connectivity for the preterm boys with respect to the 

preterm girls, as illustrated on Figure 4.1, a, b. The overall distribution of all the z-scores 

for all connections and frequencies is shown in Figure 4.1, c wherein the largest negative 

(z-score < -2.5) and positive (z-scores > 2.5) tails are marked in blue and red colour, 

respectively. This distribution was skewed towards positive z-scores: the sample 

skewness Sk = -0.23, and the sample median Md = 0.39. In Figure 4.1, d represents the 

distribution of the tails, and c across frequencies. Specifically, for each frequency point, 

we calculated the number of connections associated with z-scores, which were either 

higher than 2.5 or lower than -2.5 (the most robust effects). Such measures represent the 

strength of positive (deviations are higher for preterm boys) and negative (deviations are 

higher for preterm girls) effects. On average, preterm boys had larger deviations in 

connectivity from full-term boys across all the frequencies with peaks around theta (4-

8 Hz) and beta (13-25 Hz) bands, as compared to preterm girls’ deviations from full-term 

girls’ connectivity.  

 
Figure 4.1 More pronounced connectivity alterations in preterm boys than 

girls 
a) distribution of absolute connectivity deviation from full-term same-sex groups in preterm 
males and females; b) PLS contrast reflecting significant group difference in absolute 
connectivity deviation from full-term groups; c) distribution of z-scores; d) distribution of z-
scores across different frequencies. 

Another PLS analysis performed separately for boys and girls to investigate 

differences in connectivity between preterm and full-term groups, revealed significant 

differences only for the boys (p = 0.03; Figure 4.2, a). Comparisons of the preterm and 
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full-term girls in terms of their inter-regional connectivity did not reach statistical 

significance (p = 0.13; Figure 4.2, f). On average, preterm boys had significantly higher 

connectivity than full-term boys of the same sex as illustrated in the group contrast (Figure 

4.2, a). Figure 4.2, b displays the corresponding overall distribution of z-scores, marking 

the two tails in red and blue in the same way as described above. The sample skewness 

of this distribution was close to zero (Sk = -0.003) but the median of 0.50 suggested that 

the distribution was skewed towards positive z-scores. Note that given the contrast in 

Figure 4.2, a, positive z-scores reflect increases in connectivity in the preterm boys 

compared to the full-term boys. Negative z-scores in this case are associated with lower 

connectivity in the preterm boys. To compare the strength of these two effects and to 

identify the temporal patterns for increases and decreases in connectivity, we calculated 

the number of connections with z-score > 2.5 and negative connections with z-score <-

2.5 for each frequency point (Figure 4.2, c). On average, increased connectivity in the 

preterm boys dominated over decreased connectivity. The effects associated with 

increased connectivity in preterm boys were mostly located in lower frequencies including 

higher theta (6-8 Hz) and alpha (8-13 Hz). The spatial localizations of increased 

connectivity were scattered across the brain, mostly involving long-range connections 

between frontal areas and the rest of the brain (Figure 4.2, d, e).  

 
Figure 4.2 Connectivity differences between preterm and full-term groups 
a) PLS contrast illustrating connectivity difference between preterm boys and full-term boys; 
b) distribution of z-scores associated with PLS contrast between preterm boys and full-term 
boys; c) distribution of z-scores across different frequencies that indicates on which 
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frequencies the connectivity differences between preterm and full-term boys were the most 
pronounced; d) connectivity matrix reflecting spatial distribution of connections with positive z-
scores for 5.5-13 Hz; e) one percent connections with highest z-scores for the same frequency 
range in the brain space demonstrating higher connectivity in preterm boys compared to full-
term boys; f) PLS contrast between preterm girls and full-term girls. 

 

4.4.4. Association with neonatal factors and long term behavioural 
and cognitive outcomes  

Behavioral PLS analysis of associations between deviations in connectivity from 

the full-term same sex group and adverse neonatal experience revealed significant overall 

associations (p = 0.024) for preterm girls (Figure 4.3, I). The z-score distribution was 

almost symmetrical, with skewness of - 0.03, and positive median of 0.10 (Figure 4.3, b). 

The distribution across frequencies illustrates that for most of the frequency bins there 

were more positive connections with z-score > 2.5 than negative connections with z-score 

< -2.5 indicating that in general higher deviation from average full-term connectivity in 

preterm girls was negatively correlated with gestational age and positively correlated with 

number of skin-breaking procedures, total dose of morphine, duration of mechanical 

ventilation and early illness severity (Figure 4.3, I a). In preterm boys we found similar 

pattern of association with neonatal factors, however, it was significant only at 90% 

confidence interval (p = 0.098) (Figure 4.3, II). The z-score distribution was negatively 

skewed (Sk = -0.32) with positive median (Md = 0.20) indicating more connections with 

positive z-score and suggesting that, similarly to girls, the higher absolute deviation from 

averaged full-term connectivity was positively associated with adverse neonatal 

experience and lower GA. 

When investigating the relationships between the deviations in connectivity and 

the long-term behavioral and cognitive outcomes we did not find significant relationships 

for either of the preterm groups. However, in preterm boys we again registered a ‘trend’ 

towards an association (p = 0.087). Slightly negative skewness (Sk = -0.13) of z-score 

distribution and positive median (Md = 0.4) indicated that the majority of connections had 

positive z-scores. Thus, on average higher absolute deviation from full-term group in 

preterm boys was positively associated with Metacognition and Behavior Regulation 

Indices (BRIEF), Externalizing and Internalizing Behavior (CBCL) and had a negative 

relationship with visual-motor integration (BEERY) and the Perceptual Reasoning Index 
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(WISC-IV). Note that for BRIEF and CBCL scores, higher score indicates more difficulties 

in corresponding behavioral or cognitive domains. 

 
Figure 4.3 Associations between absolute connectivity deviation and 

adverse neonatal experience and long-term behavioral and 
cognitive outcome 

The graphs I, II and III illustrate the results from three separate behavioral PLS analyses 
investigating correlations between the absolute deviation in connectivity from the same-sex 
full-term group I. in preterm girls and neonatal factors: I, a - PLS correlation coefficients are 
shown as a tick mark with whiskers representing bootstrap upper and lower boundary for 
correlation coefficient for each neonatal factor; I, b – overall z-score distribution; I, c – z-score 
distribution across frequencies. II. correlations between connectivity deviations in preterm 
boys and neonatal factors; III. correlations between connectivity deviations in preterm boys 
and behavioral and cognitive outcome at school-age. Neonatal cluster: GA – gestational age, 
NoSBP – number of skin-breaking procedures, Morphine – cumulative morphine dose with 
dosing adjusted for weight, Ventilation – days on mechanical ventilation and SNAP – early 
illness severity. Long-term outcome cluster: VC(WISC-IV) – verbal comprehension, 
PRI(WISC-IV) – perceptual reasoning index, WMI(WISC-IV) – working memory index, 
PSI(WISC-IV) – processing speed index from the Wechsler Intelligence Scale for Children; 
IntCBCL – internalizing index, ExtCBCL – internalizing index from the Child Behavior 
Checklist; BRI(BRIEF) – behavioral regulation index, MC(BRIEF) – metacognition index from 
the Behavior Rating Inventory of Executive Function; VMI(BEERY) – visual-motor integration, 
VP(BEERY) – visual perception from the Beery-Buktenica Developmental Test of Visual-Motor 
Integration – 5th Ed. 



91 

4.4.5. Sex differences in connectivity within full-term and preterm 
groups 

To investigate whether sex differences in connectivity are altered in preterm 

children, we ran two mean-centered PLS analyses: preterm boys vs preterm girls and full-

term boys vs full-term girls. While we did not find significant sex differences in the full-term 

group (Figure 4.4, f; p = 0.28), the comparison within preterm participants showed 

significant differences in inter-regional connectivity between boys and girls (p = 0.002, 

Figure 4.4, a). The distribution of z-scores with sample skewness of -0.21 and a median 

of 0.46 indicated that the majority of connections had positive z-scores (Figure 4.4, b). 

That indicates overall increased connectivity in boys compared to girls. In particular, such 

over-connectivity was present in the low theta (4-6 Hz), alpha (8-13 Hz) and low beta (13-

20 Hz) bands (Figure 4.4, c). The spatial localization of the connectivity differences around 

8-20 Hz were evident across the brain and involved mostly frontal and parietal connections 

(Figure 4.4, d, e).  

 
Figure 4.4 Sex differences in connectivity within full-term and preterm 

groups 
a) PLS contrast demonstrating significant sex differences in connectivity in preterm groups; b) 
z-scores distribution associated with significant contrast between preterm boys and girls; c) z-
scores distribution across frequency bins that illustrates which frequencies contributed the 
most to the revealed differences between preterm boys and girls; d) spatial distribution of 
positive z-scores in 8-20 Hz frequency range; e) connections with the highest z-score (top one 
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percent) in the brain space reflecting higher connectivity in preterm boys compared to preterm 
girls; f) PLS contrast between full-term girls and full-term boys. 

To further investigate the revealed sex differences in preterm children, we 

compared the average female/male connectivity ratio in preterm and full-term children. 

Specifically, we were interested whether preterm children display exaggerated sex 

differences, which are present in full-term group to a much smaller extent. Thus, we 

compared the distributions of female/male connectivity ratios between preterm and full-

term groups (Figure 4.5). The ratio values > 1 mean higher connectivity in girls and ratio 

values < 1 mean higher connectivity in boys. As illustrated in Figure 4.5, on average full-

term girls tended to have higher connectivity than boys, whereas the preterm children 

showed the opposite trend of higher connectivity in boys compared to girls. The largest 

differences between female/male ratio distribution in preterm and full-term children as 

measured by Cohen’s d, were observed in alpha frequency in parietal, limbic and temporal 

areas. Additionally, we run mean-centered PLS analysis using randomly generated 

subsamples and confirmed that there was a significant difference (p < 0.001) in 

female/male connectivity ratio between full-term and preterm groups.  

 
Figure 4.5 Female/male connectivity ratio distributions in preterm and full-

term groups 
a) averaged female/male connectivity ratio across all connections and frequencies; b) 
averaged female/male connectivity ratio across canonical frequency bands; c) averaged 
female/male connectivity ratio across brain areas. 
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4.5. Discussion 

The present study investigated the neurophysiological bases of male vulnerability 

to adverse effects of very preterm birth resulting in poorer behavioral and cognitive 

outcomes later in life. We tested the hypothesis that very preterm boys would express 

more pronounced alterations in interregional brain connectivity compared to very preterm 

girls. We found greater absolute deviation from the full-term connectivity pattern in preterm 

boys compared to preterm girls and significant group differences in connectivity between 

preterm and full-term boys, but not girls. These findings indicate that connectivity 

alterations, as apparent in preterm boys, were not present or at least not to the same 

extent in preterm girls further supporting our hypothesis. Similarly, in volumetric MRI 

studies, differences between preterm and full-term boys have been previously reported at 

school age, with no differences among girls. For example, lower gray matter volumes in 

prefrontal cortex, basal ganglia, temporal lobe and lower white matter volumes in corpus 

callosum, corticospinal tract, prefrontal cortex have been reported in preterm boys 

compared to full-term (Kesler et al. 2008). However, those results were shown not to be 

correlated with neonatal variables or cognitive outcome. Another study reported reduced 

white matter volume in preterm boys but not in girls, however, lower white matter volume 

was significantly associated with birth weight in both boys and girls (Reiss et al. 2004). 

These findings are in line with white matter dysmaturation frequently reported in the 

preterm population (Fischi-Gomez et al. 2016; Karolis et al. 2016; Batalle et al. 2017). It 

was hypothesized that in the condition of white matter scarcity there is a tendency to 

prioritize rich-club connections (maintain communication between ‘rich-club’ nodes in 

distributed brain networks) over local connections that sometimes even leads to stronger 

rich-club architecture in preterms (Karolis et al. 2016). Thus, increased long-range 

connectivity involving frontal connection in low frequencies reported in this study between 

very preterm and full-term boys might reflect such prioritization strategy in very preterm 

brain. In contrast Kontis et al. (2009), in their study on adults born very preterm found that 

preterm females had increased mean diffusivity in corpus callosum compared to full-term 

females which also correlated with lower Performance IQ, but neither differences in white 

matter microstructure nor its association with cognitive outcome were found for males 

(Kontis et al. 2009). However, due to the lack of demographic details separately for very 

preterm males and females, it is unknown if there were differences in sample size, age, 
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GA, or cognitive outcome for males and females, which could possibly explain such 

unusual results. 

Alternatively, the resting state overconnectivity might be an indicator of abnormal 

cortical maturation in very preterm boys. At school age, the brain is still in the process of 

tuning the connections to increase overall efficiency of information transduction and 

processing (Benasich and Ribary 2018). Such age-related brain reorganization is a 

complex dynamic process that involves axons growing and retracting with new synapses 

being formed while others being eliminated by pruning (Spear 2013). It has been shown 

in animal models that during preadolescence dendritic ramification in prefrontal cortex 

follows a sex-specific pattern which gets disrupted in males exposed to prenatal stress, 

whereas females remain unaffected (Markham et al. 2013). Nevertheless, current 

understanding of the premature birth long-term implications is far from complete and future 

investigations of the neurophysiological mechanisms of altered connectivity in children 

born very preterm will be of great importance. 

Our analysis of associations between absolute deviation from full-term connectivity 

and adverse neonatal experience and long-term outcomes revealed a strong link between 

connectivity alterations and neonatal events in preterm girls, whereas no such correlation 

was observed with cognitive and behavioral performance at school age. Preterm boys, in 

turn, demonstrated a ‘trend’ towards significant association between connectivity deviation 

and both neonatal factors and long-term outcomes. These results suggest that 

connectivity alterations in girls might be only partially impacted by adverse neonatal events 

but do not relate to later behavioral and cognitive abilities whereas connectivity alteration 

in boys seem to be indicative of both, although only at the 90% confidence interval.  

In the present study, we showed that significant sex differences in connectivity are 

present between preterm boys and girls, but not in full-term children. Interestingly, the 

spatial and temporal pattern of connectivity differences between preterm girls and preterm 

boys were similar to the differences between preterm boys and full-term boys. Potentially, 

this might indicate that pathological connectivity alterations in preterm boys were 

differentiating them from all other groups. In a study on ERP oddball task responses in 

children at age 6 years, there were opposite results of significant sex differences in the 

full-term group  showing larger amplitude of P3 component in full-term boys, and no sex 

difference in the extremely preterm group (Lavoie et al. 1998). However, similar to our 

results, the discrepancy between sex differences in full-term but not in the extremely 
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preterm group was due to atypical preterm male brain response. Extremely preterm boys 

had diminished amplitude of P3, while extremely preterm girls displayed amplitudes typical 

to full-term girls. This motivated us to compare the overall pattern of full-term and preterm 

female/male connectivity ratio that distinctly showed that sex differences pattern in 

preterm children does not resemble the full-term. We confirmed that sex differences 

observed between preterm boys and preterm girls do not represent magnified full-term 

sex differences, but rather appear to reflect unequal alteration in brain connectivity in this 

vulnerable population.  

