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ABSTRACT OF THE DISSERTATION

Multimodal Neuroimaging Integration Using fMRI and MEG in
Youth with Autism Spectrum Disorder
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Professor Ralph-Axel Miiller, Chair

Autism spectrum disorder (ASD) is a neurodevelopmental disorder that has been
extensively studied using functional magnetic resonance imaging (fMRI). Studies have been
mostly unimodal, with inconsistent findings. Combining fMRI with magnetoencephalography
(MEGQG) is critical in accounting for dynamic aspects of brain activity, taking advantage of the
high spatial vs. temporal resolution of each modality. The three-paper dissertation compares
fMRI and MEG data from 12- to 21-year-olds with and without ASD. Study 1 (Wilkinson et al.,

2022) compared fMRI BOLD signal and MEG event-related theta power in 33 ASD and 23



typically developing (TD) youth during a lexicosemantic task. Greater theta power was seen in
the ASD group across several regions, whereas the BOLD signal was greater for the ASD group
only in the anterior cingulate. No significant correlations were found between BOLD signal and
theta power. Study 2 examined the relationship of N250m and N400m with fMRI BOLD signal
in 30 ASD and 20 TD youth during lexicosemantic performance. The high-performing ASD
subgroup had greater N250m in the inferior frontal region, and more bilateral N400Om in inferior
frontal and temporal regions. The low-performing ASD subgroup showed decreased N400m.
fMRI BOLD signal did not show any significant group differences. Positive correlations between
fMRI and MEG in multiple regions were seen predominantly in the low-performing ASD
subgroup. Study 3 examined the relationship between two measures of the excitation:inhibition
(E:1) ratio in adolescents with and without ASD. The Hurst exponent (HE) was estimated from
resting-state fMRI data (34 ASD, 28 TD) and was found to be mostly increased in the ASD
group. The aperiodic exponent (AE) was measured from resting-state MEG data (33 ASD, 22
TD) and was found to be greater in the ASD group across many brain regions. However, there
was no clear relationship between fMRI HE and MEG AE. Overall findings from this
dissertation indicate no clear relationship between fMRI and MEG, suggesting the two

modalities are measuring distinct, yet complementary neural processes.



INTRODUCTION

Autism spectrum disorder (ASD) is a neurodevelopmental disorder defined by impaired
social communication and the presence of restricted and/or repetitive behaviors (American
Psychiatric Association, 2013). Prevalence is increasing with 1 in 36 children having a diagnosis
of ASD (Maenner et al., 2023). ASD can be reliably diagnosed as early as 14 months (Pierce et
al., 2019) and various hypotheses exist on the etiology, ranging from environmental to genetic
causes (Amaral, 2017). Diagnostic measures remain exclusively behavioral, relying on reports
and observations, and there are discrepancies in age of diagnosis across racial/ethnic,
socioeconomic, and gender groups (Lord et al., 2018). Research examining objective indices as
potential biomarkers (i.e., brain activity and organization) will enhance early and accurate
diagnoses, rather than being forced to strictly rely on behavioral assessments that were created
and normed without the use of diverse study populations.

ASD can affect several functional domains, such as sociability (American Psychiatric
Association, 2013), language (Arunachalam & Luyster, 2016; Boucher, 2012; Loucas et al.,
2008; Matson et al., 2012; Norbury et al., 2010; Tager-Flusberg, 2000), executive functioning
(Berard et al., 2017; Craig et al., 2016; Hill, 2004; S. M. Hutchison et al., 2020; T. May et al.,
2013; Robinson et al., 2009), motor control (Ming et al., 2007), and daily living
skills/independence (Liss et al., 2001). The spectrum includes individuals with various levels of
functioning, with each person demonstrating a unique profile of strengths and weaknesses (Masi
et al., 2017). Early diagnosis and intervention are known to improve the long-term success of

those with ASD (Elder et al., 2017).



Language and Executive Function

Although no longer included in the current diagnostic criteria for ASD, many individuals
present with language delay and impairments, including lexicosemantic difficulties (Boucher,
2012; Condouris et al., 2003; Haebig et al., 2015; Henderson et al., 2011; Kamio et al., 2007,
Lofkvist et al., 2014; Naigles & Tek, 2017; Salem et al., 2021). Lexicosemantic processing
involves word meanings and relationships. Characteristics of lexicosemantic processing in the
ASD population include smaller expressive and receptive vocabularies (Lofkvist et al., 2014),
greater lexicosemantic than syntactic impairment (Naigles & Tek, 2017), and lower performance
on neuropsychological assessments of lexicosemantics (Condouris et al., 2003). Lexicosemantic
abilities and deficits vary across ages and functioning level of the ASD population (Boucher,
2012).

Another domain impacted in ASD is executive function (Craig et al., 2016; Hill, 2004;
Robinson et al., 2009). Executive function, also referred to as cognitive control, is a cognitive
domain focused on goal-directed behavior, and includes a number of functional skills such as
inhibition, working memory, and shifting (Best & Miller, 2010; Lehto et al., 2003). Executive
functioning difficulties are common in ASD and can exacerbate the effect of social
communication difficulties and restrictive/repetitive behaviors on daily functioning.

There is a clear relationship between executive function and language, with higher
executive function abilities coinciding with higher language skills in typically developing (TD)
individuals (Friedman & Sterling, 2019; J. Hall et al., 2017; Joseph et al., 2005; Kaushanskaya et
al., 2017; Weismer et al., 2018). To reflect the close relationship of language and executive
functioning, many of the language tasks used in the neuroimaging literature include an executive

function component that is necessary for successful performance on the task. Executive



functioning in children and adolescents with ASD is related to activation in inferior frontal and
anterior cingulate gyri during inhibition, middle occipital gyrus during updating, and decreased
activity in middle temporal gyrus during switching (Yerys et al., 2015; Zhang et al., 2020). There
are inconsistencies in the literature regarding executive function in ASD due to studies often
combining age groups, without taking developmental changes in executive functioning into
consideration (Zhang et al., 2020). One must also bear in mind the diversity of cognitive
processes that fall under the umbrella of executive functioning. Using tasks that clearly
differentiate between the diverse subfunctions is critical for a clear understanding of neural
activation. Without a clear differentiation, it is difficult to understand how executive function in
individuals with ASD is different from TD peers.
Functional Magnetic Resonance Imaging

Functional magnetic resonance imaging (fMRI), which measures changes in the blood-
oxygen-level-dependent (BOLD) signal, has been the method of choice in the study of task-
related and resting-state brain activity for decades. fMRI has good spatial resolution, yet
temporal resolution is poor, primarily because it relies on a slow hemodynamic response that
peaks about five seconds after corresponding neuronal activity change. The BOLD signal
provides information about task-related or spontaneous activity through measuring change in the
deoxygenated hemoglobin concentration (Glover, 2011). Functional neuroimaging research on
ASD has been dominated by fMRI, yet with inconsistent findings. Inconsistencies can be found
in fMRI studies of task-related and resting-state activity and connectivity. Network dysfunction
and abnormal connectivity are common features observed in ASD, but findings have varied, with
reports of both over- and under-connectivity (Hull et al., 2018; Rane et al., 2015), preventing

definitive conclusions on the direction and profile of atypicality. Most ASD studies examine only



resting-state fMRI, rather than integrating task and rest data, limiting understanding of neural
activity.
fMRI Studies of Language in ASD

As described above, individuals with ASD often present with language difficulties.
Deficits observed behaviorally through assessments and tasks are associated with atypical neural
activity reflected in fMRI studies (Cermak et al., 2022). fMRI research on lexicosemantic
processing and cognitive control in TD adolescents shows activation within a distributed
network, involving inferior frontal, lateral temporal, prefrontal, and anterior cingulate regions
(Blumenfeld et al., 2006; Chou et al., 2006; Moore-Parks et al., 2010). Similar regions, such as
inferior frontal (Broca’s area), temporal (Wernicke’s area), and visual cortices, have also been
observed to be activated in individuals with ASD during language and cognitive control tasks,
yet activation patterns are atypical (Gaffrey et al., 2007; Herringshaw et al., 2016; Shen et al.,
2012). There is consistent evidence for abnormally increased activity in the visual regions during
language tasks (Gaffrey et al., 2007; Herringshaw et al., 2016; Shen et al., 2012) and decreased
connectivity between frontal and temporal language regions during language processing and
cognitive control in those with ASD (Y. Lee et al., 2017).