4.5.1. Conclusion 

This study provides the first evidence of more pronounced alterations of 

interregional neurophysiological connectivity in very preterm boys than in girls that 

potentially might reflect neurophysiological basis of male disadvantage in very preterm 

children. The investigation of sex differences in expression of preterm birth consequences 

on brain function is of great importance, to delineate underlying neurophysiological 

mechanisms which are responsible for the long term behavioral and cognitive alterations 

related to prematurity. Moreover, understanding sex-specific mechanisms is important for 

development of targeted therapeutic strategies. 

4.5.2. Limitations 

The data collection did not include EOG or ECG electrodes, limiting capacity for 

accurate monitoring of eye movements, given that children born very preterm tend to 

display high anxiety in novel situations and poor attention span, therefore might ask to end 

the session. The length of resting state recording was only three minutes, which was 

further reduced to 60 seconds after discarding the segments of data with head motion 

exceeding 5 mm in any direction. 

For some participants, the structural MRI was not acquired so the best match of 

other T1 scans was used for the headmodel creation. Although for the MEG data analysis 

the best match approach was applied, the absence of native MRI scans for some children 

limited our investigation in terms of volumetric properties of gray matter and white matter 

and their association with higher connectivity in very preterm boys. Despite these 

limitations inherent to studying children born very preterm at age 7-8 years, our findings 
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provide novel information on neurophysiological function in very preterm boys that will 

inform future studies in this field.  
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Chapter 5.  
 
Discussion 

In this thesis, I investigated sex-specific alterations in brain connectivity in 

participants with ASD and very preterm children and how those alterations are related to 

male vulnerability previously reported in these clinical populations. Multiple hypotheses 

were suggested in attempt to explain male disadvantage in ASD (please see Figure 1.2) 

and I discuss our findings in context of supporting or advocating against these hypotheses. 

5.1. Does sex matter in connectivity alterations in ASD? 

The profound male bias in ASD cases encourages sex differences investigation in 

individuals with ASD but, at the same time, such disproportion greatly complicates the 

research process. Due to the considerably lower number of females with ASD diagnosis 

it is hard to acquire a decent sample size for a neuroimaging study. However, a relatively 

recent release of the large multicenter database ABIDEI&II containing more than 2200 

structural and resting state functional MRI scans created a unique opportunity to 

investigate differences between males and females with ASD using the largest sample 

size up to date (Di Martino et al. 2014).  

In Chapter 2 and Chapter 3 I used ABIDEI&II resting state fMRI data to investigate 

sex differences in interhemispheric and local connectivity. Importantly, those were the first 

studies that examined interhemispheric and local connectivity in ASD populations having 

females with ASD as a separate group in the study design. Such advantage allowed us to 

directly test the hypothesis of distinct connectivity alterations in males and females with 

ASD.  

As reported in the Chapter 2, examination of the interhemispheric connectivity 

between groups revealed no differences. While contradictory to previously reported 

decreased interhemispheric connectivity in participants with ASD (Anderson et al. 2010; 

Di Martino et al. 2014), our results are in line with the recent study that also failed to find 

ASD-related alterations in homotopic connectivity (Hahamy et al. 2015). Local connectivity 

comparison described in Chapter 3, however, revealed differences between ASD groups 

and TD groups as well as sex differences between male and female groups. The most 
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robust local connectivity alterations in ASD groups were detected within the boundaries of 

the default mode, limbic and somatomotor network. Reports of altered long-range 

connectivity between the hubs of those networks, and the default mode network in 

particular, are very common in ASD (Padmanabhan et al. 2017) suggesting that disruption 

in brain communication happens on multiple scales in this clinical population. Importantly, 

the pattern of alterations from typical connectivity was similar in females and males with 

ASD. However, the differences between females with ASD and typical females were more 

significant than the differences between male groups, as demonstrated in the pairwise 

comparison. Such results suggest that if there are sex-specific connectivity alterations 

related to ASD pathology, they are rather quantitative than qualitative ruling out the GI 

hypothesis. To remind the reader, the GI hypothesis assumes qualitative differences in 

ASD-related alterations in males and females (Bejerot et al. 2012). It suggests that 

alterations in males with ASD would be shifted towards the female-like pattern, whereas 

females with ASD would have more male-like pattern of connectivity. Although such 

patterns were reported in whole brain connectivity study (Alaerts et al. 2016), the GI 

hypothesis was not supported by our local connectivity analysis results. In contrast, the 

findings of more robust alterations in females with ASD relatively to males are in line with 

the EMB theory that predicts that there should be more similarities between participants 

with ASD and typical males as compared to typical females (Baron-Cohen 2002). 

Analogously, the FPE hypothesis would predict similar or more pronounced alterations in 

females given that they have developed ASD despite the protective features of female 

sex. Such explanation, though, assumes that the cumulative load of etiological factors was 

greater in females compared to males in our ASD cohort. Testing this hypothesis further 

would need additional genetic, endocrinological and clinical information that unfortunately 

was not available for our sample. 

The imperfections in the diagnostic tools and procedures could also potentially 

explain more robust alterations in local connectivity in females with ASD. It has been 

shown that to be diagnosed with ASD, girls should present more severe behavioural 

impairments than boys (Dworzynski et al. 2012). Assuming that same applies to our 

cohort, there could be potential differences in the severity of ASD between males and 

females which are not captured by tools measuring ASD symptoms. Stronger alterations 

in local connectivity and its developmental trajectories in females could reflect those 

differences in severity of ASD manifestation. Some of our results, however, appear to 

challenge this explanation. We analysed how the alterations in local connectivity were 
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linked to ASD symptoms severity. Interestingly, while such association was subtle in ASD 

males, females with ASD displayed significant correlation between ASD symptoms 

severity and local connectivity alterations in multiple scores and resting state networks. 

Such results might suggest that scores measuring ASD severity (ADOS and SRS were 

used in this study) were able to capture ASD related symptomatology in females in a 

sufficient manner. 

5.2. Sex-specific developmental trajectories  

Growing body of connectivity studies in ASD with different age of cohorts and 

considerable amount of inconsistencies between their results led to a suggestion that 

connectivity alterations were not stationary across lifespan. Developmental approach was 

proposed to better characterize ASD-specific alterations (Uddin et al. 2013). Reports of 

distinct developmental trajectories in males and females further promoted the 

developmental approach as a promising way to capture sex-specific alterations in ASD 

(Giedd and Rapoport 2010; Raznahan et al. 2011; Nguyen et al. 2013). Our 

developmental trajectories investigation confirmed the validity of such approach in 

studying sex-differences in ASD cohort in local and interhemispheric connectivity. 

While no differences between groups were observed in interhemispheric 

connectivity in Chapter 2, its age-related changes where different between groups. 

Importantly, these differences were mostly expressed through similarity between males 

and females with ASD and typical males in contrast to typical females. In other words, 

males and females with ASD were following the typical male developmental trajectory 

supporting the EMB theory. In addition, the more distinct developmental trajectories of 

males and females with ASD were from the typical female trajectories the higher severity 

of ASD symptoms they had providing additional arguments in favour of the EMB theory. 

Congruently, similar pattern of differences in developmental trajectories was shown in 

modularity of resting state connectivity (Henry et al. 2018).  

The analysis of age-related trajectories of local connectivity revealed group 

differences as well. Unlike the results obtained investigating interhemispheric connectivity, 

we found that the most of the variance of the data was explained by distinct trajectories of 

local connectivity in female with ASD compared to other groups and typical females in 

particular. Such distinctions involved the majority of resting state networks and extended 
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the previous conclusion based on connectivity findings of more pronounced alterations in 

females with ASD compared to males with ASD. Such results of increased alterations in 

females who were diagnosed with ASD suggest the suitability the hypotheses which 

assume FPE  and rely on assumption that females need to have an increased load of risk 

factors to manifest ASD. Alternatively, the EMB theory stipulates there should be more 

similarities between participants with ASD and typical males as compared to typical 

females and that is somewhat  congruent to our findings. However, we did not find 

similarity between ASD-related alterations and typical male local connectivity trajectories 

to support EMB theory entirely. The imperfections in ASD diagnostic procedures cannot 

be excluded as a potential explanation of observed higher alterations in developmental 

trajectories in females with ASD, similarly to the connectivity results. 

5.3. More pronounced alterations in connectivity in very 
preterm males compare to very preterm females 

Using very preterm children as another clinical child population with male sex 

disadvantage, I further investigated the connectivity alterations in Chapter 4. Choosing the 

initial hypothesis regarding the results I excluded the GI hypothesis due to the lack of 

evidence supporting it in our findings on ASD cohort and insufficient theoretical framework 

for explaining the male bias. The relevance of the EMB theory for preterm children was 

questionable because it is very specifically tailored to explain ASD symptoms in the 

context of typical sex differences in systematizing and empathizing. At the same time, the 

hypothesis of FPE seem to be more inclusive and capable to explain male vulnerability 

not only in ASD but in other conditions that involve early developmental disturbances. In 

addition, its reliance on differential outcome in males and females based on the number 

of predisposing events or factors could be tested. In very preterm cohort such variables 

as gestational age, number of skin-braking procedures, daily dose of morphine-based 

medication, total ventilation duration and early illness severity scores were available. 

Speculatively, they could be considered as a proxy to the risk factors that are associated 

with probability of developing the long-term behavioural and cognitive complication 

(Anand and Scalzo 2000; Ranger and Grunau 2014; Ranger et al. 2014; Johnco et al. 

2016). There are also reports of adverse neonatal factors produce different long-term 

effects in males and females even in the absence of quantitate differences due to sex-

specific pain sensitivity, medication efficiency, etc. It has been shown that most of these 
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factors affect boys to the greater extent than girls possibly due to some protective features 

of early female development being congruent with the FPE hypothesis (Hindmarsh et al. 

2000; Johnson 2007; Tyson et al. 2008; Torrance et al. 2010; Binet et al. 2012). 

Importantly, the measures of adverse neonatal experience, which were available for the 

cohort investigated in Chapter 4, were not quantitively different between very preterm boys 

and girls. Thus, based on the FPE hypothesis, very preterm boys would display more 

pronounce alterations, including connectivity alterations, compared to girls. 

The inter-regional connectivity results revealed significantly larger absolute 

deviation in connectivity from the typical pattern in very preterm boys compared to girls. 

Also, in the direct pairwise comparison we found significant differences between very 

preterm boys and full-term boys but not in the girl groups. Speculatively, if the load of risk 

factors and events is similar between males and females, males tend to be affected more 

confirming our initial hypothesis. The findings in local connectivity in ASD cohort, apart 

from the FPE hypothesis, could be explained by the flaws in ASD diagnostic tools when 

assessing females. Such explanation seems to be quite unlikely in very preterm 

population. The cognitive and behavioural impairments in preterm children were measured 

by tools which were created based on balance samples in terms of sex. Therefore, the 

FPE theory was to be able to explain better sex-specific connectivity alterations in both 

cohorts. 

The results of correlation analysis, however, were quite unexpected in the light of 

higher alterations in connectivity in very preterm boys. Significant association between 

absolute deviation connectivity from the typical pattern and adverse neonatal experience 

was found only in very preterm females. In preterm boys, connectivity alterations were 

correlated with both adverse neonatal factors and long-term behavioural and cognitive 

outcome but only significant at 90% confidence interval. Such infirm correlations in very 

preterm boys could be explained by lower statistical power due to smaller sample size of 

the boys’ cohort compared to girls. To support this idea, when similar analysis was 

performed using whole cohort, it demonstrated robust correlation between connectivity 

and adverse neonatal experience and long-term behavioural and cognitive outcome in 

very preterm children (Kozhemiako, Nunes, et al. 2019). 
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5.4. Large-scale brain connectivity contributes to 
understanding male vulnerability 

Investigation of large-scale brain connectivity has a potential to facilitate our 

understanding of sex bias in neuropsychiatric and neurodevelopmental conditions. We 

found increase in local connectivity in limbic and somatomotor brain areas in both ASD 

males and females. Such results could indicate an amplified segregation of functional 

areas and excessive local information processing in the absence of regulatory feedback 

and similar findings were reported by other studies (Keown et al. 2013; Maximo et al. 

2014). It was proposed that such local overconnectivity in ASD could be related to altered 

excitation/inhibition balance mostly due to impaired GABA-related inhibition (Casanova et 

al. 2003). It has been shown that GABA concentration measured by MR spectrography 

was negatively correlated with strength of functional connectivity in somatomotor network 

(Stagg et al. 2014). In addition, multiple studies have shown decreased concentration of 

GABA in ASD participants (Ajram et al. 2017). Interestingly, according to an animal study 

there are also indication of decreased number of the GABAa (gamma-aminobutyric acid 

A type receptor)  receptors following preterm birth and their link to behavioral alterations 

in males but not females (Shaw et al. 2016). Going back to our results in very preterm 

children cohort, we also found increased inter-regional connectivity in very preterm boys 

compared to full-term boys while no differences was observed between girls.  

Importantly, there is extensive evidence of GABA-inhibitory signaling maturation 

being dependent on estrogen (McCarthy 2008). In particular, the explicit effect of GABAa 

receptor activation is determined by the transmembrane chloride gradient that steadily 

changes soon after birth. In adults the intracellular concentration of chloride is lower than 

extracellular levels, thus opening of GABAa associated ionophore leads to chloride influx. 

Since chloride is a negatively charged ion its influx hyperpolarizes membrane leading to 

an inhibitory effect. However, in fetuses and neonates the transcellular chloride 

concentration is opposite (less chloride outside the cell and more inside). Thus, when the 

GABAa receptors are activated it results in chloride exiting the cell which depolarizes its 

membrane resulting in excitatory effect. It has been shown that estrogen enhances and 

extends the depolarizing action of GABA by keeping the chloride intracellular 

concentrations high (Nuñez et al. 2005). During the neonatal period males have higher 

levels of estrogen compared to females that results in longer period of depolarizing 

GABAa effect in males and faster shift to hyperpolarizing GABA-signalling in females. 
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Such pattern of sex differences in GABA-inhibitory circuits was reported in substantia nigra 

in rats (Galanopoulou 2005).The immaturity of GABA interneurons inhibitory effect was 

hypothesized to be the primary reason of spontaneous activity transients (SATs – 

intermittent slow potentials with large amplitude) extensively present in neonatal EEG 

(Vanhatalo and Kaila 2006b). A recent study aimed to assess the level of EEG signal 

maturity partially based on the number of spontaneous activity transients in female and 

male infants born very preterm over seven timepoints during the first four weeks after birth. 

They found that at each assessed timepoint males had on average more SATs compared 

to females indicating less mature brain activation pattern in males compare to females 

during first weeks of life. Such maturational delay in boys compared to girls could be 

responsible for higher adversity of developmental disruptions in males potentially leading 

to long-lasting alterations in brain coordinated activity. Although this phenomenon still has 

to be extensively investigated and replicated, sex differences in GABA-signalling 

maturation could potentially explain the male vulnerability at early age which is observed 

in very preterm children and ASD population. 

Apart from increased local communication in ASD groups we also found decreased 

local connectivity within default mode network in males and females with ASD. Such 

underconnectivity pattern does not seem to be directly linked to GABA-signaling 

alterations due to directionality of connectivity differences and inconsistent reports of 

relation between GABA concentration and connectivity strength in default mode network 

(Kapogiannis et al. 2013; Stagg et al. 2014). Despite this, underconnectivity in default 

mode network seem to be one of the most replicable findings in ASD population 

(Padmanabhan et al. 2017). There are also reports of reduced default mode network 

connectivity related to preterm birth (Damaraju et al. 2010; Wisnowski et al. 2013). 

Moreover, there is evidence that alterations in default mode network connectivity or 

activation pattern of its main hubs has sex-specific character (Holt et al. 2014; Kirkovski 

et al. 2016; Ypma et al. 2016). Thus, investigation of why default mode connectivity 

alterations are expressed differently in males and females with ASD and what are potential 

neurophysiological mechanisms behind such sex differences would be crucial for 

unravelling the causes of the male bias in ASD.       

Biological sex differences in the brain originate from differences in sex hormones 

and differential gene expression of sex-linked genes as well as some autosomal genes 

modulated by hormonal exposure. The hormonal regulation is very time specific and has 
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multiple critical timepoints over the lifespan causing organizational and activational 

physiological changes including those in the brain (McCarthy 2008). It has been shown 

that male and female mice had different developmental trajectories of glia gene expression 

with males having slower age-related expression increase (Hanamsagar et al. 2017). 

Such age-dependent hormonally and/or genetically induced distinctions could be 

potentially be reflected in sex differences in developmental trajectories in brain structure 

and function. Multiple studies confirm distinct growth trajectories in multiple brain regions 

between girls and boys (Giedd and Rapoport 2010; Raznahan et al. 2011). We obtained 

very promising results studying developmental changes in interhemispheric and local 

connectivity. Such approach revealed both sex- and ASD-specific deviations in how 

connectivity changes over age. Similar findings of distinct age-related modularity 

trajectories between males and females with ASD (Henry et al. 2018). Perhaps, due to 

existence of typical sex-specific pattern in maturational trajectories it is easier to capture 

sex differences caused by early disruption in brain development using developmental 

approach supporting its high potential in investigating male vulnerability.  

 

5.5. Significance and future directions 

Despite arising awareness about how important is to understand the 

neurophysiological basis underling male vulnerability and functional connectivity as very 

promising candidate for it, the sex differences in brain connectivity in clinical child 

populations remained underexplored. Present work provides evidences indicating the 

presence of sex-specific alterations in local and interhemispheric connectivity and/or their 

developmental trajectories in ASD and very preterm children. While interpreting our results 

we found some indications pointing at the relevance of the FPE hypothesis for both 

populations and its capability to explain most of our results. However, the EMB theory and 

the imperfections of the diagnostic process in ASD could also explain some of our findings 

in participants with ASD. 

Future studies should aim to establish large neuroimaging datasets which would 

include females in the numbers sufficient to investigate them separately from males. 

Based on our results, the developmental approach is very promising in investigating sex-

specific alterations in this clinical populations. Hence, longitudinal settings would be very 
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important to further clarification of how connectivity changes over time in individuals with 

ASD and very preterm children, especially covering the early life period. Most of our 

findings supported the FPE hypothesis, however, to confirm it further more information 

about participants is critical. Extensive behavioural and cognitive assessment scores, 

clinical and family medical history, sociocultural background, genomic samples, and 

endocrinological information combined with neuroimaging data would be necessary to 

pinpoint the impact of environment, genetic predisposition and hormonal exposure and 

diagnostic strategies on the etiology of male disadvantage or female protective effect in 

early life.  

5.6. Conclusion 

Investigation of connectivity within and between brain regions and/or its age-

related changes has proven to be able to capture sex differences in clinical child 

populations which are impacted by male vulnerability. While only local connectivity 

exhibited ASD-related alterations, developmental trajectories were informative of both 

sex- and ASD- specific alterations. Overall, females with ASD were expressing more 

pronounced alterations from typical females compared to differences between males with 

ASD and typical males. In contrast, in the very preterm children cohort it was the opposite. 

Very preterm boys had more distinctive connectivity from typical connectivity patterns than 

very preterm girls. Such results feet very well to the hypotheses which rely on the 

assumption that females need to be confronted by more harmful events and biological 

factors to exhibit pathological disruptions of normal development. When the cumulative 

effect of predisposing factors (like in the case of very preterm children) does not differ 

between males and females, males show more alterations in connectivity than females. 

In contrast, whenever such factors overweight the effect of female protective features 

resulting in pathological outcome (females diagnosed with ASD), the connectivity 

disruptions are the same or even more robust in females. 



106 

References 

Aarnoudse-Moens CSH, Weisglas-Kuperus N, van Goudoever JB, Oosterlaan J. 

2009. Meta-Analysis of Neurobehavioral Outcomes in Very Preterm and/or 

Very Low Birth Weight Children. Pediatrics. 124:717–728. 

Achenbach T, Rescorla L. 2001. Manual for the ASEBA school-age forms &amp; 

profiles: an integrated system of mult-informant assessment. Burlington: 

University of Vermont, Research Center for Children, Youth & Families. 

Ajram LA, Horder J, Mendez MA, Galanopoulos A, Brennan LP, Wichers RH, 

Robertson DM, Murphy CM, Zinkstok J, Ivin G, Heasman M, Meek D, 

Tricklebank MD, Barker GJ, Lythgoe DJ, Edden RAE, Williams SC, Murphy 

DGM, McAlonan GM. 2017. Shifting brain inhibitory balance and connectivity 

of the prefrontal cortex of adults with autism spectrum disorder. Transl 

Psychiatry. 7:e1137. 

Alaerts K, Swinnen SP, Wenderoth N. 2016. Sex differences in autism: A resting-

state fMRI investigation of functional brain connectivity in males and 

females. Soc Cogn Affect Neurosci. 11:1002–1016. 

American Psychiatric Association. 2013. Diagnostic and Statistical Manual of 

Mental Disorders. American Psychiatric Association. 

Anand KJS, Scalzo FM. 2000. Can Adverse Neonatal Experiences Alter Brain 

Development and Subsequent Behavior? Neonatology. 77:69–82. 

Anderson J, Druzgal T, Froehlich A, DuBray M, Lange N, Alexander A, Abildskov 

T, Nielsen J, Cariello A, Cooperrider J, Bigler E, Lainhart J. 2010. Decreased 

interhemispheric functional connectivity in autism. Cereb Cortex. 21:1134–

1146. 

Andoh J, Matsushita R, Zatorre RJ. 2015. Asymmetric interhemispheric transfer 

in the auditory network: Evidence from TMS, resting-state fMRI, and 

diffusion imaging. J Neurosci. 35:14602–14611. 

Arnold AP, Xu J, Grisham W, Chen X, Kim Y-H, Itoh Y. 2004. Minireview: Sex 



107 

Chromosomes and Brain Sexual Differentiation. Endocrinology. 145:1057–

1062. 

Auyeung B, Baron-Cohen S, Ashwin E, Knickmeyer R, Taylor K, Hackett G. 

2009. Fetal testosterone and autistic traits. Br J Psychol. 100:1–22. 

Auyeung B, Taylor K, Hackett G, Baron-Cohen S. 2010. Foetal testosterone and 

autistic traits in 18 to 24-month-old children. Mol Autism. 1:1–8. 

Baillet S. 2017. Magnetoencephalography for brain electrophysiology and 

imaging. Nat Neurosci. 20:327–339. 

Ball G, Aljabar P, Nongena P, Kennea N, Gonzalez-Cinca N, Falconer S, Chew 

ATM, Harper N, Wurie J, Rutherford MA, Counsell SJ, Edwards AD. 2017. 

Multimodal image analysis of clinical influences on preterm brain 

development. Ann Neurol. 82:233–246. 

Bargiela S, Steward R, Mandy W. 2016. The Experiences of Late-diagnosed 

Women with Autism Spectrum Conditions: An Investigation of the Female 

Autism Phenotype. J Autism Dev Disord. 46:3281–3294. 

Barnett ML, Tusor N, Ball G, Chew A, Falconer S, Aljabar P, Kimpton JA, 

Kennea N, Rutherford M, David Edwards A, Counsell SJ. 2017. Exploring 

the multiple-hit hypothesis of preterm white matter damage using diffusion 

MRI. NeuroImage Clin. 17:596–606. 

Baron-Cohen. 2002. The extreme male brain theory of autism. Trends Cogn Sci. 

6:248–254. 

Baron-Cohen S, Knickmeyer RC, Belmonte MK. 2005. Sex differences in the 

brain: Implications for explaining autism. Science (80- ). 

Baron-Cohen S, Lombardo M V., Auyeung B, Ashwin E, Chakrabarti B, 

Knickmeyer R. 2011. Why are Autism Spectrum conditions more prevalent in 

Males? PLoS Biol. 9:e1001081. 

Batalle D, Hughes EJ, Zhang H, Tournier J-D, Tusor N, Aljabar P, Wali L, 

Alexander DC, Hajnal J V, Nosarti C, Edwards AD, Counsell SJ. 2017. Early 



108 

development of structural networks and the impact of prematurity on brain 

connectivity. Neuroimage. 149:379–392. 

Baxter AJ, Brugha TS, Erskine HE, Scheurer RW, Vos T, Scott JG. 2015. The 

epidemiology and global burden of autism spectrum disorders. Psychol Med. 

45:601–613. 

Beacher FDCC, Radulescu E, Minati L, Baron-Cohen S, Lombardo M V, Lai M-C, 

Walker A, Howard D, Gray MA, Harrison NA, Critchley HD. 2012. Sex 

differences and autism: brain function during verbal fluency and mental 

rotation. PLoS One. 7:e38355. 

Becker JB, Arnold AP, Berkley KJ, Blaustein JD, Eckel LA, Hampson E, Herman 

JP, Marts S, Sadee W, Steiner M, Taylor J, Young E. 2005. Strategies and 

methods for research on sex differences in brain and behavior. 

Endocrinology. 146:1650–1673. 

Beckmann CF, DeLuca M, Devlin JT, Smith SM. 2005. Investigations into 

resting-state connectivity using independent component analysis. Philos 

Trans R Soc B Biol Sci. 360:1001–1013. 

Beery R, Buktenika N, Beery N. 2004. Beery-Buktenica Developmental Test of 

Visual-Motor Integration, 5th ed. Minneapolis, MN: Psychological 

Corporation. 

Behzadi Y, Restom K, Liau J, Liu TT. 2007. A component based noise correction 

method (CompCor) for BOLD and perfusion based fMRI. Neuroimage. 

37:90–101. 

Bejerot S, Eriksson JM, Bonde S, Carlström K, Humble MB, Eriksson E. 2012. 

The extreme male brain revisited: gender coherence in adults with autism 

spectrum disorder. Br J Psychiatry. 201:116–123. 

Bellù R, De Waal K, Zanini R. 2010. Opioids for neonates receiving mechanical 

ventilation: A systematic review and meta-analysis. Arch Dis Child Fetal 

Neonatal Ed. 

Belmonte MK, Allen G, Beckel-Mitchener A, Boulanger LM, Carper RA, Webb 



109 

SJ. 2004. Autism and abnormal development of brain connectivity. In: 

Journal of Neuroscience. Society for Neuroscience. p. 9228–9231. 

Belmonte MK, Bourgeron T. 2006. Fragile X syndrome and autism at the 

intersection of genetic and neural networks. Nat Neurosci. 

Benasich A, Ribary U. 2018. Emergent brain dynamics : prebirth to adolescence. 

The MIT Press. 

Benavides A, Metzger A, Tereschenko A, Conrad A, Bell EF, Spencer J, Ross-

Sheehy S, Georgieff M, Magnotta V, Nopoulos P. 2018. Sex-specific 

alterations in preterm brain. Pediatr Res. 1. 

Berta P, Hawkins JB, Sinclair AH, Taylor A, Griffiths BL, Goodfellow PN, Fellous 

M. 1990. Genetic evidence equating SRY and the testis-determining factor. 

Nature. 348:448–450. 

Bhutta AT, Cleves MA, Casey PH, Cradock MM, Anand KJS. 2002. Cognitive 

and Behavioral Outcomes of School-Aged Children Who Were Born 

Preterm. JAMA. 288:728. 

Bilbo SD. 2018. Sex Differences Shape Brain Development and Function, in 

Health and Disease: Policy Implications. Policy Insights from Behav Brain 

Sci. 5:104–109. 

Binet ME, Bujold E, Lefebvre F, Tremblay Y, Piedboeuf B. 2012. Role of gender 

in morbidity and mortality of extremely premature neonates. Am J Perinatol. 

29:159–166. 

Brooks SJ, Stein DJ. 2015. A systematic review of the neural bases of 

psychotherapy for anxiety and related disorders. Dialogues Clin Neurosci. 

17:261–279. 

Buckner RL, DiNicola LM. 2019. The brain’s default network: updated anatomy, 

physiology and evolving insights. Nat Rev Neurosci. 

Buckner RL, Krienen FM, Castellanos A, Diaz JC, Yeo BTT. 2011. The 

organization of the human cerebellum estimated by intrinsic functional 



110 

connectivity. J Neurophysiol. 106:2322–2345. 

Bullmore E, Sporns O. 2009. Complex brain networks: Graph theoretical analysis 

of structural and functional systems. Nat Rev Neurosci. 

Burke NN, Trang T. 2017. Neonatal Injury Results in Sex-Dependent Nociceptive 

Hypersensitivity and Social Behavioral Deficits During Adolescence, Without 

Altering Morphine Response. J Pain. 18:1384–1396. 

Buzsáki G, Llinás R. 2017. Space and time in the brain. Science (80- ). 358:482–

485. 

Casanova MF, Buxhoeveden D, Gomez J. 2003. Disruption in the Inhibitory 

Architecture of the Cell Minicolumn: Implications for Autisim. Neuroscientist. 

Cerliani L, Mennes M, Thomas RM, Di Martino A, Thioux M, Keysers C. 2015. 

Increased functional connectivity between subcortical and cortical resting-

state networks in Autism spectrum disorder. JAMA Psychiatry. 72:767–777. 

Chakrabarti B, Dudbridge F, Kent L, Wheelwright S, Hill-Cawthorne G, Allison C, 

Banerjee-Basu S, Baron-Cohen S. 2009. Genes related to sex steroids, 

neural growth, and social-emotional behavior are associated with autistic 

traits, empathy, and asperger syndrome. Autism Res. 2:157–177. 

Cheng W, Rolls ET, Gu H, Zhang J, Feng J. 2015. Autism: reduced connectivity 

between cortical areas involved in face expression, theory of mind, and the 

sense of self. Brain. 138:1382–1393. 

Cherskov A, Pohl A, Allison C, Zhang H, Payne RA, Baron-Cohen S. 2018. 