Despite many fMRI studies on lexicosemantics in individuals with ASD, findings are
often not replicated or contradictory. For example, one study reported decreased connectivity
between frontal and temporal language areas (Knaus et al., 2008), while another reported
overconnectivity (Shen et al., 2012). Similar discrepancies in activity patterns are also seen in
Broca’s area, with studies reporting both increased (Knaus et al., 2008) and decreased activity
(Gaffrey et al., 2007; Harris et al., 2006) in individuals with ASD when completing a language

task. Conflicting reports of both increased (Gaffrey et al., 2007; Harris et al., 2006) and



decreased (Boddaert et al., 2004) activity in the temporal (Wernicke’s) area have been published
as well. Differences in activation may be a reflection of a number of variables, such as age of
participants, task used, ASD symptom profile, or fMRI methodology. Nonetheless, it is still
crucial to resolve the discrepancies in lexicosemantic processing in ASD studies, as it prevents
understanding of neural networks which can provide critical information for diagnosis,
biomarkers, and interventions.

Lateralization

An important aspect of functional brain organization for language, including
lexicosemantics, is hemispheric lateralization. In most neurotypical individuals, language is
predominantly lateralized to the left hemisphere, especially language processing regions such as
Broca’s and Wernicke’s areas (Holland et al., 2007). Atypical language laterality is one of the
few strongly replicated findings in ASD neuroimaging research, and both functional and
structural differences have been found (Gage et al., 2009; Herringshaw et al., 2016; Jouravlev et
al., 2020; Kleinhans et al., 2008; Knaus et al., 2008, 2010; Lindell & Hudry, 2013; Mody et al.,
2013; Nielsen et al., 2014; Takeuchi et al., 2004).

With regard to functional lateralization, individuals with ASD frequently show atypical
atypical language laterality was more prevalent in adolescents with ASD compared to TD peers,
when completing a language task. Another study reported that differences in laterality between
laterality in adolescents with and without ASD during letter and category fluency tasks. During
the letter fluency task, the ASD group showed more activity in the right frontal and temporal

language areas, along with more impaired performance, compared to TD group. On the other



hand, the ASD and TD groups were similar in laterality during the category fluency task, with
TD participants also showing right hemisphere activation. The ASD group did not show as great
of an impairment during category fluency as they did during the letter fluency task. This study
indicates that individuals with ASD may perform worse on language tasks that are strongly left
lateralized in TD individuals, such as letter fluency. These differences in laterality can even be
seen early in development, with toddlers (12- to 48-month-olds) with ASD showing decreased
left hemisphere activity in response to speech sounds during natural sleep (Eyler et al., 2012a).
This study also found rightward lateralization in the temporal cortex increased with age, with 3-
to 4-year-old children showing the greatest atypical lateralization.

Despite atypical language lateralization being one of the most frequently replicated
findings in ASD neuroimaging research, it is not fully established whether it is caused by
decreased activity in the left hemisphere, increased activity in the right hemisphere, or both
(Jouravlev et al., 2020). Instead of using group-level activation maps, such as many previous
lateralization at the individual level. Using this approach, the study supports atypical
lateralization in ASD is a result of increased right hemispheric activity. Less lateralized
responses were also found in neurotypical individuals with a high level of ASD traits,
specifically in the communication domain. Additionally, they assessed for lateralization
differences in the theory of mind network and an executive function network and found that
atypical lateralization is specific to the language network. Although many studies look at
functional activation in specific brain regions associated with language, laterality differences also
exist at the functional connectivity level during resting-state (Cardinale et al., 2013; Nielsen et

al., 2014).



fMRI Studies of Resting-State in ASD

Resting-state fMRI (rsfMRI) measures functional activity and neuronal network
organization and connectivity in the absence of a task (Lv et al., 2018). rsfMRI studies have
highlighted differences in organization and connectivity in ASD (Anderson, 2013; Guo et al.,
2017; Hull et al., 2018; Maximo et al., 2013; Weng et al., 2010; Yao et al., 2021). Functional
connectivity is one measure of neuronal organization that compares timeseries of different
regions to understand connectivity of brain regions. Generally, studies support local
overconnectivity and global underconnectivity in ASD (Anderson, 2013). Decreased
connectivity is found within the default mode network, a network of regions active during rest,
and has been replicated across many studies (Anderson, 2013; Hull et al., 2018; Maximo et al.,
2013; Weng et al., 2010; Yao et al., 2021). The language network has also been studied using
rsfMRI in individuals with ASD. Functional underconnectivity between Broca and Wernicke’s
areas has been linked to lower language abilities in youth with ASD (Verly et al., 2014). This
study also found that a majority of ASD children in the sample lacked the arcuate fasciculus in
the right hemisphere, a white matter tract connecting the two language regions. Compared with
TD individuals, adolescents with ASD show decreased connectivity in Broca’s area, while adults
with ASD show decreased connectivity in Wernicke’s area and increased connectivity in the left
middle temporal gyrus (Y. Lee et al., 2017). When examining the relationship between language
regions and other areas of the brain, children with ASD show increased functional connectivity
between language and visual regions (Y. Gao et al., 2019). Increased connectivity between these
two regions was related to lower language abilities.

Another measure of neuronal organization that can be obtained from rsfMRI is intrinsic

neural timescales, a reflection of local neural dynamics indicating how long information is stored



in a neural region. Longer timescales are found in brain regions that integrate information and
perform higher-order functions, such as frontal and parietal regions that are involved in decision
making, memory, and emotions. This is in comparison to the shorter timescales found in sensory
regions, involved in perception and movement (Gollo, 2018). One study found shorter
timescales, which were correlated with ASD severity, in bilateral postcentral gyri and right
inferior occipital gyrus and longer timescales, correlated with restricted/repetitive behaviors, in
the right caudate in adolescents with ASD compared with TD peers (Watanabe et al., 2019).

Newer data science techniques have been used in rsMRI studies to classify individuals
with ASD. One study examined resting-state data from individuals with ASD, their TD siblings,
and TD peers (Yamagata et al., 2019). Using a machine learning approach, they identified
functional connections between several regions that distinguished individuals with ASD and
their siblings from TD peers, and one of these connections distinguished ASD from TD peers
(connection between the right medial temporal gyrus and right anterior cingulate cortex). Yang et
underconnectivity in ASD between the frontal and temporal lobes. Another study used a deep
neural network model to identify 32 functional connections in ASD adolescents, with 13 of these
connections showing a significant difference in comparison to TD peers (Guo et al., 2017). There
is clear potential for data science methods to be applied to ASD neuroimaging research.
fMRI Measure of E:1 Imbalance in ASD

A balance of neuronal excitatory and inhibitory activity is necessary for typical brain
development and processing. Excitatory and inhibitory activity rely on glutamate and GABA,
respectively, with a balance represented as 2-6 times greater inhibitory activity compared to

excitatory (Alvarez & Destexhe, 2004; Xue et al., 2014). Balance is achieved through several



factors, such as development of excitatory and inhibitory synapses, downstream signaling
pathways, and cellular abnormalities (E. Lee et al., 2017). Imbalances in E:l activity have been
linked to neuropsychiatric disorders, such as ASD (Bruining et al., 2020; Dani et al., 2005;
Mariani et al., 2015; Rubenstein & Merzenich, 2003; R. X. Smith et al., 2018; Trakoshis et al.,
et al., 2020). Studies have found individuals with ASD to have an increased level of excitatory
activity, or decreased inhibitory abilities, resulting in an E:l imbalance (Bruining et al., 2020; R.
X. Smith et al., 2018; Trakoshis et al., 2020). This imbalance relates to poor functional
differentiation and increased noise in the brain, and may result from atypicalities at various
levels of the nervous systems (Rubenstein & Merzenich, 2003; Sohal & Rubenstein, 2019). It is
hypothesized that E:l imbalance in ASD is caused by either an increase in glutamatergic or a
decrease in GABAergic neurotransmission (Uzunova et al., 2016). E:l imbalance is thought to be
related to differences in functional connectivity and behavioral symptoms in ASD (Bruining et
al., 2020; Hegarty et al., 2018; Nelson & Valakh, 2015; Rubenstein & Merzenich, 2003; Siegel-
Ramsay et al., 2021; R. X. Smith et al., 2018; Sohal & Rubenstein, 2019). A recent study found
that in children with ASD, a higher E:I ratio was correlated with higher symptom severity, as
measured by the Social Responsiveness Scale (Bruining et al., 2020).

Mouse models of ASD have often been used to measure E:l imbalance due to the
invasive nature of measuring excitatory and inhibitory activity (E. Lee et al., 2017; Sohal &
Rubenstein, 2019). These studies have largely found that E:l imbalances are ameliorated by
increasing inhibitory activity (Sohal & Rubenstein, 2019). For example, one study excited
neurons in the medial prefrontal cortex, which led to atypical social behavior in the mice, as well

as an increase in gamma power (Yizhar et al., 2011). Neuroimaging attempts to measure the E:I



ratio in humans have relied mostly on glutamate and GABA measures from magnetic resonance
spectroscopy (MRS) and oscillations, particularly gamma band, measured from MEG (Dickinson
et al., 2016; Port et al., 2019; Uzunova et al., 2016).

Hurst Exponent. There is a lack of non-invasive biomarkers for measuring the E:I ratio,
as this has mostly been measured in animal models invasively. Mouse models and invasive
measures traditionally used do not allow for studying the E:I ratio in humans and are typically
restricted to studying a specific population of cells rather than E:1 activity more globally. The
Hurst exponent (HE), a measure obtained from the BOLD timeseries, measures the E:| ratio in a
noninvasive manner, with decreases in HE reflecting increases in the E:I ratio (Lai et al., 2010;
adults with and without ASD. HE was found to be decreased in the ventromedial prefrontal
cortex, reflecting an increased E:l ratio, in ASD males, but not in females with ASD. Gender
differences in HE have also been identified in neurotypical adults (Dong et al., 2018). Another
study found reduced HE in ASD participants in regions related to social function (amygdala,
anterior insula, medial prefrontal cortex, and posterior cingulate cortex) when compared to TD
individuals. They also reported a correlation between HE in multiple brain regions and ASD
severity, with reduced HE correlated with increased severity (Lai et al., 2010). The fractal
dimension, calculated from HE, was also found to be decreased in ASD adults during rs-fMRI,
suggesting decreased signal complexity, and was also correlated with ASD symptom severity
(Donaetal., 2017).

Summary of ASD fMRI Studies
fMRI has been a method of choice to study ASD functional activity and connectivity for

decades. Findings have shown atypicalities in language regions, although with some
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inconsistencies. Aside from atypical patterns of activation in specific brain regions during
language tasks, typical patterns of language lateralization are often reversed or absent in ASD
individuals. A measure of E:| ratio, H, is decreased in individuals with ASD during resting-state.

fMRI has excellent spatial resolution, allowing localization of multiple distributed foci of
activation, but low temporal resolution due to the slow hemodynamic response. Combined use
with techniques that measure neural activity more directly and at high temporal resolution is
therefore ideal, as it unites both spatial and temporal benefits. However, the functional imaging
literature in ASD (and beyond) has been almost exclusively single-modality studies and evidence
capturing dynamics of neural activity at high spatial resolution remains sparse. The summarized
findings in task-based language activation and lateralization and resting-state networks and E:I
ratio, would benefit from integration of fMRI and MEG data to further solidify understanding of
neural patterns in individuals with ASD.
Magnetoencephalography

Unlike fMRI, which measures neural activity indirectly through the hemodynamic
response, MEG measures magnetic fields that are generated by the intracellular electrical
currents in the brain (Singh, 2014). MEG has exquisite temporal resolution, detecting neural
activity at the millisecond level, and allows reasonable spatial estimates (2-3 millimeters [mm]),
compared to that of electroencephalography (EEG) (7-10mm) (Singh, 2014). Additionally, the
magnetic fields measured through MEG are not impacted by the scalp, skull, cerebrospinal fluid,
or brain, whereas the electrical fields detected by EEG are more vulnerable to distortion (Singh,
2014). MEG is therefore preferable to EEG in combined use with fMRI for comprehensive

understanding of cognitive processing in the ASD brain. However, the following sections will
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include background literature from multiple electrophysiological techniques [EEG/event-related
potentials (ERP) and electrocorticography (ECoG), MEG] due to the small ASD MEG literature.

aMEG
Although MEG has higher spatial resolution compared to EEG, it does not compare to

the spatial resolution of MRI. An anatomically-constrained MEG (aMEG) approach is used to
address the lower spatial resolution of MEG. aMEG combines distributed source modeling of the
MEG signal with structural MRI, providing insight into spatiotemporal stages of processing by
yielding “brain movies” that dynamically map activity estimates in both time- and time-
frequency domains across different frequency bands (Dale et al., 2000; Marinkovic et al., 2003,
2019). aMEG is advantageous over traditional MEG because the combination with structural
MRI allows for estimations of both spatial and temporal components of neural activity.
Electrophysiological Studies of Language in ASD
Theta

Theta power (4-7 Hz) has been found to be associated with memory, cognitive control,
and language processes (Bakker-Marshall et al., 2018; Bastiaansen et al., 2005; Beaton et al.,

2018; Doesburg et al., 2015; Gaudet et al., 2020; Green et al., 2020; Halgren et al., 2015;

task in ASD and TD youth, in a sample partially overlapping with this dissertation. Atypically
increased event-related theta power in adolescents with ASD compared to TD adolescents was

found in multiple fronto-temporal brain regions. Aside from this study, few EEG/MEG studies

processing activity. Bloy et al. (2019) found that the event-related desynchronization during 5-20
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Hz (not specific to the 4-7 Hz theta range) over 200-1000 millisecond (ms) post-stimulus period
in the auditory cortex was correlated with language abilities in ASD and TD participants. An
ERP study reported decreased theta power and theta phase coherence in the occipital region
during a visual-auditory task compared to TD children (Ortiz-Mantilla et al., 2019). Interestingly,
a recent EEG study found that theta power (as well as delta, beta, and gamma) was important for
predicting language abilities in infants at high-risk for developing autism (C. L. Wilkinson et al.,
2020).

N250(m) and N400(m)

In addition to theta power, N250(m) and N400(m) components are important for
evaluating language processes, with N250(m) related to lexical access and N400(m) involved in
semantic processing and integration (Carreiras et al., 2014; Halgren et al., 2002; Kotchoubey,
2002; Kutas & Federmeier, 2000; Kutas & Hillyard, 1980; Leminen et al., 2019; Marinkovic,
2004a; Marinkovic et al., 2014; Parkes et al., 2016; Pylkkédnen & Marantz, 2003). N250(m) has
been much less studied in ASD language paradigms than N400(m).

With regard to lexical access as measured by N250(m), one study did not find any effect
of group for the N250 during an auditory speech task (Galilee et al., 2017). This contrasts with
an earlier study, which identified ASD participants as having stronger N250 for incongruous
words compared to congruous words (Braeutigam et al., 2008). Neurotypical participants did not
have any differences in N250 amplitude between the two categories. Additional studies of
N250(m) are needed for understanding of lexical processes in individuals with ASD.