Polycystic ovary syndrome and autism: A test of the prenatal sex steroid 

theory. Transl Psychiatry. 8:136. 

Choleris E, Galea LAM, Sohrabji F, Frick KM. 2018. Sex differences in the brain: 

Implications for behavioral and biomedical research. Neurosci Biobehav 

Rev. 

Christensen DL, Braun KVN, Baio J, Bilder D, Charles J, Constantino JN, Daniels 

J, Durkin MS, Fitzgerald RT, Kurzius-Spencer M, Lee L-C, Pettygrove S, 



111 

Robinson C, Schulz E, Wells C, Wingate MS, Zahorodny W, Yeargin-Allsopp 

M. 2018. Prevalence and Characteristics of Autism Spectrum Disorder 

Among Children Aged 8 Years. MMWR Surveill Summ. 65:1–23. 

Clarke AR, Barry RJ, McCarthy R, Selikowitz M. 2001. Age and sex effects in the 

EEG: development of the normal child. Clin Neurophysiol. 112:806–814. 

Clarkson J, Herbison AE. 2016. Hypothalamic control of the male neonatal 

testosterone surge. Philos Trans R Soc B Biol Sci. 371:20150115. 

Colclough GL, Woolrich MW, Tewarie PK, Brookes MJ, Quinn AJ, Smith SM. 

2016. How reliable are MEG resting-state connectivity metrics? Neuroimage. 

138:284–293. 

Colvert E, Tick B, McEwen F, Stewart C, Curran SR, Woodhouse E, Gillan N, 

Hallett V, Lietz S, Garnett T, Ronald A, Plomin R, Rijsdijk F, Happé F, Bolton 

P. 2015. Heritability of autism spectrum disorder in a UK population-based 

twin sample. JAMA Psychiatry. 72:415–423. 

Constable RT, Ment LR, Vohr BR, Kesler SR, Fulbright RK, Lacadie C, Delancy 

S, Katz KH, Schneider KC, Schafer RJ, Makuch RW, Reiss AR. 2008. 

Prematurely Born Children Demonstrate White Matter Microstructural 

Differences at 12 Years of Age, Relative to Term Control Subjects: An 

Investigation of Group and Gender Effects. Pediatrics. 121:306–316. 

Cordes D, Haughton VM, Arfanakis K, Carew JD, Turski PA, Moritz CH, Quigley 

MA, Meyerand ME. 2001. Frequencies Contributing to Functional 

Connectivity in the Cerebral Cortex in “‘Resting-state’” Data, AJNR Am J 

Neuroradiol. 

Courchesne E, Pierce K. 2005. Why the frontal cortex in autism might be talking 

only to itself: Local over-connectivity but long-distance disconnection. Curr 

Opin Neurobiol. 

Craddock C, Sikka S, Cheung B, Khanuja R, Ghosh S, Yan C, Li Q, Lurie D, 

Vogelstein J, Burns R, Colcombe S, Mennes M, Kelly C, Di Martino A, 

Castellanos F, Milham M. 2013. Towards Automated Analysis of 



112 

Connectomes: The Configurable Pipeline for the Analysis of Connectomes 

(C-PAC). Front Neuroinform. 7. 

Dajani DR, Uddin LQ. 2016. Local brain connectivity across development in 

autism spectrum disorder: A cross-sectional investigation. Autism Res. 9:43–

54. 

Damaraju E, Phillips JR, Lowe J, Ohls RK, Calhoun VD, Caprihan A. 2010. 

Resting-state functional connectivity differences in premature children. Front 

Syst Neurosci. 4:23. 

Davis SW, Luber B, Murphy DLK, Lisanby SH, Cabeza R. 2017. Frequency-

specific neuromodulation of local and distant connectivity in aging and 

episodic memory function. Hum Brain Mapp. 38:5987–6004. 

de Bie HMA, Boersma M, Adriaanse S, Veltman DJ, Wink AM, Roosendaal SD, 

Barkhof F, Stam CJ, Oostrom KJ, Delemarre-van de Waal HA, Sanz-Arigita 

EJ. 2012. Resting-state networks in awake five- to eight-year old children. 

Hum Brain Mapp. 33:1189–1201. 

De Vries GJ. 2004. Minireview: Sex Differences in Adult and Developing Brains: 

Compensation, Compensation, Compensation. Endocrinology. 145:1063–

1068. 

Deco G, Ponce-Alvarez A, Hagmann P, Romani GL, Mantini D, Corbetta M. 

2014. How local excitation-inhibition ratio impacts the whole brain dynamics. 

J Neurosci. 

Di Martino A, Yan C-G, Li Q, Denio E, Castellanos FX, Alaerts K, Anderson JS, 

Assaf M, Bookheimer SY, Dapretto M, Deen B, Delmonte S, Dinstein I, Ertl-

Wagner B, Fair DA, Gallagher L, Kennedy DP, Keown CL, Keysers C, 

Lainhart JE, Lord C, Luna B, Menon V, Minshew NJ, Monk CS, Mueller S, 

Müller R-A, Nebel MB, Nigg JT, O’Hearn K, Pelphrey KA, Peltier SJ, Rudie 

JD, Sunaert S, Thioux M, Tyszka JM, Uddin LQ, Verhoeven JS, Wenderoth 

N, Wiggins JL, Mostofsky SH, Milham MP. 2014. The autism brain imaging 

data exchange: towards a large-scale evaluation of the intrinsic brain 



113 

architecture in autism. Mol Psychiatry. 19:659–667. 

Dworzynski K, Ronald A, Bolton P, Happé F. 2012. How different are girls and 

boys above and below the diagnostic threshold for autism spectrum 

disorders? J Am Acad Child Adolesc Psychiatry. 51:788–797. 

Ecker C, Andrews DS, Gudbrandsen CM, Marquand AF, Ginestet CE, Daly EM, 

Murphy CM, Lai M-C, Lombardo M V., Ruigrok AN V., Bullmore ET, Suckling 

J, Williams SCR, Baron-Cohen S, Craig MC, Murphy DGM, Medical 

Research Council Autism Imaging Multicentre Study (MRC AIMS) 

Consortium. 2017. Association Between the Probability of Autism Spectrum 

Disorder and Normative Sex-Related Phenotypic Diversity in Brain Structure. 

JAMA Psychiatry. 74:329. 

Ecker C, Bookheimer SY, Murphy DGM. 2015. Neuroimaging in autism spectrum 

disorder: Brain structure and function across the lifespan. Lancet Neurol. 

Edwards J, Berube M, Erlandson K, Haug S, Johnstone H, Meagher M, 

Sarkodee-Adoo S, Zwicker JG. 2011. Developmental Coordination Disorder 

in School-Aged Children Born Very Preterm and/or at Very Low Birth 

Weight: A Systematic Review. J Dev Behav Pediatr. 32:678–687. 

Eldredge L, Salamy A. 1996. Functional auditory development in preterm and full 

term infants. Early Hum Dev. 45:215–228. 

Fair DA, Cohen AL, Power JD, Dosenbach NUF, Church JA, Miezin FM, 

Schlaggar BL, Petersen SE. 2009. Functional Brain Networks Develop from 

a “Local to Distributed” Organization. PLoS Comput Biol. 5:e1000381. 

Fischi-Gomez E, Muñoz-Moreno E, Vasung L, Griffa A, Borradori-Tolsa C, 

Monnier M, Lazeyras F, Thiran J-P, Hüppi PS. 2016. Brain network 

characterization of high-risk preterm-born school-age children. NeuroImage 

Clin. 11:195–209. 

Flandrin P, Auger F, Gonçalvès P, Lemoine O. 1996. Time-Frequency Toolbox 

For Use with MATLAB Reference Guide. 

Floris DL, Lai M-C, Nath T, Milham MP, Di Martino A. 2018. Network-specific sex 



114 

differentiation of intrinsic brain function in males with autism. Mol Autism. 

9:17. 

Fombonne E. 2009. Epidemiology of Pervasive Developmental Disorders. 

Pediatr Res. 65:591–598. 

Freeman RD, Fast DK, Burd L, Kerbeshian J, Robertson MM, Sandor P. 2000. 

An international perspective on Tourette syndrome: selected findings from 

3,500 individuals in 22 countries. Dev Med Child Neurol. 42:436–447. 

Fries P. 2009. Neuronal Gamma-Band Synchronization as a Fundamental 

Process in Cortical Computation. Annu Rev Neurosci. 32:209–224. 

Fries P. 2015. Rhythms for Cognition: Communication through Coherence. 

Neuron. 88:220–235. 

Friston KJ. 2011. Functional and Effective Connectivity: A Review. Brain 

Connect. 1:13–36. 

Friston KJ, Williams S, Howard R, Frackowiak RSJ, Turner R. 1996. Movement-

Related effects in fMRI time-series. Magn Reson Med. 35:346–355. 

Galanopoulou AS. 2005. GABAA receptors as broadcasters of sexually 

differentiating signals in the brain. In: Epilepsia. NIH Public Access. p. 107–

112. 

Geschwind DH, Levitt P. 2007. Autism spectrum disorders: developmental 

disconnection syndromes. Curr Opin Neurobiol. 

Giedd JN, Blumenthal J, Jeffries NO, Castellanos FX, Liu H, Zijdenbos A, Paus 

T, Evans AC, Rapoport JL. 1999. Brain development during childhood and 

adolescence: A longitudinal MRI study [2]. Nat Neurosci. 

Giedd JN, Rapoport JL. 2010. Structural MRI of Pediatric Brain Development: 

What Have We Learned and Where Are We Going? Neuron. 

Gioia G, Isquith P, Guy S, Kenworthy L. 2000. Test review behavior rating 

inventory of executive function. 6(3). ed, Child neuropsychology. Odessa, 

FL: Psychological Assessment Resources. 



115 

Girijala RL, Sohrabji F, Bush RL. 2017. Sex differences in stroke: Review of 

current knowledge and evidence. Vasc Med (United Kingdom). 

Green SA, Hernandez L, Tottenham N, Krasileva K, Bookheimer SY, Dapretto M. 

2015. Neurobiology of sensory overresponsivity in youth with autism 

spectrum disorders. JAMA Psychiatry. 72:778–786. 

Griesmaier E, Santuari E, Edlinger M, Neubauer V, Waltner-Romen M, Kiechl-

Kohlendorfer U. 2014. Differences in the maturation of amplitude-integrated 

EEG signals in male and female preterm infants. Neonatology. 105:175–

181. 

Grunau RE, Haley DW, Whitfield MF, Weinberg J, Yu W, Thiessen P. 2007. 

Altered Basal Cortisol Levels at 3, 6, 8 and 18 Months in Infants Born at 

Extremely Low Gestational Age. J Pediatr. 150:151–156. 

Grunau RE, Whitfield MF, Fay TB. 2004. Psychosocial and academic 

characteristics of extremely low birth weight (< or =800 g) adolescents who 

are free of major impairment compared with term-born control subjects. 

Pediatrics. 114:e725-32. 

Grunau RE, Whitfield MF, Petrie-Thomas J, Synnes AR, Cepeda IL, Keidar A, 

Rogers M, MacKay M, Hubber-Richard P, Johannesen D. 2009. Neonatal 

pain, parenting stress and interaction, in relation to cognitive and motor 

development at 8 and 18 months in preterm infants. Pain. 143:138–146. 

Haar S, Berman S, Behrmann M, Dinstein I. 2016. Anatomical Abnormalities in 

Autism? Cereb Cortex. 26:1440–1452. 

Hahamy A, Behrmann M, Malach R. 2015. The idiosyncratic brain: Distortion of 

spontaneous connectivity patterns in autism spectrum disorder. Nat 

Neurosci. 18:302–309. 

Halladay AK, Bishop S, Constantino JN, Daniels AM, Koenig K, Palmer K, 

Messinger D, Pelphrey K, Sanders SJ, Singer AT, Taylor JL, Szatmari P. 

2015. Sex and gender differences in autism spectrum disorder: summarizing 

evidence gaps and identifying emerging areas of priority. Mol Autism. 6:36. 



116 

Hämäläinen MS, Ilmoniemi RJ. 1994. Interpreting magnetic fields of the brain: 

minimum norm estimates. Med Biol Eng Comput. 32:35–42. 

Hanamsagar R, Alter MD, Block CS, Sullivan H, Bolton JL, Bilbo SD. 2017. 

Generation of a microglial developmental index in mice and in humans 

reveals a sex difference in maturation and immune reactivity. Glia. 65:1504–

1520. 

Hartley SL, Sikora DM. 2009. Sex differences in Autism spectrum disorder: An 

examination of developmental functioning, Autistic symptoms, and coexisting 

behavior problems in toddlers. J Autism Dev Disord. 39:1715–1722. 

Hazlett HC, Gu H, Munsell BC, Kim SH, Styner M, Wolff JJ, Elison JT, Swanson 

MR, Zhu H, Botteron KN, Collins DL, Constantino JN, Dager SR, Estes AM, 

Evans AC, Fonov VS, Gerig G, Kostopoulos P, McKinstry RC, Pandey J, 

Paterson S, Pruett JR, Schultz RT, Shaw DW, Zwaigenbaum L, Piven J. 

2017. Early brain development in infants at high risk for autism spectrum 

disorder. Nature. 542:348–351. 

Henry TR, Dichter GS, Gates K. 2018. Age and Gender Effects on Intrinsic 

Connectivity in Autism Using Functional Integration and Segregation. Biol 

Psychiatry Cogn Neurosci Neuroimaging. 3:414–422. 

Hernandez LM, Lawrence KE, Padgaonkar NT, Inada M, Hoekstra JN, Lowe JK, 

Eilbott J, Jack A, Aylward E, Gaab N, Van Horn JD, Bernier RA, McPartland 

JC, Webb SJ, Pelphrey KA, Green SA, Geschwind DH, Bookheimer SY, 

Dapretto M. 2020. Imaging-genetics of sex differences in ASD: distinct 

effects of OXTR variants on brain connectivity. Transl Psychiatry. 10:82. 

Hindmarsh GJ, O’Callaghan MJ, Mohay HA, Rogers YM. 2000. Gender 

differences in cognitive abilities at 2 years in ELBW infants. Extremely low 

birth weight. Early Hum Dev. 60:115–122. 

Hintz S, Kendrick D, Vohr B, Kenneth Poole W, Higgins R, THE NICHD 

NEONATAL RESEARCH NETWORK F. 2006a. Gender differences in 

neurodevelopmental outcomes among extremely preterm, extremely-low-



117 

birthweight infants. Acta Paediatr. 95:1239–1248. 

Hintz S, Kendrick D, Vohr B, Kenneth Poole W, Higgins R, THE NICHD 

NEONATAL RESEARCH NETWORK F. 2006b. Gender differences in 

neurodevelopmental outcomes among extremely preterm, extremely-low-

birthweight infants. Acta Paediatr. 95:1239–1248. 

Hisasue S ichi, Seney ML, Immerman E, Forger NG. 2010. Control of cell 

number in the bed nucleus of the stria terminalis of mice: Role of 

testosterone metabolites and estrogen receptor subtypes. J Sex Med. 