Lexicosemantic processing in ASD individuals is largely associated with atypical
N400(m), demonstrated as increased latency, reduced amplitude, or total lack of N400(m)

(Cantiani et al., 2016; DiStefano et al., 2019; M. Dunn et al., 1999; M. A. Dunn & Bates, 2005;
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Fishman et al., 2011; McCleery et al., 2010; McFadden & Rojas, 2013; Pijnacker et al., 2010;
Russo et al., 2012). In one ERP study, children were instructed to passively listen to a list of
animal and non-animal words (Dunn & Bates, 2005). TD children showed increased N400
amplitude when viewing non-animal words compared to animal words. Children with ASD did
not show any difference in the N400 amplitude between words of different categories. Some
studies have identified a relationship between atypical N400 activity and language skills.

literal, idiomatic, and nonsense phrases were meaningful or not. Compared to neurotypical
adults, adults with ASD had significantly less, and almost a complete absence of, N400 activity
for idioms. The smaller N400 was correlated with poorer task performance. In another EEG
study, adults with ASD lacked the typical N40O response during a task consisting of semantically
congruent and incongruent sentences (Pijnacker et al., 2010). The ASD adults were matched with
the neurotypical adults on 1Q and did not differ on task performance (Pijnacker et al., 2010). It is
important to note that in this study the ASD group was divided into subgroups based on DSM-1V
diagnoses — Asperger’s and high-functioning autism — and there was no neurotypical group for
comparison. Only the high-functioning autism subgroup lacked the typical N400 activity. This is
similar to the ASD subgroup findings by (Valdizén et al., 2003). While listening to congruent
and incongruent words, an increased N400 latency was found in children with autism, but not in
those with Asperger’s. There were no differences in the N400 amplitude between the autism,
Asperger’s, and TD children. This finding was similar to another study, which did not find any
evidence of atypical M400 amplitude in adults with ASD during semantic processing, although

they did report different in lateralization (discussed below) (Braeutigam et al., 2008). However,
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compared to neurotypical adults during semantic processing. Even though distinctions between
subgroups of ASD are no longer made in the DSM-5, it is important to recognize the
heterogeneity of the N400 in response to language tasks in ASD.
Lateralization

As described above, language abilities are typically lateralized, with the left hemisphere
demonstrating increased activation compared to the right hemisphere. Similar to fMRI findings,
EEG/MEG studies of individuals with ASD support atypical language lateralization (Braeutigam
et al., 2008; Curl & Coderre, 2022; Flagg et al., 2005; Liang et al., 2021; Matsuzaki et al., 2020;
leftward lateralization for ASD children in the P50m component during a passive auditory
recording compared to TD children. In another study, ASD participants had greater theta
coherence in the right hemisphere when looking at related words compared to unrelated words
(Curl & Coderre, 2022). TD participants did not show a significant effect for the right
hemisphere activity. In a small MEG study of 6 ASD and 6 TD children, increasing rightward
dominance of the 300 ms late field window during a passive auditory task with age was
identified in the ASD group (Flagg et al., 2005), whereas TD children showed increasing
leftward dominance with age. In a study of ASD adults, participants were presented sentences
with congruous or incongruous endings (Braeutigam et al., 2008). The ASD adults demonstrated
right hemisphere dominance, specifically in the anterior temporal cortex, for N40O0 activity when
viewing incongruous sentences. This rightward lateralization was not observed in the
neurotypical adults. In a sample overlapping with this dissertation, You et al. (2023) found that
N250m in the prefrontal cortex was left lateralized only in the TD participants, whereas the ASD

group showed bilateral activity during the lexicosemantic task.
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Other studies provide evidence for atypical lateralization beyond language processing,
such as during non-language tasks and rest (Hiraishi et al., 2015; O’Reilly et al., 2017; Wang et
al., 2013; Yuk et al., 2020). At rest, studies typically see greater power in the left hemisphere
compared to the right in individuals with ASD across all frequency bands; whereas TD
individuals show much milder hemispheric asymmetries (Wang et al., 2013). Atypical
lateralization in the theta band was reported for adult males with ASD during response inhibition
(Yuk et al., 2020). While neurotypical participants showed activation in the right hemisphere,
ASD participants were more left lateralized. Another study measured laterality in children with
ASD while watching a 6-minute video (Hiraishi et al., 2015). MEG results indicated rightward
lateralization in the TD group for delta, theta, and alpha band oscillations; this lateralization
pattern was not present for ASD children.

Electrophysiological Studies of Resting-State in ASD

Lajiness-O’Neill et al. (2014) reviewed the four ASD resting-state MEG studies that had
been published at that time. Among those studies, there is support for increased alpha power in
temporal, parietal, and occipital regions; and increased theta power in central regions during rest
(Lajiness-O’Neill et al., 2014). An ASD resting-state MEG study published after that review
show higher peak alpha frequency in ASD children (6-10 years) compared to TD children, but no
significant difference was found between TD and ASD adolescents (10-18 years) (Edgar et al.,
2019). A higher peak alpha frequency in the TD group, especially for the younger children, was
correlated with faster processing speed, whereas a higher peak frequency in the ASD adolescents
coherence during resting-state MEG in adolescents and found decreased connectivity compared

to TD participants for lower frequencies (delta, theta, and alpha) between parietal and occipital
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regions and other areas of the brain. Among EEG studies, individuals with ASD generally show
increased power at low and high frequency bands (delta, theta, beta, and gamma), but decreased
power in the mid-range (beta) throughout the cortex (Wang et al., 2013). However, there are
some inconsistencies; other studies have found decreases in delta and theta, and increases or no
differences in alpha power (Wang et al., 2013).

Electrophysiological Measurement of E:1 Imbalance in ASD

As described above, there is evidence supporting E:l imbalance in ASD. While most
measures of E:| ratio are invasive and have been performed in animal models, there is recent
research exploring the relationship of aperiodic neural activity, a noninvasive measurement, to
excitatory and inhibitory activity in the brain.

Aperiodic Exponent. Neural activity can be separated into two components — periodic
and aperiodic (Donoghue et al., 2020; He, 2014; He et al., 2010). Periodic activity, the more
researched of the two, is measured by the power or oscillations of frequency bands (i.e., alpha,
delta, theta, beta, gamma), such as in the studies described above. Historically the aperiodic
component has been pushed aside as spontaneous neural noise until more recently. Aperiodic
neural activity, also referred to as 1/f activity, 1/f noise, or scale-free activity, follows a 1/f-like
pattern. Recent advances have been made to separate periodic and aperiodic activity in the brain,
toolbox that applies a Fourier transform to raw neural data, splitting the aperiodic activity into
waves at different frequencies. A plot of the wave amplitudes across frequencies results in a
frequencies with higher amplitudes, with exponentially decreasing power with increases in

frequency, resulting in a 1/f shape. The slope of the 1/f-like distribution, also known as the
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aperiodic exponent, in neural data is negative (Donoghue et al., 2020; Podvalny et al., 2015) and
is significantly different from true random white noise, which has a flat slope. Studies have
found changes in the aperiodic exponent to be related to age, processing of stimuli, memory, and
sleep/wake stages (Lendner et al., 2020; Maniscalco et al., 2018; Thuwal et al., 2021; Voytek et
al., 2015).

Aperiodic activity is hypothesized to be a reflection of the E:l ratio in the brain (Colombo
etal., 2019; R. Gao et al., 2017; Gerster et al., 2022; Lendner et al., 2020; Miskovic et al., 2018;
Waschke et al., 2021). Similar to the rsfMRI HE, aperiodic activity is thought to be a
noninvasive way to assess the balance of excitatory and inhibitory activity in the brain, which is
thought to be unbalanced in ASD. To determine the relationship between aperiodic activity and
measuring aperiodic activity in local field potential (LFP) data. They found that the E:I ratio was
positively correlated with the aperiodic slope, and that increasing the E:I ratio resulted in a flatter
slope. When exploring the relationship between the aperiodic slope and activity in a rat model,
they found that the slope was again correlated with the E:|I ratio (measured as excitatory and
inhibitory synaptic density) (Gao et al., 2017). These results support aperiodic activity as a
noninvasive measure of E:1 ratio in the brain.