7:1401–1409. 

Holt RJ, Chura LR, Lai MC, Suckling J, Von Dem Hagen E, Calder AJ, Bullmore 

ET, Baron-Cohen S, Spencer MD. 2014. “Reading the Mind in the Eyes”: An 

fMRI study of adolescents with autism and their siblings. Psychol Med. 

44:3215–3227. 

Hou Z, Song X, Jiang W, Yue Y, Yin Y, Zhang Y, Liu Y, Yuan Y. 2016. 

Prognostic value of imbalanced interhemispheric functional coordination in 

early therapeutic efficacy in major depressive disorder. Psychiatry Res - 

Neuroimaging. 255:1–8. 

Huber KM, Gallagher SM, Warren ST, Bear MF. 2002. Altered synaptic plasticity 

in a mouse model of fragile X mental retardation. Proc Natl Acad Sci U S A. 

99:7746–7750. 

Hull L, Mandy W, Petrides K. 2017. Behavioural and cognitive sex/gender 

differences in autism spectrum condition and typically developing males and 

females. Autism. 21:706–727. 

Hull J V., Jacokes ZJ, Torgerson CM, Irimia A, Van Horn JD, Aylward E, Bernier 

R, Bookheimer S, Dapretto M, Gaab N, Geschwind D, Jack A, Nelson C, 

Pelphrey K, State M, Ventola P, Webb SJ. 2017. Resting-state functional 

connectivity in autism spectrum disorders: A review. Front Psychiatry. 

Ingalhalikar M, Smith A, Parker D, Satterthwaite TD, Elliott MA, Ruparel K, 

Hakonarson H, Gur RE, Gur RC, Verma R. 2014. Sex differences in the 



118 

structural connectome of the human brain. Proc Natl Acad Sci U S A. 

111:823–828. 

Ingemarsson I. 2003. Gender aspects of preterm birth. BJOG An Int J Obstet 

Gynaecol. 110:34–38. 

Jacquemont S, Coe BP, Hersch M, Duyzend MH, Krumm N, Bergmann S, 

Beckmann JS, Rosenfeld JA, Eichler EE. 2014. A higher mutational burden 

in females supports a “female protective model” in neurodevelopmental 

disorders. Am J Hum Genet. 94:415–425. 

Jiang L, Hou X-H, Yang N, Yang Z, Zuo X-N. 2015. Examination of Local 

Functional Homogeneity in Autism. Biomed Res Int. 2015:174371. 

Jiang L, Xu T, He Y, Hou X-H, Wang J, Cao X-Y, Wei G-X, Yang Z, He Y, Zuo X-

N. 2015. Toward neurobiological characterization of functional homogeneity 

in the human cortex: regional variation, morphological association and 

functional covariance network organization. Brain Struct Funct. 220:2485–

2507. 

Jiang L, Zuo X-N. 2016. Regional Homogeneity. Neurosci. 22:486–505. 

Joel D, Fausto-Sterling A. 2016. Beyond sex differences: new approaches for 

thinking about variation in brain structure and function. Philos Trans R Soc B 

Biol Sci. 371:20150451. 

Johnco C, Lewin AB, Salloum A, Murphy TK, Crawford EA, Dane BF, McBride 

NM, Storch EA. 2016. Adverse Prenatal, Perinatal and Neonatal 

Experiences in Children with Anxiety Disorders. Child Psychiatry Hum Dev. 

47:317–325. 

Johnson S. 2007. Cognitive and behavioural outcomes following very preterm 

birth. Semin Fetal Neonatal Med. 12:363–373. 

Johnson S, Hollis C, Kochhar P, Hennessy E, Wolke D, Marlow N. 2010. Autism 

Spectrum Disorders in Extremely Preterm Children. J Pediatr. 156:525-

531.e2. 



119 

Johnson S, Marlow N. 2011. Preterm Birth and Childhood Psychiatric Disorders. 

Joliot M, Jobard G, Naveau M, Delcroix N, Petit L, Zago L, Crivello F, Mellet E, 

Mazoyer B, Tzourio-Mazoyer N. 2015. AICHA: An atlas of intrinsic 

connectivity of homotopic areas. J Neurosci Methods. 254:46–59. 

Kang HJ, Kawasawa YI, Cheng F, Zhu Y, Xu X, Li M, Sousa AMM, Pletikos M, 

Meyer KA, Sedmak G, Guennel T, Shin Y, Johnson MB, Krsnik Ž, Mayer S, 

Fertuzinhos S, Umlauf S, Lisgo SN, Vortmeyer A, Weinberger DR, Mane S, 

Hyde TM, Huttner A, Reimers M, Kleinman JE, Šestan N. 2011. Spatio-

temporal transcriptome of the human brain. Nature. 478:483–489. 

Kapogiannis D, Reiter DA, Willette AA, Mattson MP. 2013. Posteromedial cortex 

glutamate and GABA predict intrinsic functional connectivity of the default 

mode network. Neuroimage. 64:112–119. 

Karolis VR, Froudist-Walsh S, Brittain PJ, Kroll J, Ball G, Edwards AD, 

Dell’Acqua F, Williams SC, Murray RM, Nosarti C. 2016. Reinforcement of 

the Brain’s Rich-Club Architecture Following Early Neurodevelopmental 

Disruption Caused by Very Preterm Birth. Cereb Cortex. 26:1322–1335. 

Katuwal GJ, Cahill ND, Baum SA, Michael AM. 2015. The predictive power of 

structural MRI in Autism diagnosis. Proc Annu Int Conf IEEE Eng Med Biol 

Soc EMBS. 2015-Novem:4270–4273. 

Kelly AMC, Di Martino A, Uddin LQ, Shehzad Z, Gee DG, Reiss PT, Margulies 

DS, Castellanos FX, Milham MP. 2009. Development of anterior cingulate 

functional connectivity from late childhood to early adulthood. Cereb Cortex. 

19:640–657. 

Keown CL, Shih P, Nair A, Peterson N, Mulvey ME, Müller RA. 2013. Local 

functional overconnectivity in posterior brain regions is associated with 

symptom severity in autism spectrum disorders. Cell Rep. 

Kersbergen KJ, Makropoulos A, Aljabar P, Groenendaal F, de Vries LS, Counsell 

SJ, Benders MJNL. 2016. Longitudinal Regional Brain Development and 

Clinical Risk Factors in Extremely Preterm Infants. J Pediatr. 178:93-100.e6. 



120 

Kesler SR, Reiss AL, Vohr B, Watson C, Schneider KC, Katz KH, Maller-

Kesselman J, Silbereis J, Constable RT, Makuch RW, Ment LR. 2008. Brain 

Volume Reductions within Multiple Cognitive Systems in Male Preterm 

Children at Age Twelve. J Pediatr. 152:513-520.e1. 

Keunen K, Benders MJ, Leemans A, Fieret-Van Stam PC, Scholtens LH, 

Viergever MA, Kahn RS, Groenendaal F, de Vries LS, van den Heuvel MP. 

2017. White matter maturation in the neonatal brain is predictive of school 

age cognitive capacities in children born very preterm. Dev Med Child 

Neurol. 59:939–946. 

Kim H, Lim CS, Kaang BK. 2016. Neuronal mechanisms and circuits underlying 

repetitive behaviors in mouse models of autism spectrum disorder. Behav 

Brain Funct. 

Kirkness CJ, Burr RL, Mitchell PH, Newell DW. 2004. Is There a Sex Difference 

in the Course Following Traumatic Brain Injury? Biol Res Nurs. 5:299–310. 

Kirkovski M, Enticott PG, Fitzgerald PB. 2013. A Review of the Role of Female 

Gender in Autism Spectrum Disorders. J Autism Dev Disord. 43:2584–2603. 

Kirkovski M, Enticott PG, Hughes ME, Rossell SL, Fitzgerald PB. 2016. Atypical 

Neural Activity in Males But Not Females with Autism Spectrum Disorder. J 

Autism Dev Disord. 46:954–963. 

Knickmeyer R, Baron-Cohen S, Fane BA, Wheelwright S, Mathews GA, Conway 

GS, Brook CGD, Hines M. 2006. Androgens and autistic traits: A study of 

individuals with congenital adrenal hyperplasia. Horm Behav. 50:148–153. 

Knowles JK, Penn AA, Mccarthy MM. 2012. Perinatal Brain Development, 

Malformation, and Injury. Morgan & Claypool Life Sciences. 

Kontis D, Catani M, Cuddy M, Walshe M, Nosarti C, Jones D, Wyatt J, Rifkin L, 

Murray R, Allin M. 2009. Diffusion tensor MRI of the corpus callosum and 

cognitive function in adults born preterm. Neuroreport. 20:424–428. 

Kozhemiako N, Nunes A, Vakorin VA, Chau CMY, Moiseev A, Ribary U, Grunau 

RE, Doesburg SM. 2019. Atypical resting state neuromagnetic connectivity 



121 

and spectral power in very preterm children. J Child Psychol Psychiatry. 

60:975–987. 

Kozhemiako N, Vakorin V, Nunes AS, Iarocci G, Ribary U, Doesburg SM. 2019. 

Extreme male developmental trajectories of homotopic brain connectivity in 

autism. Hum Brain Mapp. 40:987–1000. 

Krishnan A, Williams LJ, McIntosh AR, Abdi H. 2011. Partial Least Squares 

(PLS) methods for neuroimaging: A tutorial and review. Neuroimage. 

56:455–475. 

Kushnerenko E, Čeponiene R, Balan P, Fellman V, Huotilainen M, Näätänen R. 

2002. Maturation of the auditory event-related potentials during the first year 

of life. Cogn Neurosci Neuropsychol. 13:47–51. 

Lachaux J-P, Rodriguez E, Martinerie J, Varela FJ. 1999. Measuring phase 

synchrony in brain signals. Hum Brain Mapp. 8:194–208. 

Lai M-C, Lombardo M V., Chakrabarti B, Ecker C, Sadek SA, Wheelwright SJ, 

Murphy DGM, Suckling J, Bullmore ET, Baron-Cohen S. 2012. Individual 

differences in brain structure underpin empathizing–systemizing cognitive 

styles in male adults. Neuroimage. 61:1347–1354. 

Lai M-C, Lombardo M V., Pasco G, Ruigrok AN V., Wheelwright SJ, Sadek SA, 

Chakrabarti B, Baron-Cohen S. 2011. A Behavioral Comparison of Male and 

Female Adults with High Functioning Autism Spectrum Conditions. PLoS 

One. 6:e20835. 

Lai MC, Lerch JP, Floris DL, Ruigrok ANV, Pohl A, Lombardo M V., Baron-Cohen 

S. 2017. Imaging sex/gender and autism in the brain: Etiological 

implications. J Neurosci Res. 95:380–397. 

Lai MC, Lombardo M V., Ruigrok ANV, Chakrabarti B, Auyeung B, Szatmari P, 

Happé F, Baron-Cohen S. 2017. Quantifying and exploring camouflaging in 

men and women with autism. Autism. 21:690–702. 

Lang X, Wang L, Zhuo CJ, Jia F, Wang LN, Wang CL. 2016. Reduction of 

interhemispheric functional connectivity in sensorimotor and visual 



122 

information processing pathways in schizophrenia. Chin Med J (Engl). 

129:2422–2426. 

Lavoie ME, Robaey P, Stauder JEA, Glorieux J, Lefebvre F. 1998. Extreme 

prematurity in healthy 5-year-old children: A re-analysis of sex effects on 

event-related brain activity. Psychophysiology. 35:679–689. 

Lawn JE, Cousens S, Zupan J, Lancet Neonatal Survival Steering Team. 2005. 4 

million neonatal deaths: When? Where? Why? Lancet. 365:891–900. 

Lee JK, Amaral DG, Solomon M, Rogers SJ, Ozonoff S, Nordahl CW. 2020. Sex 

Differences in the Amygdala Resting-State Connectome of Children With 

Autism Spectrum Disorder. Biol Psychiatry Cogn Neurosci Neuroimaging. 

5:320–329. 

Li M, Zhu L, Mai X, Shao J, Lozoff B, Zhao Z. 2013. Sex and gestational age 

effects on auditory brainstem responses in preterm and term infants. Early 

Hum Dev. 89:43–48. 

Lindström K, Lindblad F, Hjern A. 2011. Preterm Birth and Attention-

Deficit/Hyperactivity Disorder in Schoolchildren. Pediatrics. 127:858–865. 

Liu Y, Metens T, Absil J, De Maertelaer V, Balériaux D, David P, Denolin V, Van 

Overmeire B, Avni F, Van Bogaert P, Aeby A. 2011. Gender Differences in 

Language and Motor-Related Fibers in a Population of Healthy Preterm 

Neonates at Term-Equivalent Age: A Diffusion Tensor and Probabilistic 

Tractography Study. Am J Neuroradiol. 32:2011–2016. 

Lobaugh NJ, West R, McIntosh AR. 2001. Spatiotemporal analysis of 

experimental differences in event-related potential data with partial least 

squares. Psychophysiology. 38:517–530. 

Loe IM, Lee ES, Luna B, Feldman HM. 2011. Behavior problems of 9–16 year 

old preterm children: Biological, sociodemographic, and intellectual 

contributions. Early Hum Dev. 87:247–252. 

Lopez-Larson MP, Anderson JS, Ferguson MA, Yurgelun-Todd D. 2011. Local 

brain connectivity and associations with gender and age. Dev Cogn 



123 

Neurosci. 1:187–197. 

Lord C, Risi S, Lambrecht L, Cook EH, Leventhal BL, Dilavore PC, Pickles A, 

Rutter M. 2000. The Autism Diagnostic Observation Schedule-Generic: A 

standard measure of social and communication deficits associated with the 

spectrum of autism. J Autism Dev Disord. 30:205–223. 

Lovell-Badge R, Robertson E. 1990. XY female mice resulting from a heritable 

mutation in the primary testis-determining gene, Tdy. Development. 109. 

Low LK, Cheng HJ. 2006. Axon pruning: An essential step underlying the 

developmental plasticity of neuronal connections. Philos Trans R Soc B Biol 

Sci. 

MacKay DF, Smith GCS, Dobbie R, Pell JP. 2010. Gestational Age at Delivery 

and Special Educational Need: Retrospective Cohort Study of 407,503 

Schoolchildren. PLoS Med. 7:e1000289. 

Mandy W, Chilvers R, Chowdhury U, Salter G, Seigal A, Skuse D. 2012. Sex 

Differences in Autism Spectrum Disorder: Evidence from a Large Sample of 

Children and Adolescents. J Autism Dev Disord. 42:1304–1313. 

Månsson J, Fellman V, Stjernqvist K, EXPRESS Study Group (authors). 2015. 

Extremely preterm birth affects boys more and socio-economic and neonatal 

variables pose sex-specific risks. Acta Paediatr. 104:514–521. 

Markham JA, Mullins SE, Koenig JI. 2013. Periadolescent maturation of the 

prefrontal cortex is sex-specific and is disrupted by prenatal stress. J Comp 

Neurol. 521:1828–1843. 

Marlow N, Wolke D, Bracewell MA, Samara M. 2005. Neurologic and 

Developmental Disability at Six Years of Age after Extremely Preterm Birth. 

N Engl J Med. 352:9–19. 

Matthews M, Fair DA. 2015. Research Review: Functional brain connectivity and 

child psychopathology - overview and methodological considerations for 

investigators new to the field. J Child Psychol Psychiatry. 56:400–414. 



124 

Maximo JO, Cadena EJ, Kana RK. 2014. The Implications of Brain Connectivity 

in the Neuropsychology of Autism. Neuropsychol Rev. 24:16–31. 

Maximo JO, Keown CL, Nair A, Müller R-A. 2013. Approaches to local 

connectivity in autism using resting state functional connectivity MRI. Front 

Hum Neurosci. 7:605. 

May T, Cornish K, Rinehart N. 2014. Does gender matter? A one year follow-up 

of autistic, attention and anxiety symptoms in high-functioning children with 

autism spectrum disorder. J Autism Dev Disord. 44:1077–1086. 

McCarthy M. 2008. Estradiol and the Developing Brain. Physiol Rev. 88:91–134. 

McCarthy M. 2011. Sex and the Developing Brain, Sex Differences in the Central 

Nervous System. Morgan & Claypool Life Sciences series. 

McCarthy MM, Nugent BM, Lenz KM. 2017. Neuroimmunology and 

neuroepigenetics in the establishment of sex differences in the brain. Nat 

Rev Neurosci. 18:471–484. 

McCarthy MM, Wright CL. 2017. Convergence of Sex Differences and the 

Neuroimmune System in Autism Spectrum Disorder. Biol Psychiatry. 

81:402–410. 

McIntosh AR, Lobaugh NJ. 2004. Partial least squares analysis of neuroimaging 

data: Applications and advances. Neuroimage. 23:250–263. 

McLennan JD, Lord C, Schopler E. 1993. Sex differences in higher functioning 

people with autism. J Autism Dev Disord. 23:217–227. 

Miller DI, Halpern DF. 2014. The new science of cognitive sex differences. 

Trends Cogn Sci. 

Miller EK, Lundqvist M, Bastos AM. 2018. Working Memory 2.0. Neuron. 

Miskovic V, Ma X, Chou CA, Fan M, Owens M, Sayama H, Gibb BE. 2015. 

Developmental changes in spontaneous electrocortical activity and network 

organization from early to late childhood. Neuroimage. 118:237–247. 

Mogil JS. 2020. Qualitative sex differences in pain processing: emerging 



125 

evidence of a biased literature. Nat Rev Neurosci. 

Moiseev A, Gaspar JM, Schneider JA, Herdman AT. 2011. Application of multi-

source minimum variance beamformers for reconstruction of correlated 

neural activity. Neuroimage. 58:481–496. 

Monk CS, Peltier SJ, Wiggins JL, Weng SJ, Carrasco M, Risi S, Lord C. 2009. 

Abnormalities of intrinsic functional connectivity in autism spectrum 

disorders,. Neuroimage. 47:764–772. 

Morlet T, Desreux V, Lapillonne A. 1999. [Precocious maturation of auditory 

evoked potentials in prematures: influence of gestational age and sex]. Arch 

Pediatr. 6:75–78. 

Morrow EH. 2015. The evolution of sex differences in disease. Biol Sex Differ. 

Mosconi M, Zwaigenbaum L, Piven J. 2006. Structural MRI in autism: Findings 

and future directions. Clin Neurosci Res. 6:135–144. 

Moster D, Lie RT, Markestad T. 2008. Long-Term Medical and Social 

Consequences of Preterm Birth. N Engl J Med. 359:262–273. 

Mottron L, Duret P, Mueller S, Moore RD, Forgeot d’Arc B, Jacquemont S, Xiong 

L. 2015. Sex differences in brain plasticity: a new hypothesis for sex ratio 

bias in autism. Mol Autism. 6:33. 

Mueller S, Wang D, Fox MD, Yeo BTT, Sepulcre J, Sabuncu MR, Shafee R, Lu 

J, Liu H. 2013. Individual Variability in Functional Connectivity Architecture of 

the Human Brain. Neuron. 77:586–595. 

Muhle R, Trentacoste SV, Rapin I. 2004. Genetics of autism. Pediatrics. 

113:e472–e486. 

Müller R-A, Shih P, Keehn B, Deyoe JR, Leyden KM, Shukla DK. 2011. 

Underconnected, but how? Cereb Cortex. 21:2233–2243. 

Nguyen DK, Disteche CM. 2006. High expression of the mammalian X 

chromosome in brain. Brain Res. 1126:46–49. 

Nguyen T-V, McCracken J, Ducharme S, Botteron KN, Mahabir M, Johnson W, 



126 

Israel M, Evans AC, Karama S. 2013. Testosterone-Related Cortical 

Maturation Across Childhood and Adolescence. Cereb Cortex. 23:1424–

1432. 

Nomi JS, Uddin LQ. 2015. Developmental changes in large-scale network 

connectivity in autism. NeuroImage Clin. 7:732–741. 

Nostro AD, Müller VI, Varikuti DP, Pläschke RN, Hoffstaedter F, Langner R, Patil 

KR, Eickhoff SB. 2018. Predicting personality from network-based resting-

state functional connectivity. Brain Struct Funct. 223:2699–2719. 

Nunes AS, Moiseev A, Kozhemiako N, Cheung T, Ribary U, Doesburg SM. 2020. 

Multiple constrained minimum variance beamformer (MCMV) performance in 

connectivity analyses. Neuroimage. 208:116386. 

Nunes AS, Peatfield N, Vakorin V, Doesburg SM. 2018. Idiosyncratic 

organization of cortical networks in autism spectrum disorder. Neuroimage. 

Nunes AS, Vakorin VA, Kozhemiako N, Peatfield N, Ribary U, Doesburg SM. 

2019. Atypical developmental features of cortical thickness trajectories in 

Autism Spectrum Disorder. bioRxiv. 

Nuñez JL, Bambrick LL, Krueger BK, McCarthy MM. 2005. Prolongation and 

enhancement of γ-aminobutyric acidA receptor mediated excitation by 

chronic treatment with estradiol in developing rat hippocampal neurons. Eur 

J Neurosci. 21:3251–3261. 

Nyman A, Korhonen T, Munck P, Parkkola R, Lehtonen L, Haataja L. 2017. 

Factors affecting the cognitive profile of 11-year-old children born very 

preterm. Pediatr Res. 82:324–332. 

O’Reilly C, Lewis JD, Elsabbagh M. 2017. Is functional brain connectivity atypical 

in autism? A systematic review of EEG and MEG studies. PLoS One. 

12:e0175870. 

Olischar M, Waldhör T, Berger A, Fuiko R, Weninger M, Klebermass-Schrehof K. 

2013. Amplitude-integrated electroencephalography in male newborns 

&lt;30 weeks’ of gestation and unfavourable neurodevelopmental outcome at 



127 

three years is less mature when compared to females. Acta Paediatr. 

102:e443–e448. 

Oostenveld R, Fries P, Maris E, Schoffelen J-M. 2011. FieldTrip: Open Source 

Software for Advanced Analysis of MEG, EEG, and Invasive 

Electrophysiological Data. Comput Intell Neurosci. 2011:1–9. 

Paakki J-J, Rahko J, Long X, Moilanen I, Tervonen O, Nikkinen J, Starck T, 

Remes J, Hurtig T, Haapsamo H, Jussila K, Kuusikko-Gauffin S, Mattila M-L, 

Zang Y, Kiviniemi V. 2010. Alterations in regional homogeneity of resting-

state brain activity in autism spectrum disorders. Brain Res. 1321:169–179. 

Padmanabhan A, Lynch CJ, Schaer M, Menon V. 2017. The Default Mode 

Network in Autism. Biol Psychiatry Cogn Neurosci Neuroimaging. 

Papadatou-Pastou M, Martin M, Munafò MR, Jones G V. 2008. Sex Differences 

in Left-Handedness: A Meta-Analysis of 144 Studies. Psychol Bull. 134:677–

699. 

Pascual-Marqui RD, Michel CM, Lehmann D. 1994. Low resolution 

electromagnetic tomography: a new method for localizing electrical activity in 

the brain. Int J Psychophysiol. 18:49–65. 

Patterson PH. 2011. Maternal infection and immune involvement in autism. 

Trends Mol Med. 

Peacock JL, Marston L, Marlow N, Calvert SA, Greenough A. 2012. Neonatal 

and infant outcome in boys and girls born very prematurely. Pediatr Res. 

71:305–310. 

Pervaiz U, Vidaurre D, Woolrich MW, Smith SM. 2020. Optimising network 

modelling methods for fMRI. Neuroimage. 211:116604. 

Pfaff DW, Rapin I, Goldman S. 2011. Male predominance in autism: 

neuroendocrine influences on arousal and social anxiety. Autism Res. 

4:163–176. 

Phillips J, Yeo RA, Caprihan A, Cannon DC, Patel S, Winter S, Steffen M, 



128 

Campbell R, Wiedmeier S, Baker S, Gonzales S, Lowe J, Ohls RK. 2017. 

Neuroimaging in former preterm children who received erythropoiesis 

stimulating agents. Pediatr Res. 82:685–690. 

Picci G, Gotts SJ, Scherf KS. 2016. A theoretical rut: revisiting and critically 

evaluating the generalized under/over-connectivity hypothesis of autism. 

Dev Sci. 19:524–549. 

Quinn JM, Wagner RK. 2015. Gender Differences in Reading Impairment and in 

the Identification of Impaired Readers. J Learn Disabil. 48:433–445. 

Rane P, Cochran D, Hodge SM, Haselgrove C, Kennedy DN, Frazier JA. 2015. 

Connectivity in Autism: A Review of MRI Connectivity Studies. Harv Rev 

Psychiatry. 

Ranger M, Grunau RE. 2014. Early repetitive pain in preterm infants in relation to 

the developing brain. Pain Manag. 

Ranger M, Synnes AR, Vinall J, Grunau RE. 2014. Internalizing behaviours in 

school-age children born very preterm are predicted by neonatal pain and 

morphine exposure. Eur J Pain. 18:844–852. 

Raznahan A, Shaw P, Lalonde F, Stockman M, Wallace GL, Greenstein D, 

Clasen L, Gogtay N, Giedd JN. 2011. Brief Communications How Does Your 

Cortex Grow? 

Reigosa-Crespo V, Valdés-Sosa M, Butterworth B, Estévez N, Rodríguez M, 

Santos E, Torres P, Suárez R, Lage A. 2012. Basic numerical capacities and 

prevalence of developmental dyscalculia: The Havana Survey. Dev Psychol. 

48:123–135. 

Reiss AL, Kesler SR, Vohr B, Duncan CC, Katz KH, Pajot S, Schneider KC, 

Makuch RW, Ment LR. 2004. Sex differences in cerebral volumes of 8-year-

olds born preterm. J Pediatr. 145:242–249. 

Reynolds LC, Pineda RG, Mathur A, Vavasseur C, Shah DK, Liao S, Inder T. 

2014. Cerebral maturation on amplitude-integrated electroencephalography 

and perinatal exposures in preterm infants. Acta Paediatr. 103:e96–e100. 



129 

Ribary U, Doesburg SM, Ward LM. 2017. Unified principles of thalamo-cortical 

processing: the neural switch. Biomed Eng Lett. 7:229–235. 

Ritchie SJ, Cox SR, Shen X, Lombardo M V., Reus LM, Alloza C, Harris MA, 

Alderson HL, Hunter S, Neilson E, Liewald DCM, Auyeung B, Whalley HC, 

Lawrie SM, Gale CR, Bastin ME, McIntosh AM, Deary IJ. 2018. Sex 

differences in the adult human brain: Evidence from 5216 UK biobank 

participants. Cereb Cortex. 28:2959–2975. 

Robinson EB, Lichtenstein P, Anckarsäter H, Happé F, Ronald A. 2013. 

Examining and interpreting the female protective effect against autistic 

behavior. Proc Natl Acad Sci U S A. 110:5258–5262. 

Rose J, Butler EE, Lamont LE, Barnes PD, Atlas SW, Stevenson DK. 2009. 

Neonatal brain structure on MRI and diffusion tensor imaging, sex, and 

neurodevelopment in very-low-birthweight preterm children. Dev Med Child 

Neurol. 51:526–535. 

Rosenberg MD, Finn ES, Scheinost D, Papademetris X, Shen X, Constable RT, 

Chun MM. 2016. A neuromarker of sustained attention from whole-brain 

functional connectivity. Nat Neurosci. 19:165–171. 

Rubia K. 2013. Functional brain imaging across development. Eur Child Adolesc 

Psychiatry. 22:719–731. 

Rutter M, Caspi A, Moffitt TE. 2003. Using sex differences in psychopathology to 

study causal mechanisms: unifying issues and research strategies. J Child 

Psychol Psychiatry. 44:1092–1115. 

Sala-Llonch R, Smith SM, Woolrich M, Duff EP. 2019. Spatial parcellations, 

spectral filtering, and connectivity measures in fMRI: Optimizing for 

discrimination. Hum Brain Mapp. 40:407–419. 

Satterthwaite TD, Wolf DH, Roalf DR, Ruparel K, Erus G, Vandekar S, Gennatas 

ED, Elliott MA, Smith A, Hakonarson H, Verma R, Davatzikos C, Gur RE, 

Gur RC. 2015. Linked Sex Differences in Cognition and Functional 

Connectivity in Youth. Cereb Cortex. 25:2383–2394. 



130 

Schaefer G. 2016. Clinical Genetic Aspects of Autism Spectrum Disorders. Int J 

Mol Sci. 17:180. 

Schindler T, Koller-Smith L, Lui K, Bajuk B, Bolisetty S, New South Wales and 

Australian Capital Territory Neonatal Intensive Care Units’ Data Collection 

NSW and ACTNICUD. 2017. Causes of death in very preterm infants cared 

for in neonatal intensive care units: a population-based retrospective cohort 

study. BMC Pediatr. 17:59. 

Schmithorst VJ, Holland SK. 2007. Sex differences in the development of 

neuroanatomical functional connectivity underlying intelligence found using 

Bayesian connectivity analysis. Neuroimage. 35:406–419. 

Schnitzler A, Gross J. 2005. Normal and pathological oscillatory communication 

in the brain. Nat Rev Neurosci. 

Schöpf V, Kasprian G, Brugger PC, Prayer D. 2012. Watching the fetal brain at 

“rest.” Int J Dev Neurosci. 30:11–17. 

Seeley WW, Menon V, Schatzberg AF, Keller J, Glover GH, Kenna H, Reiss AL, 

Greicius MD. 2007. Dissociable intrinsic connectivity networks for salience 

processing and executive control. J Neurosci. 27:2349–2356. 