There are a few recent studies that have examined aperiodic activity in children with
ASD and related neurodevelopmental disorders. One study used resting-state EEG data from a
small sample of boys with Fragile X Syndrome (FXS) (Wilkinson & Nelson, 2021). Although
not all children with FXS have ASD, it is estimated that 30-54% of males with FXS meet criteria
for ASD (Kaufmann et al., 2017). The FXS boys group showed a marginally significant

reduction in the aperiodic exponent in frontal and central compared to TD boys. The flatter slope
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was caused by an increase in higher frequencies, such as gamma power. The increased gamma
was found to be correlated with better language abilities. The aperiodic offset, another part of the
aperiodic component, did not show significant differences between groups. Another study in Rett
Syndrome found a steeper aperiodic slope, with higher power in low frequency bands (delta,

theta) and lower power in middle frequency bands, compared to TD girls. The steeper slope was

power spectrum and aperiodic activity, they suggest that changes in these measures may arise
from individual changes, such as mood, task, and epileptic activity (Levin et al., 2020). It is
important to note that the slope was stable across the two scans in the ASD participants, but less
so in the TD group, without a clear explanation for the cause.
Summary of ASD Electrophysiological Studies

The MEG literature on ASD is small compared to fMRI and there is a need for further
studies. Similar to findings of altered neural activity during language tasks in fMRI for ASD,
there is evidence to support atypical activity in EEG/MEG studies. For example, theta
synchronization is altered in ASD relative to TD during cognitive control tasks (Doesburg et al.,
2013), and the minimal studies that exist support atypical N250(m) and N400(m) amplitude and
latency in ASD individuals, compared to TD peers, during lexical processing. Aside from one
study from members of our group, which found atypical early theta in fusiform cortex and
increased theta in fronto-temporal and anterior cingulate cortices during a lexico-semantic
decision task, there are no studies examining theta during language processing in individuals

with ASD. Similar to fMRI, there is a need to study excitatory and inhibitory activity in the brain
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using MEG. Novel research studying the aperiodic activity at the brain at rest has found the slope
of the power spectrum to be a good indication of the E:l balance. Examining the aperiodic slope
in individuals with ASD will be crucial based on the E:l imbalance hypothesis behind the
disorder.

Limitations of Previous Research

Functional neuroimaging research has been dominated by fMRI for decades, yet
combining fMRI with electrophysiological methods is critical in accounting for dynamic aspects
of brain activity. Integrating fMRI with aMEG takes advantage of the high spatial and temporal
resolution of each modality, yet fMRI and MEG literatures have developed largely in isolation.
Combining these techniques in a comprehensive approach to brain function and connectivity that
captures brain dynamics is necessary for a clear understanding of neural abnormalities in ASD
and the potential identification of ASD neural biomarkers. Integration will allow for improved
understanding of links between spatial organization of brain function and dynamics.

Advances in neuroimaging provide a variety of non-invasive techniques to study
anatomical and functional brain organization, but most research continues to be limited to the use
of a single neuroimaging method. Functional connectivity MR (fcMRI) identifies the temporal
relationship between brain regions measured by changes in BOLD signal (Fox & Raichle, 2007),
which can reveal important details of ASD brain organization. Yet most fcMRI studies have
utilized static techniques to examine functional relationships, which cannot account for the
dynamic properties of neural networks (Ciric et al., 2017). Attempts in using dynamic fcMRI has
been a first step in solving the ASD inconsistency problem, but is severely limited due to the
poor temporal resolution of fMRI (Hutchison et al., 2013). Despite the important spatial

information MRI reveals, conventional fMRI and fcMRI methods cannot well account for

20



dynamic aspects of brain activity, which leaves out critical data in understanding neural activity
and networks of ASD individuals. Lack of integration between modalities inhibits the
development of comprehensive models of brain function. Neglect of the temporal dynamics of
brain activity is a serious limitation. It is critical to combine fMRI with methods that reflect
electrophysiology directly, such as MEG. Method integration is critical for advances in cognitive
neuroscience that will result in a better understanding of activity in the ASD brain during task
and rest (Mash et al., 2018).

The overall aim of this dissertation was to use multimodal neuroimaging integration to
study neural activation differences in adolescents with ASD through fMRI and MEG task and
resting-state measures. A lexicosemantic task was chosen based on the extensive literature
documenting language and executive function skill difficulties in ASD. The design of this task is
well suited to broadly assess spatiotemporal dynamics of neural activity from visual input to
cognitive lexicosemantic processing to executive function and motor output. The lexicosemantic
neural network is highly distributed, allowing for multiple areas of regional activation and
functional connectivity to be studied in this dissertation. Resting-state data was also examined in
order to evaluate measures of excitatory and inhibitory activity in the brain, which has been
implicated as imbalanced in ASD.

This dissertation aimed to integrate fMRI and MEG and take a more comprehensive
approach to brain function and connectivity, capturing brain dynamics. This approach is
necessary for understanding brain differences in ASD and takes a step toward filling a critical
gap in the neuroimaging literature, bringing improved understanding of links between spatial

organization of brain function and its dynamics in regard to ASD.
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Abstract
Neuroimaging studies of autism spectrum disorder (ASD) have been predominantly

unimodal. While many fMRI studies have reported atypical activity patterns for diverse tasks,
the MEG literature in ASD remains comparatively small. Our group recently reported atypically
increased event-related theta power in individuals with ASD during lexicosemantic processing.
The current multimodal study examined the relationship between fMRI BOLD signal and
anatomically-constrained MEG (aMEG) theta power. Thirty-three adolescents with ASD and 23
typically developing (TD) peers took part in both fMRI and MEG scans. During which they
distinguished between standard words (SW), animal words (AW), and pseudowords (PW).
Regions-of-interest (ROIs) were derived based on task effects detected in BOLD signal and
aMEG theta power. BOLD signal and theta power were extracted for each ROl and word
condition. Compared to TD participants, increased theta power in the ASD group was found
across several time windows and regions including left fusiform and inferior frontal, as well as
right angular and anterior cingulate gyri, whereas BOLD signal was significantly increased in the
ASD group only in right anterior cingulate gyrus. No significant correlations were observed
between BOLD signal and theta power. Findings suggest that the common interpretation of
increases in BOLD signal and theta power as ‘activation’ require careful differentiation, as these
reflect largely distinct aspects of regional brain activity. Some group differences in dynamic
neural processing detected with aMEG that are likely relevant for lexical processing may be

obscured by the hemodynamic signal source and low temporal resolution of fMRI.

Keywords: Functional magnetic resonance imaging (fMRI), magnetoencephalography (MEG),
multimodal integration, autism spectrum disorder (ASD), lexicosemantic processing, executive

function
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Introduction
Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by

socio-communicative impairments and restricted, repetitive behaviors (American Psychiatric
Association, 2013). Many individuals with ASD show delays, impairment, or complete lack of
language (Boucher, 2003). A language domain often impacted in ASD is lexicosemantic
processing (Bavin et al., 2016; Boucher, 2012; Groen et al., 2008; Kamio et al., 2007; McGregor
et al., 2012; Naigles & Tek, 2017). Some previous functional magnetic resonance imaging
(FMRI) studies examining lexicosemantic processing reported greater temporo-occipital
activation but reduced frontal activity in ASD compared to typically developing (TD) groups
(Gaffrey et al., 2007; Harris et al., 2006; Knaus et al., 2017; Lo et al., 2013).

fMRI detects neural activity through changes in blood oxygenation at good spatial, but
low temporal, resolution (due primarily to a late in the hemodynamic response), which has
resulted in a predominant neglect of brain dynamics in the fMRI literature and a movement
toward multimodal integration (Bolton et al., 2020; S. Liu et al., 2015; Mash et al., 2018;
Padmanabhan et al., 2017). Multimodal studies capturing both temporal dynamics and spatial
localization are indispensable for comprehensive models of cognitive and language processing.
Some studies attempting to link localized task-related neural activity detected with fMRI with
measures derived from neuroimaging modalities with high temporal resolution, such as
electroencephalography (EEG) and magnetoencephalography (MEG), have yielded strong
associations (including both positive and negative correlations; (Ekstrom et al., 2009; Meltzer et
al., 2007; Scheeringa et al., 2009a; Scheeringa & Fries, 2019; Winterer et al., 2007). Methods
that detect postsynaptic currents, such as EEG and MEG, have exquisite temporal resolution
suitable for the study of brain dynamics. Event-related theta power (4-7 Hz) detected with these

techniques is considered the standard for detecting neural activity changes related to cognitive
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control, working memory, and language processing (Audrain et al., 2020; Bakker-Marshall et al.,
2018; Bastiaansen et al., 2005; Begus & Bonawitz, 2020; Halgren et al., 2015; Kovacevic et al.,
2012; Marinkovic et al., 2012, 2019; Pu et al., 2020), as well as the transfer of information
between brain regions (Begus & Bonawitz, 2020; Marinkovic et al., 2019).