Sellers K, Raval P, Srivastava DP. 2015. Molecular signature of rapid estrogen 

regulation of synaptic connectivity and cognition. Front Neuroendocrinol. 

36:72–89. 

Shaw JC, Palliser HK, Dyson RM, Hirst JJ, Berry MJ. 2016. Long-term effects of 

preterm birth on behavior and neurosteroid sensitivity in the Guinea pig. 

Pediatr Res. 80:275–283. 

Sheppard PAS, Choleris E, Galea LAM. 2019. Structural plasticity of the 

hippocampus in response to estrogens in female rodents. Mol Brain. 

Shim SY, Cho SJ, Kong KA, Park EA. 2017. Gestational age-specific sex 

difference in mortality and morbidities of preterm infants: A nationwide study. 

Sci Rep. 7:1–8. 



131 

Shukla DK, Keehn B, Müller RA. 2010. Regional homogeneity of fMRI time series 

in autism spectrum disorders. Neurosci Lett. 476:46–51. 

Skiöld B, Alexandrou G, Padilla N, Blennow M, Vollmer B, Adén U. 2014. Sex 

differences in outcome and associations with neonatal brain morphology in 

extremely preterm children. J Pediatr. 164:1012–1018. 

Skuse DH. 2000. Imprinting, the X-chromosome, and the male brain: Explaining 

sex differences in the liability to autism. Pediatr Res. 

Smith REW, Avery JA, Wallace GL, Kenworthy L, Gotts SJ, Martin A. 2019. Sex 

Differences in Resting-State Functional Connectivity of the Cerebellum in 

Autism Spectrum Disorder. Front Hum Neurosci. 13:104. 

Smyser CD, Inder TE, Shimony JS, Hill JE, Degnan AJ, Snyder AZ, Neil JJ. 

2010. Longitudinal analysis of neural network development in preterm 

infants. Cereb Cortex. 20:2852–2862. 

Somsen RJM, Van’t Klooster BJ, Van Der Molen MW, Van Leeuwen HMP, Licht 

R. 1997. Growth spurts in brain maturation during middle childhood as 

indexed by EEG power spectra. Biol Psychol. 44:187–209. 

Spear LP. 2013. Adolescent Neurodevelopment. J Adolesc Heal. 52:S7–S13. 

Stagg CJ, Bachtiar V, Amadi U, Gudberg CA, Ilie AS, Sampaio-Baptista C, 

O’Shea J, Woolrich M, Smith SM, Filippini N, Near J, Johansen-Berg H. 

2014. Local GABA concentration is related to network-level resting functional 

connectivity. Elife. 2014. 

Strømme P, Diseth TH. 2007. Prevalence of psychiatric diagnoses in children 

with mental retardation: data from a population-based study. Dev Med Child 

Neurol. 42:266–270. 

Tartaglia NR, Wilson R, Miller JS, Rafalko J, Cordeiro L, Davis S, Hessl D, Ross 

J. 2017. Autism Spectrum Disorder in Males with Sex Chromosome 

Aneuploidy: XXY/Klinefelter Syndrome, XYY, and XXYY. J Dev Behav 

Pediatr. 38:197–207. 



132 

Tasi LY, Beisler JM. 1983. The development of sex differences in infantile 

autism. Br J Psychiatry. 142:373–378. 

Teli R, Hay M, Hershey A, Kumar M, Yin H, Parikh NA. 2018. Postnatal 

Microstructural Developmental Trajectory of Corpus Callosum Subregions 

and Relationship to Clinical Factors in Very Preterm Infants. Sci Rep. 

8:7550. 

Thapar A, Cooper M, Rutter M. 2017. Neurodevelopmental disorders. The Lancet 

Psychiatry. 4:339–346. 

Thomason ME, Dassanayake MT, Shen S, Katkuri Y, Alexis M, Anderson AL, 

Yeo L, Mody S, Hernandez-Andrade E, Hassan SS, Studholme C, Jeong 

JW, Romero R. 2013. Cross-hemispheric functional connectivity in the 

human fetal brain. Sci Transl Med. 5:173ra24. 

Thompson DK, Kelly CE, Chen J, Beare R, Alexander B, Seal ML, Lee K, 

Matthews LG, Anderson PJ, Doyle LW, Spittle AJ, Cheong JLY. 2018. Early 

life predictors of brain development at term-equivalent age in infants born 

across the gestational age spectrum. Neuroimage. 

Tick B, Bolton P, Happé F, Rutter M, Rijsdijk F. 2016. Heritability of autism 

spectrum disorders: A meta-analysis of twin studies. J Child Psychol 

Psychiatry Allied Discip. 57:585–595. 

Tomasi D, Volkow ND. 2012. Gender differences in brain functional connectivity 

density. Hum Brain Mapp. 33:849–860. 

Torrance HL, Bloemen MCT, Mulder EJH, Nikkels PGJ, Derks JB, De Vries LS, 

Visser GHA. 2010. Predictors of outcome at 2 years of age after early 

intrauterine growth restriction. Ultrasound Obstet Gynecol. 36:171–177. 

Tsai L, Stewart MA, August G. 1981. Implication of sex differences in the familial 

transmission of infantile autism. J Autism Dev Disord. 11:165–173. 

Tyson JE, Parikh NA, Langer J, Green C, Higgins RD. 2008. Intensive Care for 

Extreme Prematurity — Moving beyond Gestational Age. N Engl J Med. 

358:1672–1681. 



133 

Tzourio-Mazoyer N, Landeau B, Papathanassiou D, Crivello F, Etard O, Delcroix 

N, Mazoyer B, Joliot M. 2002. Automated Anatomical Labeling of Activations 

in SPM Using a Macroscopic Anatomical Parcellation of the MNI MRI Single-

Subject Brain. Neuroimage. 15:273–289. 

Uccella S, De Carli A, Sirgiovanni I, Schiavolin P, Damiano G, Ghirardi B, 

Maglioli Carpano F, Bassi L, Gangi S, Picciolini O, Fumagalli M, Mosca F. 

2015. Survival rate and neurodevelopmental outcome of extremely 

premature babies: an 8-year experience of an Italian single neonatal tertiary 

care center. La Pediatr Medica e Chir. 37:pmc.2015.106. 

Uddin LQ, Supekar K, Menon V. 2013. Reconceptualizing functional brain 

connectivity in autism from a developmental perspective. Front Hum 

Neurosci. 

Urben S, Van Hanswijck De Jonge L, Barisnikov K, Pizzo R, Monnier M, 

Lazeyras F, Borradori Tolsa C, Hüppi PS. 2017a. Gestational age and 

gender influence on executive control and its related neural structures in 

preterm-born children at 6 years of age. Child Neuropsychol. 23:188–207. 

Urben S, Van Hanswijck De Jonge L, Barisnikov K, Pizzo R, Monnier M, 

Lazeyras F, Borradori Tolsa C, Hüppi PS. 2017b. Gestational age and 

gender influence on executive control and its related neural structures in 

preterm-born children at 6 years of age. Child Neuropsychol. 23:188–207. 

Vakorin VA, Doesburg SM. 2016. Development of Human Neurophysiological 

Activity and Network Dynamics. In: Palva S, editor. Multimodal Oscilation-

based Connectivity Theory. Palva Satu. ed. Springer. p. 107–122. 

Vakorin VA, Doesburg SM, Leung RC, Vogan VM, Anagnostou E, Taylor MJ. 

2017. Developmental Changes in Neuromagnetic Rhythms and Network 

Synchrony in Autism. ANN NEUROL. 81:199–211. 

Vakorin VA, Lippe S, McIntosh AR. 2011. Variability of brain signals processed 

locally transforms into higher connectivity with brain development. J 

Neurosci. 31:6405–6413. 



134 

Vakorin VA, McIntosh AR, Mišić B, Krakovska O, Poulsen C, Martinu K, Paus T. 

2013. Exploring Age-Related Changes in Dynamical Non-Stationarity in 

Electroencephalographic Signals during Early Adolescence. PLoS One. 

8:e57217. 

van den Heuvel MI, Thomason ME. 2016. Functional Connectivity of the Human 

Brain in Utero. Trends Cogn Sci. 

van den Heuvel MP, Hulshoff Pol HE. 2010. Exploring the brain network: A 

review on resting-state fMRI functional connectivity. Eur 

Neuropsychopharmacol. 20:519–534. 

Van Essen DC, Drury HA, Dickson J, Harwell J, Hanlon D, Anderson CH. 2001. 

An integrated software suite for surface-based analyses of cerebral cortex. J 

Am Med Informatics Assoc. 

van Kooij BJM, van Pul C, Benders MJNL, van Haastert IC, de Vries LS, 

Groenendaal F. 2011. Fiber Tracking at Term Displays Gender Differences 

Regarding Cognitive and Motor Outcome at 2 Years of Age in Preterm 

Infants. Pediatr Res. 70:626–632. 

Van Wijngaarden-Cremers PJM, van Eeten E, Groen WB, Van Deurzen PA, 

Oosterling IJ, Van der Gaag RJ. 2014. Gender and age differences in the 

core triad of impairments in autism spectrum disorders: a systematic review 

and meta-analysis. J Autism Dev Disord. 44:627–635. 

Vanhatalo S, Kaila K. 2006a. Development of neonatal EEG activity: From 

phenomenology to physiology. Semin Fetal Neonatal Med. 11:471–478. 

Vanhatalo S, Kaila K. 2006b. Development of neonatal EEG activity: From 

phenomenology to physiology. Semin Fetal Neonatal Med. 11:471–478. 

Vanhatalo S, Kaila K. 2010. Emergence of spontaneous and evoked 

electroencephalographic activity in the human brain. In: Lagercrantz H,, 

Hanson MA,, Ment LR,, Peebles DM, editors. The Newborn Brain: 

Neuroscience and Clinical Applications. Cambridge: Cambridge University 

Press. p. 229–244. 



135 

Vanhatalo S, Palva JM, Andersson S, Rivera C, Voipio J, Kaila K. 2005. Slow 

endogenous activity transients and developmental expression of K/Cl 

cotransporter 2 in the immature human cortex. Eur J Neurosci. 22:2799–

2804. 

Vasileiadis GT, Thompson RT, Han VKM, Gelman N. 2009. Females Follow a 

More “Compact” Early Human Brain Development Model Than Males. A 

Case-Control Study of Preterm Neonates. Pediatr Res. 66:551–554. 

Vinall J, Miller SP, Bjornson BH, Fitzpatrick KPV, Poskitt KJ, Brant R, Synnes 

AR, Cepeda IL, Grunau RE. 2014. Invasive procedures in preterm children: 

Brain and cognitive development at school age. Pediatrics. 133:412–421. 

Vissers ME, X Cohen M, Geurts HM. 2012. Brain connectivity and high 

functioning autism: A promising path of research that needs refined models, 

methodological convergence, and stronger behavioral links. Neurosci 

Biobehav Rev. 

von dem Hagen EAH, Stoyanova RS, Baron-Cohen S, Calder AJ. 2013. 

Reduced functional connectivity within and between “social” resting state 

networks in autism spectrum conditions. Soc Cogn Affect Neurosci. 8:694–

701. 

Wang L, Shen H, Tang F, Zang Y, Hu D. 2012. Combined structural and resting-

state functional MRI analysis of sexual dimorphism in the young adult human 

brain: An MVPA approach. Neuroimage. 61:931–940. 

Wang L, Song M, Jiang T, Zhang Y, Yu C. 2011. Regional homogeneity of the 

resting-state brain activity correlates with individual intelligence. Neurosci 

Lett. 

Wang T, Chen Z, Zhao G, Hitchman G, Liu C, Zhao X, Liu Y, Chen A. 2014. 

Linking inter-individual differences in the conflict adaptation effect to 

spontaneous brain activity. Neuroimage. 

Wang Z, Wang J, Zhang H, Mchugh R, Sun X, Li K, Yang QX. 2015. 

Interhemispheric functional and structural disconnection in Alzheimer’s 



136 

disease: A combined resting-state fMRI and DTI study. PLoS One. 

10:e0126310. 

Wass S. 2011. Distortions and disconnections: Disrupted brain connectivity in 

autism. Brain Cogn. 75:18–28. 

Wechsler D. 2003. Wechsler Intelligence Scale for Children. 4th ed. (WISC-IV). 

San-Antonio, TX: Psychological Corporation. 

Weng SJ, Wiggins JL, Peltier SJ, Carrasco M, Risi S, Lord C, Monk CS. 2010. 

Alterations of resting state functional connectivity in the default network in 

adolescents with autism spectrum disorders. Brain Res. 1313:202–214. 

Werling DM, Geschwind DH. 2013. Understanding sex bias in autism spectrum 

disorder. Proc Natl Acad Sci U S A. 

Whitehouse AJO, Mattes E, Maybery MT, Dissanayake C, Sawyer M, Jones RM, 

Pennell CE, Keelan JA, Hickey M. 2012. Perinatal testosterone exposure 

and autistic-like traits in the general population: A longitudinal pregnancy-

cohort study. J Neurodev Disord. 4:1–12. 

Whitfield MF, Grunau RE, Holsti L. 1997. Extremely premature (< or = 800 g) 

schoolchildren: multiple areas of hidden disability. Arch Dis Child Fetal 

Neonatal Ed. 77:F85-90. 

WHO | Preterm birth [WWW Document]. 2017. . WHO. URL 

http://www.who.int/mediacentre/factsheets/fs363/en/ 

Willcutt EG. 2012. The prevalence of DSM-IV attention-deficit/hyperactivity 

disorder: a meta-analytic review. Neurotherapeutics. 9:490–499. 

Wisnowski JL, Schmithorst VJ, Ceschin RC, Corby P, Damasio H, Panigrahy A. 

2013. Altered Structural and Functional Connectivity in Late Preterm 

Preadolescents, Proc. Intl. Soc. Mag. Reson. Med. 

Wolke D, Samara M, Bracewell M, Marlow N. 2008. Specific Language 

Difficulties and School Achievement in Children Born at 25 Weeks of 

Gestation or Less. J Pediatr. 152:256-262.e1. 



137 

Wood NS, Costeloe K, Gibson AT, Hennessy EM, Marlow N, Wilkinson AR, 

EPICure Study Group. 2005. The EPICure study: associations and 

antecedents of neurological and developmental disability at 30 months of 

age following extremely preterm birth. Arch Dis Child Fetal Neonatal Ed. 

90:F134-40. 

Xu C, Li C, Wu H, Wu Y, Hu S, Zhu Y, Zhang W, Wang L, Zhu S, Liu J, Zhang Q, 

Yang J, Zhang X. 2015. Gender Differences in Cerebral Regional 

Homogeneity of Adult Healthy Volunteers: A Resting-State fMRI Study. 

Yahata N, Morimoto J, Hashimoto R, Lisi G, Shibata K, Kawakubo Y, Kuwabara 

H, Kuroda M, Yamada T, Megumi F, Imamizu H, Náñez JE, Takahashi H, 

Okamoto Y, Kasai K, Kato N, Sasaki Y, Watanabe T, Kawato M. 2016. A 

small number of abnormal brain connections predicts adult autism spectrum 

disorder. Nat Commun. 7:1–12. 