Studies relating BOLD signal to theta power have remained primarily limited to
neurotypical adults and the use of EEG (rather than MEG). One resting-state EEG study in
children revealed decreased theta power in ASD compared to TD children, which was associated
with greater ASD symptomology (Hornung et al., 2019). Another EEG study reported that a
neurotypical increase in theta power associated with increasing working memory load was absent
in adults with ASD (Larrain-Valenzuela et al., 2017), and furthermore, that this lack of theta
power increase was associated with greater ASD symptomology. Research using MEG to
examine theta power in ASD had been minimal. In one of the few MEG studies on
lexicosemantic processing in ASD, members of our group recently reported atypically increased
event-related theta power in adolescents with ASD in multiple fronto-temporal brain regions
(You et al., 2021). This appears to be in partial contract to BOLD fMRI findings of atypically
reduced frontal activity in ASD (Gaffrey et al., 2007; Harris et al., 2006; Just et al., 2004; Knaus
et al., 2017), which raises the question whether MEG and fMRI, when implemented in isolation
(as has been standard practice), can provide comprehensive assays of neurofunctional differences
between ASD and TD samples.

Following up on our unimodal (anatomically constrained MEG [aMEG]) report (You et
al., 2021), the current study, which included an expanded, but partially overlapping sample,

investigated the relation between BOLD signal and event-related theta power during
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lexicosemantic decision in two sets of regions that were (1) reported to show aMEG activity by
You et al. (2021), and (2) identified based on increases in task-driven fMRI BOLD signal.

Methods
Participants

Thirty-three ASD and 23 TD participants (aged 12-21 years) were selected from an
initially screened sample of 156 ASD and 120 TD adolescents (see supplement for details on
exclusions and data loss). ASD diagnoses were based on DSM-5 criteria (American Psychiatric
Association, 2013), the Autism Diagnostic Observation Schedule, 2" Edition (ADOS-2; Lord et
al., 2012), and the Autism Diagnostic Interview-Revised (ADI-R; (Rutter et al., 2003), as well as
expert clinical judgement. Twelve ASD participants were currently taking psychotropic
medications (Supplemental Table S1.1). Fourteen ASD individuals reported comorbidities: 4
with attention-deficit/hyperactivity disorder, 7 with anxiety, and 4 and with depression; 2 of
these adolescents reported multiple comorbidities (Supplemental Table S1.1). Presence of
comorbidities and use of psychotropic medications were not considered exclusionary as they are
common in adolescents with ASD and their exclusion would have rendered the sample less
representative of the broader ASD population (Gurney et al., 2006). There was some overlap
between these study and You et al. (2021). Fourteen ASD and 16 TD participants were included
in both You et al. (2021) and the current study. Five ASD and 4 TD participants were included in
You et al. (2021), but not in the current study. Nineteen ASD and 7 TD participants were new to
the current study. Informed assent and consent were obtained from all participants and their
parents/guardians in accordance with the San Diego State University (SDSU) and the University
of California San Diego (UCSD) Institutional Review Boards. Groups did not differ on age,
gender, 1Q, or handedness (Table 1.1). As expected, groups differed on task accuracy. Only

participants with usable data in both fMRI and aMEG modalities were included in analyses.
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Experimental design

Participants completed the Word Reading subtest of the Wechsler Individual
Achievement Test, 3™ Edition (WIAT-111; Wechsler, 2009) to assess reading level. Those who
received a standard score below 80, which is the average based on 12-year-old reading norms
(i.e., a 6"-grade reading level), were excluded. Participants were administered the Edinburgh
Handedness Inventory (Oldfield, 1971), the Wechsler Abbreviated Scale of Intelligence, 2"
Edition (WASI-1I; Wechsler, 2011), the Beery-Buktenica Developmental Test of Visual-Motor
Integration, 6™ Edition (Beery VMI-6; Beery et al., 2010), and the Clinical Evaluation of
Language Fundamentals, 5" Edition (CELF-5; Semel et al., 2013). MEG and MRI scans were
completed in subsequent sessions with a counterbalanced order of scans. MEG and MRI data
were collected within 150 days of one another, except for 2 ASD participants (174 and 184 days)
and 1 TD participant (252 days). To address any potential sensory sensitivities and overall
anxiety, participants underwent a mock scan prior to the actual MRI scan to familiarize
themselves with the environment. During the mock and MRI scans participants were given ear
plugs to reduce noise, had cushions surrounding their ears and under their legs for sound
reduction and comfort, and were offered a blanket for warmth. MRI operators were in frequent
contact with participants throughout the scan and assessed the participants’ wellbeing. Similar
steps were taken to ensure comfort during the MEG scan. Refer to supplement for additional
scan environment information.

During the task, participants were asked to respond differentially to three conditions: real
non-animal standard words (SW), animal words (AW), and pseudowords (PW). The task was
adapted from an aMEG study in neurotypical adults by Marinkovic and colleagues (Marinkovic

etal., 2012, 2014). PW trials were orthographically and phonologically legal letter strings with
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no meaning (e.g., “blont”). Participants used their left hand to respond on a 2-button fORP 904

response pad (Cambridge Research Systems Ltd., Rochester, UK, https://www.crsltd.com), and

were instructed to press the button under their index finger for SW, the button under their middle
finger for AW, and to withhold pressing any button for PW. Conditions did not significantly
differ on word length or number of syllables; SW and AW conditions did not differ on the
frequency of occurrence based on the Zipf scale (Brysbaert & New, 2009; van Heuven et al.,
2014) or age of acquisition (Supplemental Table S1.2; Kuperman et al., 2012). A practice test
was administered while participants lay supine in a mock MRI scanner to simulate the actual
MRI scan. Words used during practice differed from those presented during the fMRI and MEG
scans.

In the fMRI task, each word was visually presented for 500 ms, followed by a fixation
string (“xxxXxxx”’) for 1500 ms (given insertion of additional null trials in fMRI, see below). For
the MEG trials, stimuli were also presented for 500 ms in a randomized order, followed by a
fixation string for 2000 ms, with no jitter. Stimuli were presented using Presentation ® software

(Version 22.2, Neurobehavioral Systems, Inc., Berkeley, CA, www.neurobs.com) in white

lower-case letters on a black background. Trials were presented in the same order to all
participants except 2 ASD and 2 TD adolescents who were scanned a second time due to
technical issues and were presented with a different sequence to avoid practice effects. Different
stimuli sets were used during MEG and fMRI scans. During MEG scans, task stimuli were
presented in a randomized order during an approximately 25-min run, with short breaks every 4
min; 100 words were presented and analyzed for each word condition. An additional 180 SW

words were presented as fillers to establish a prepotent response tendency. For fMRI scans, the
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task was split into two 7-min runs with a 3-min break between runs. Each fMRI run consisted of
90 SW trials, and 30 trials each for AW and PW conditions.
Experimental stimulus trial structure

RSFgen, a random stimulus function generation in Analysis of Functional Neurolmages

(AFNI; Cox, 1996; https://afni.nimh.gov), was used to create the trial sequence in the event-

related design. During null trials (in fMRI only), a fixation string (“xxxxxx’’) was shown. There
were 124 1-s null trials (“xxxxxx”) per run. Refer to supplement for additional information.
MEG acquisition and processing

MEG scans were acquired at the UCSD Radiology Imaging Laboratory. Data were
acquired from 204 planar gradiometers (102 pairs) using a whole-head Neuromag Vectorview
system (Elekta AB, Stockholm, Sweden). To co-register MEG with structural MRI scans, a
3Space Isotrak Il (Polhemus Inc., Colchester, VT) was used to digitize fiduciary points (haison
and periauricular points), head position indicator coils, and many other random points on the
scalp. A 1000 Hz sampling rate and minimal filtering (0.1-300 Hz) were used to record signals
continuously. Matlab scripts (Mathworks Inc., Natick, MA, USA) utilizing Fieldtrip (Oostenveld
etal., 2011), EEGLab (Delorme & Makeig, 2004), and MNE (Gramfort et al., 2013), were used
for processing and analyzing MEG data as previously described (Beaton et al., 2018; Correas et
al., 2019; Kovacevic et al., 2012; Marinkovic et al., 2012, 2019; Rosen et al., 2016). Data were
downsampled to 250 Hz, bandpass filtered (0.1-100 Hz), epoched from -300 to 1100 ms for
stimulus-locked analysis, and baseline-corrected using the prestimulus period (-300 to 0 ms).
Acrtifacts, such as eyeblinks and heartbeat, were removed using ICA (Delorme & Makeig, 2004),

with additional artifacts identified by visual inspection and removed using threshold rejection
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(Oostenveld et al., 2011). Analyses were conducted on artifact-free trials with correct task
response.