Yairi E, Ambrose NG. 1999. Early Childhood Stuttering I. J Speech Lang Hear 

Res. 42:1097. 

Yang H, Bai L, Zhou Y, Kang S, Liang P, Wang L, Zhu Y. 2017. Increased inter-

hemispheric resting-state functional connectivity in acute lacunar stroke 

patients with aphasia. Exp Brain Res. 235:941–948. 

Yang J, Lee J. 2018. Different aberrant mentalizing networks in males and 

females with autism spectrum disorders: Evidence from resting-state 

functional magnetic resonance imaging. Autism. 22:134–148. 

Yeo TBT, Krienen FM, Sepulcre J, Sabuncu MR, Lashkari D, Hollinshead M, 

Roffman JL, Smoller JW, Zöllei L, Polimeni JR, Fisch B, Liu H, Buckner RL. 

2011. The organization of the human cerebral cortex estimated by intrinsic 

functional connectivity. J Neurophysiol. 106:1125–1165. 

Young JM, Morgan BR, Powell TL, Moore AM, Whyte HEA, Smith M Lou, Taylor 

MJ. 2016. Associations of Perinatal Clinical and Magnetic Resonance 

Imaging Measures with Developmental Outcomes in Children Born Very 

Preterm. J Pediatr. 170:90–96. 



138 

Young JM, Morgan BR, Whyte HEA, Lee W, Smith M Lou, Raybaud C, Shroff 

MM, Sled JG, Taylor MJ. 2016. Longitudinal Study of White Matter 

Development and Outcomes in Children Born Very Preterm. Cereb Cortex. 

27:4094–4105. 

Ypma RJF, Moseley RL, Holt RJ, Rughooputh N, Floris DL, Chura LR, Spencer 

MD, Baron-Cohen S, Suckling J, Bullmore ET, Rubinov M. 2016. Default 

Mode Hypoconnectivity Underlies a Sex-Related Autism Spectrum. Biol 

Psychiatry Cogn Neurosci Neuroimaging. 1:364–371. 

Zang Y, Jiang T, Lu Y, He Y, Tian L. 2004. Regional homogeneity approach to 

fMRI data analysis. Neuroimage. 22:394–400. 

Zhang C, Dougherty CC, Baum SA, White T, Michael AM. 2018. Functional 

connectivity predicts gender: Evidence for gender differences in resting brain 

connectivity. Hum Brain Mapp. 39:1765–1776. 

Zhang J, Ji B, Hu J, Zhou C, Li L, Li Z, Huang X, Hu X. 2017. Aberrant 

interhemispheric homotopic functional and structural connectivity in 

amyotrophic lateral sclerosis. J Neurol Neurosurg Psychiatry. 88:374–380. 

Zhu Y, Song X, Xu M, Hu X, Li E, Liu J, Reports YY-S, 2016 U. 2016. Impaired 

interhemispheric synchrony in Parkinson’s disease with depression. 

nature.com. 6:1–9. 

Zuo X-N, Kelly C, Martino A Di, Mennes M, Margulies DS, Bangaru S, 

Grzadzinski R, Evans AC, Zang Y-F, Castellanos FX, Milham MP, Kline N. 

2010. Development/Plasticity/Repair Growing Together and Growing Apart: 

Regional and Sex Differences in the Lifespan Developmental Trajectories of 

Functional Homotopy. 

Zuo X-N, Xing X-X. 2014. Test-retest reliabilities of resting-state FMRI 

measurements in human brain functional connectomics: A systems 

neuroscience perspective. Neurosci Biobehav Rev. 45:100–118. 

 



139 

Appendix A.   
 

Supplementary tables describing ASD cohort 

 

Table A1 ABIDE I and II acquisition sites and participants IDs 
 

Acquisition site ID 
Typical Development (TD) Autistic Spectrum Disorder (ASD) 

Males Females Males Females 
A
B
I
D
E 
I 
 

Kennedy 
Krieger 
Institute 

N = 
27 9 6 8 4 

ID 
50773, 50775, 50781, 
50785, 50787, 50814, 
50817, 50819, 50822 

50778, 50780, 
50784, 50790, 
50812, 50820 

50793, 50797, 50799, 
50800, 50802, 50804, 

50823, 50825 

50792, 50795, 
50796, 50798 

University 
of Leuven: 
(Sample 2) 

N = 
18 6 5 4 3 

ID 50725, 50727, 50731, 
50733, 50738, 50740 

50722, 50723, 
50730, 50735, 50736 

50746, 50747, 50748, 
50750 

50743, 50744, 
50749 

NYU 
Langone 
Medical 
Center 

N = 
36 8 11 8 9 

ID 
51075, 51083, 51087, 
51096, 51100, 51109, 

51113, 51147 

51038, 51040, 
51042, 51045, 
51047, 51049, 
51051, 51053, 

51055, 51057, 51059 

50967, 50972, 50977, 
50998, 51007, 51008, 

51016, 51026 

50952, 50954, 
50955, 50956, 
50957, 50958, 
50959, 50961, 

50962 
Olin, 
Institute of 
Living at 
Hartford 
Hospital 

N = 
11 3 2 3 3 

ID 50102, 50104, 50111 50113, 50114 50118, 50120, 50136 50119, 50125, 
50127 

University 
of 
Pittsburgh 
School of 
Medicine 

N = 
16 4 4 4 4 

ID 50033, 50043, 50045, 
50047 

50036, 50038, 
50049, 50059 

50006, 50015, 50027, 
50028 

50005, 50023, 
50029, 50057 

Stanford 
University 

N = 
16 4 4 4 4 

ID 51182, 51185, 51187, 
51194 

51180, 51184, 
51188, 51192 

51163, 51169, 51172, 
51178 

51162, 51164, 
51167, 51170 

University 
of 
California 
Los 
Angeles 

N = 
18 5 4 4 5 

ID 51253, 51269, 51274, 
51278, 51281 

51264, 51267, 
51279, 51282 

51204, 51214, 51220, 
51224 

51207, 51215, 
51219, 51226, 

51230 

University 
of Miami 

N = 
41 10 11 12 8 

ID 

50335, 50344, 50349, 
50350, 50355, 50360, 
50366, 50371, 50372, 

50381 

50343, 50348, 
50353, 50354, 
50356, 50357, 
50361, 50369, 

50374, 50375, 50379 

50272, 50273, 50274, 
50275, 50277, 50279, 
50280, 50281, 50282, 
50283, 50286, 50288 

50276, 50278, 
50284, 50285, 
50300, 50302, 
50319, 50321 

YALE 

N = 
35 9 8 10 8 

ID 
50552, 50554, 50559, 
50561, 50564, 50570, 
50573, 50575, 50578 

50555, 50557, 
50558, 50563, 
50565, 50569, 
50572, 50576 

50601, 50602, 50605, 
50606, 50608, 50609, 
50610, 50611, 50616, 

50622 

50604, 50615, 
50619, 50620, 
50620, 50621, 
50623, 50624, 

50627 
A
B

Erasmus 
University 

N = 
21 5 5 6 5 
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I
D
E 
I
I 

Medical 
Center 
Rotterdam 

ID 29898, 29903, 29895, 
29906, 29915 

29892, 29894, 
29896, 29899, 29917 

29869, 29870, 29873, 
29868, 29872, 29885 

29867, 29871, 
29875, 29882, 

29889 

Georgetow
n 
University 

N = 
36 8 11 9 8 

ID 
28781, 28792, 28794, 
28798, 28806, 28828, 

28837, 28845 

28751, 28753, 
28757, 28759, 
28769, 28772, 
28775, 28783, 

28801, 28826, 28829 

28800, 28808, 28815, 
28819, 28821, 28825, 
28832, 28838, 28843 

28756, 28758, 
28779, 28780, 
28805, 28807, 
28834, 28839 

Institut 
Pasteur 
and Robert 
Debre 
Hospital 

N = 
32 8 6 10 8 

ID 
29580, 29583, 29589, 
29594, 29599, 29608, 

29614, 29617 

29590, 29596, 
29601, 29607, 
29620, 29630 

29587, 29588, 29606, 
29609, 29612, 29615, 
29619, 29626, 29627, 

29629 

29584, 29591, 
29603, 29610, 
29613, 29623, 
29624, 29628 

Kennedy 
Krieger 
Institute 

N = 
52 15 11 12 14 

ID 

29311, 29313, 29316, 
29317, 29319, 29320, 
29321, 29323, 29324, 
29325, 29328, 29345, 
29340, 29341, 29346 

29298, 29301, 
29309, 29315, 
29334, 29337, 
29366, 29371, 

29439, 29442, 29466 

29275, 29281, 29286, 
29290, 29291, 29292, 
29385, 29394, 29400, 
29401, 29413, 29456 

29276, 29278, 
29279, 29285, 
29287, 29289, 
29293, 29344, 
29375, 29409, 
29411, 29412, 
29416, 29477 

Oregon 
Health and 
Science 
University 

N = 
28 6 8 7 7 

ID 28951, 28956, 28961, 
28969, 28974, 29002 

28945, 28950, 
28971, 28977, 
28994, 29004, 
30154, 30167 

28924, 28931, 28937, 
28941, 28958, 28967, 

28987 

28934, 28942, 
28962, 28968, 
28988, 28997, 

30156 
Olin 
Neuropsyc
hiatry 
Research 
Center 

N = 
19 5 5 6 3 

ID 28701, 28705, 28715, 
28726, 28733 

28699, 28706, 
28714, 28719, 28724 

28677, 28681, 28686, 
28688, 28696, 28697 

28678, 28680, 
28693 

San Diego 
State 
University 

N = 
16 4 2 3 7 

ID 28854, 28867, 28870, 
28891 28880, 28882 28874, 28879, 28901 

28869, 28871, 
28873, 28876, 
28885, 28903, 

28907 
University 
of 
California 
Davis 

N = 
18 5 4 5 4 

ID 30015, 30020, 30023, 
30024, 30029 

29997, 29998, 
30006, 30008 

30010, 30011, 30014, 
30016, 30019 

29999, 30001, 
30021, 30026 

Total number per 
group 114 107 115 104 

 
Table A2 Numbers of participants across ABIDE I&II acquisition sites that have been 
included to the analysis 
 

Acquisition site ID 
Typical Development 

(TD) 
Autistic Spectrum 

Disorder (ASD) 
Total 

number 
per site Males Females Males Females 

ABIDE I 
 

Kennedy Krieger Institute 8 5 7 4 24 

University of Leuven: 
(Sample 2) 5 4 4 3 16 

NYU Langone Medical 
Center 8 8 8 8 32 
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Olin, Institute of Living at 
Hartford Hospital 3 2 3 3 11 

University of Pittsburgh 
School of Medicine 4 4 4 4 16 

Stanford University 4 4 4 4 16 

University of California Los 
Angeles 5 3 4 5 17 

University of Miami 9 9 9 8 35 

YALE 8 8 9 7 32 
ABIDE 
II Erasmus University Medical 

Center Rotterdam 5 5 5 4 19 

Georgetown University 8 11 7 6 32 

Institut Pasteur and Robert 
Debre Hospital 6 3 9 5 23 

Kennedy Krieger Institute 12 9 11 12 44 

Oregon Health and Science 
University 6 7 7 7 27 

Olin Neuropsychiatry 
Research Center 5 5 4 2 16 

San Diego State University 4 2 3 7 16 

University of California 
Davis 5 4 5 3 17 

Total number per group 105 93 103 92  
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Appendix B.   

Developmental trajectories differences using quadratic and 
cubic function to model age-related changes in ReHo.  

Here we investigate age-related effects using quadratic and cubic model. We used 

exactly the same data and procedure of generating the sub-samples to perform this 

analysis with two distinctions. First, in order to preserve quadratic and cubic effect of age 

we added them as components of the linear model at the stage of regressing out center-

specific variability. Then, we generated the subsamples and fitted quadratic and cubic 

model to estimate curvature and aberrance coefficients respectively for each subsample 

for each voxel. Using PLS analysis, we compared curvature and aberrance coefficients 

between groups. 

PLS analysis of age-related changes in ReHo using quadratic function revealed 

three significant latent variables (LVs). Overall, these results were quite similar to the 

results presented in the main manuscript obtained using linear model. The group contrast 

associated with the first LV expressing the most variance in the data matched closely to 

the LV #2 in the manuscript. Basically, it illustrates differences between males with ASD 

and other groups (Fig.B1A) which were the most pronounced in somatosensory network. 

The second LV in this analysis shared similarities with original LV #1 in the manuscript 

separating females with ASD from other groups (in particular TD females). Differences in 

developmental trajectories were distributed across multiple networks including visual, 

dorsal attention, ventral attention and default mode network. The last significant LV was 

showing the differences between TD males and both females groups which were the most 

pronounced in limbic network. Overall, the comparison of developmental trajectories 

where age effect is modeled using quadratic function is rather congruent with the analysis 

obtained with applying linear model and described in the manuscript. 
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Fig. B1 Differences in developmental trajectories in ReHo assessed with a quadratic 
model: the first row is LV #1 representing 43% of variance in the data that separates males 
with ASD from the other three groups; the second row represents LV #2 that expresses 30% 
of variance in the data and revealed different developmental trajectories in ASD females as 
compared to other groups; the third row illustrates LV #3 that represents 27% of variance in 
the data and shows differences in developmental trajectories between TD males and other 
three groups (in particular females). Column A – group contrasts showing group differences; 
column B – distribution of Z-scores with tails representing 5% of voxels with highest (in red) 
and lowest (in blue) z-scores; column C – a bar graph illustrating percentage of voxels that 
belong to the 5% tails for each RSN. 

 

Similarly to the analyses using linear and quadratic model, the results of comparing 

the developmental trajectories of ReHo where age effect is modeled using cubic function 

also revealed three significant LVs (Fig. B2). The group contrast associated with the first 

LV separated groups by diagnosis analogously to the differences we observed when 

comparing the ReHo per se. Revealed differences were mostly driven by females and 
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located in visual network. The second LV demonstrated differences between male and 

female groups that was again similar to the LV#2 group differences in ReHo. The resting 

state networks involved in these differences were somatosensory and ventral attention 

networks. The third LV juxtaposed TD males and ASD females to ASD males and TD 

females and apparently was mostly driven by contrast between males. 

 

 
Fig. B2 Differences in developmental trajectories in ReHo assessed with a cubic model: 
the first row is LV #1 representing 35% of variance in the data that separates ASD groups from 
the other TD groups; the second row represents LV #2 that expresses 33% of variance in the 
data and revealed different developmental trajectories in females as compared to male groups; 
the third row illustrates LV #3 that represents 31% of variance in the data and shows 
differences in developmental trajectories mostly driven by TD males and ASD males. Column 
A – group contrasts showing group differences; column B – distribution of Z-scores with tails 
representing 5% of voxels with highest (in red) and lowest (in blue) z-scores; column C – a bar 
graph illustrating percentage of voxels that belong to the 5% tails for each RSN. 

 