Complex wavelet power spectra were calculated across all epochs by convolving them
with Morlet wavelets (Lachaux et al., 1999) for the theta band (4-7 Hz, in 1 Hz increments), with
a frequency resolution of 2 Hz and time resolution of 80 ms. To remove edge artifacts, padding
of 300 ms was added to the two ends of each epoch and subsequently removed after wavelet
analysis. Source power estimates were calculated with an aMEG approach (Dale et al., 2000;
Marinkovic, 2004a), by applying cortically constrained minimum norm estimation to the
complex wavelet power spectrum (Kovacevic et al., 2012; Marinkovic et al., 2012, 2019). Noise
covariance matrix was estimated by pooling empty room data across sessions, which were band-
pass filtered (3-50 Hz). For each participant, total theta source power was estimated at each
location on the cortical surface, averaging across theta frequency (4-7 Hz) and artifact-free,
correct trials for each condition. Finally, event-related theta power estimates were calculated as
percent signal change from the pre-stimulus baseline (-300 to 0 ms). Structural MRI scans
obtained for all participants were analyzed with Freesurfer (Dale et al., 2000; Fischl et al., 1999).
Each participant’s reconstructed cortical surface served to constrain inverse solutions (Dale et al.,
2000; Marinkovic et al., 2003). Inner skull surface derived from segment MRI data was used for
a boundary element model of the volume conductor. To conduct the group analysis, the
reconstructed individual surfaces were morphed into an average representation by aligning their
sulcal-gyral patterns (Fischl et al., 1999) and decimated, defining the solution space with 5124
free-rotating dipoles spaced ~7 mm apart. Group average maps were then computed by

averaging individual source power estimates for each group and word condition.
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MRI acquisition and processing

MRI scans were acquired at the UCSD Center for fMRI with a General Electric
Discovery MR750 3.0 T scanner (GE Healthcare, Milwaukee, WI) and a Nova Medical 32-
channel head coil. Structural scans were acquired using a Fast Spoiled Gradient Recalled T1-
weighted sequence (TW: 8.136 ms; TE: 3.172 ms; flip angle: 8°; FOV: 25.6 cm; acquisition
matrix: 256x256; slices: 172; voxel size: 1 mm?3; duration: 5 min). Functional scans were
acquired using a multi-echo simultaneous multi-slice (MESMS) T2*-weighted echo planar
imaging (EPI) sequence (volumes: 240; TR: 1250 ms: TEs: 13.2, 30.3, 47.4 ms; flip angle: 60°;
FOV: 21.6 cm; acquisition matrix: 72x36; acceleration factor [R]: 2; slices: 54; voxel size: 3
mm?3). Data from ten participants (9 TD, 1 ASD) were collected using a slightly different
protocol due to a technical error at early stages of the study (all parameters identical except
volumes: 386; TR: 1100; slices: 45). The first 9 volumes were discarded to allow for
magnetization to reach equilibrium. The MESMS protocol includes simultaneous acquisition of
multiple slices at multiple echo times, with increased signal-to-noise ratio (Kundu et al., 2012,
2013; Olafsson et al., 2015). fMRI data were preprocessed and analyzed using AFNI (Version
19.0.00), FSL (Version 5.0), and Matlab (2013b). Echo-planar images (EPI) for each echo time
were corrected for susceptibility-induced distortions with FSL’s TOPUP tool, using two spin-
echo acquisitions with opposite phase encoding directions (Smith et al., 2004). Rigid-body
realignment of each functional volume to the middle volume was performed using AFNI and
head motion quantified as the root mean square difference (RMSD) from the six motion
parameters of the 30.3 ms echo time data. EPIs from the three echoes were optimally combined
(Kundu et al., 2013). Data were denoised with multi-echo ICA (ME-ICA; (Olafsson et al., 2015)

using meica.py (openly available on Github, https://github.com/ME-ICA/me-ica). ME-ICA has
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been shown to be superior to standard denoising processes (Lynch et al., 2020), allowing for
removal of artifacts (non-BOLD components) from the BOLD signal (Kundu et al., 2013). FSL
FLIRT was used to co-register functional and structural scans, and FNIRT to reorient images to
MNI-152 space. Data were spatially smoothed using a Gaussian kernel of 6 mm KWHM in
AFNI’s 3dBlurToFWHM and scaled to percent signal change. Functional data of the two runs
were concatenated for each participant and analyzed in AFNI using 3dBandPass for temporal
filtering (f > .008 Hz).
General linear model

3dDeconvolve was used to perform an ordinary least squares (OLS) regression on the
functional data. Regressors included the three word conditions of interest (SW, AW, and PW). A
two-parameter statistical parametric mapping (SPM) gamma variate basis function approximated
the canonical hemodynamic response function. 3dREMLfit was used to conduct a residual
maximum likelihood estimation, which takes into consideration the residuals of the time series
and uses an autoregressive moving average (ARMA[1,1]) model, for each participant on a voxel-
wise basis through a generalized least squares time series fit. The estimates of effect size (beta
coefficients) were output and used for subsequent group comparisons.
ROI identification

fMRI-derived and MEG-derived ROIs were two separate sets in largely different brain
regions. Regions of activation were identified from MEG scans that were based on cortical
surfaces reconstructed with FreeSurfer, serving to constrain inverse estimates. These MEG-
derived ROIs were then transformed into volumetric space to be used with fMRI data. Regions

of activation were also identified from fMRI scans, and these fMRI-derived ROIs were then
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transformed into surface space for use with MEG data. Refer to the aMEG and fMRI sections
below, as well as the supplement, for further details on ROI identification and transformation.
aMEG

aMEG-derived ROIs were adopted from You et al. (2021) and consisted of regions with
significant source power based on an average of all participants and word conditions. aMEG-
derived ROIs were transformed into volumetric space using FreeSurfer (Dale et al., 1999) to test
if prominent group differences in event-related theta power between ASD and TD adolescents in
the previous unimodal analysis correspond to BOLD differences within the same regions. Given
the uncertain spatial precision associated with aMEG findings (Lutkenhoner, 2003) and with
transformation from surface to volumetric space, ROIs from the Scaefer-400 atlas (Schaefer et
al., 2018) that most closely aligned with the aMEG-derived ROIs were identified as volumetric
aMEG-derived ROIs (Figure 1.1).
fMRI

A one-sample linear contrast (SW + AW + PW > Null) across all ASD and TD
participants was used to identify ROIs from fMRI data. Four additional participants with usable
fMRI but no MEG data were included in the ROI identification sample (Supplemental Table
S1.3). ASD and TD participants were combined in this step. Note that ROIs determined for ASD
and TD separately by group were largely similar. 3dMEMA was used to perform a mixed-effects
multilevel analysis (MEMA,; Chen et al., 2012) for selection of ROIs, while controlling for age,
RMSD, and task accuracy. As the current version of 3dMEMA does not support permutation
testing for cluster-correction, randomization and permutation simulation were performed using
3dttest++ to obtain cluster sizes with alpha < .05 on the same contrast (SW + AW + PW > Null).

Clusters of increased activity in > 56 contiguous voxels at p <.001, with most from more
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stringent thresholds, resulted in eleven fMRI-derived ROIs. These fMRI-derived ROIs were then
transformed into surface-space ROIs using FreeSurfer (Version 7.1.1). For three ROIs (Rolandic
operculum, post-central gyrus, and temporal pole), a MEG data could not be extracted after
transformation to surface space due to ROI fragmentation caused by the transformation process,
or an insufficient number of vertices required for the extraction of theta power. This resulted in
eight fMRI-derived ROIs with > 524 vertices (Figure 1.1, Supplemental Table S1.4). ROIs were
dilated to a minimum degree to permit aMEG data extraction from non-fragmented ROIs. For
details, see Supplemental Table S1.5.

Data extraction and analysis

The goal of ROI identification was to derive ROIs from areas with the strongest
activation effects related to the lexical decision task for: (1) event-related theta power from MEG
scans and (2) BOLD response from fMRI scans.

For MEG, the signal sequence was segmented based on stimulus-presentation triggers
denoting zero time point for each trial. Trials were epoched from -300 to 1100 ms and baseline-
corrected. Artifact-free trials with correct responses were analyzed with Morlet waves to
estimate event-related theta total power averaged across 4-7 Hz at each location on the cortical
surface, and presented as percent change from the baseline. MEG theta activity progressed in the
posterior-to-anterior direction from sensory-specific to supramodal regions in accordance with
the expected spatio-temporal processing stages. Time windows of interest were determined based
on the largest theta activity across all participants for each processing stage. For each ROI, the
time window of maximal event-related increase in theta power (compared with baseline) was
analyzed, as previously reported by You et al. (2021). More specifically, the time windows and

the corresponding regions were as follows: 150-200 ms (fusiform cortex), 250-350 ms (lateral
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temporal cortex), 450-650 ms (inferior frontal gyrus, lateral temporal cortex), and 700-1000 ms
(anterior cingulate cortex, inferior frontal gyrus, motor cortex). For determination of MEG-
derived ROIs and extraction of theta power age, sex, and handedness were not included in the
model. An identical process was used to identify the MEG time windows to be analayzed for the
fMRI-derived ROIs.

BOLD beta coefficients were extracted for each participant, ROI, and word condition
(compared with baseline). Two (Group: ASD vs. TD) x 3 (Word Condition: SW vs. AW. Vs.
PW) ANOVASs were used to test for the effects of group, word condition, and the interaction on
event-related theta power and BOLD signal in the two sets of ROIs. Significant results from the
ANOVASs were followed up with Tukey post hoc analyses to examine pairwise comparisons.
Pearson partial correlations, controlling for age and fMRI RMSD, were used to examine the
relationship between BOLD beta coefficients and event-related theta power in aMEG- and fMRI-
derived ROIs by group.

Results
Event-related theta power

For aMEG-derived ROIs, a 2 x 3 ANOVA revealed a significant main effect of group
with increased event-related theta power in the ASD group compared to the TD group in the
following ROIs (Figure 1.2A): L fusiform for the 150-200 ms time window (F(1, 162) = 5.57, p
=.02), R ACC for the 700-1000 ms time window (F(1, 162) =5.11, p =.03), L IFGop for the
700-1000 ms time window (F(1, 162) = 10.00, p = .002), and L IFGtri for the 700-1000 ms time
window (F(1, 162) = 7.05, p =.009). The ANOVA also revealed a significant main effect of
word condition for event-related theta power in L IFGop for the 450-650 ms time window (F(2,

162) = 7.39, p = .0009), L IFGtri for the 450-650 ms time window (F(2, 162) = 9.64, p = .0001),
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and L LTC for the 450-650 ms time window (F(2, 162) = 5.00, p = .008). Tukey post hoc tests
revealed significantly increased theta power for SW compared to AW [L IFGtri for the 450-650
ms time window (p =.001) and L LTC for the 450-650 ms time window (p = .007)] conditions.
No significant interaction between group and word condition was identified for theta power in
the aMEG-derived ROIs (Table 1.2, Supplemental Figure S1.1).

In fMRI-derived ROIs, a significant main effect of group (ASD > TD) for theta power
was detected (Figure 1.2B) in R AG for the 110-170 ms time window (F(1, 162) = 7.16, p =
.008) and in L IFG for the 450-650 ms (F(1, 162) = 5.01, p = .03) and 700-1000 ms time
windows (F(1, 162) = 14.15, p =.0002). An inverse effect of significantly greater theta power in
the TD compared to the ASD group was observed in L MTG for the 250-350 ms time window
(F(1, 162) = 4.69, p = .03). Significant main effects of word condition included: L IFS for the
450-650 ms time window (F(2, 162) = 10.66, p <.0001), L SMA/MCC for the 450-650 ms time
window (F(2, 162) = 4.65, p = .01), L IFG for the 450-650 ms time window (F(2, 162) = 4.75, p
=.009), L motor for the 450-650 ms time window (F(2, 162) = 5.93, p =.003), L IFG for the
700-1000 ms window (F(2, 162) = 20.95, p <.0001). Tukey post hoc tests showed theta power
was significantly increased for SW [L IFG for the 700-1000 ms time window (p =.02) and R
motor for the 700-1000 ms time window (p = .001), L SMA/MCC for the 450-650 ms time
window (p =.008), L IFG for the 450-650 ms time window (p = .01), L motor for the 450-650
ms time window (p =.004), and R motor for the 700-1000 ms time window (p = .001)]
conditions when compared to PW condition. Theta power was significantly increased for AW
when compared to SW in L IFG for the 450-650 ms time window (p = .02). A significant
interaction was found between group and word condition for L IFG for the 700-1000 ms time

window (F(2, 162) = 3.08, p = .05). Tukey post hoc analyses showed that theta power was
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significantly increased in the ASD group compared to the TD group for both SW (p =.03) and
AW (p = .02) conditions in the L IFG for the 700-1000 ms time window (Table 1.2;
Supplemental Figure S1.1).
BOLD signal

For aMEG-derived ROIs, a 2 x 3 ANOVA showed a significant main effect of group,
with increased BOLD signal for the ASD group compared to the TD group for BOLD signal in R
ACC (F(1, 162) = 4.80, p = .03; Fig. 2C). There were significant main effects of word condition
in L fusiform (F(2, 162) = 25.19, p < .0001), L LTC (F(2, 162) = 10.61, p < .0001), L IFGop
(F(2, 162) = 8.35, p =.0004), L IFGtri (F(2, 162) = 4.04, p = .02), and L Motor (F(2, 162) =
7.92, p =.0005). Tukey post hoc tests showed significantly increased BOLD signal for SW
compared to AW [L fusiform (p =.001), L LTC (p =.001), L IFGop (p =.001), and L IFGtri (p
=.01)] and compared to PW [L fusiform (p =.001), L LTC (p =.008), and L IFGop (p = .005)].
The BOLD signal was also increased for the PW condition compared to AW for L motor (p =
.001). No significant interaction between group and word condition was identified for BOLD
signal in the aMEG-derived ROIs (Table 1.2; Supplemental Figure S1.2).

For fMRI-derived ROIs, there was no significant main effect of group for BOLD signal.
There was a significant main effect of word condition for L SPL/IPL/MOG (F(2, 162) = 10.65, p
<.0001), R AG (F(2, 162) = 4.49, p = .01), L IFG (F(2, 162) = 6.89, p = .001), L MTG (F(2,
162) = 12.16, p < .0001), L IFS (F(2, 162) = 8.17, p = .0400), L SMA/MCC (F(2, 162) = 24.00,
p <.0001), L motor (F(2, 162) = 10.76, p < .0001), and R motor (F(2, 162) = 69.48, p < .0001).
Results of Tukey post hoc analyses showed significantly increased BOLD signal for SW
compared to AW [L SPL/IPL/MOG (p =.001), R AG (p=.01), LIFG (p=.001), LMTG (p =

.001), L IFS (p =.001), L SMA/MCC (p =.001), L motor (p =.001), and R motor (p =.001)]
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and SW compared to PW [L SPL/IPL/MOG (p =.005), L IFG (p=.03), L MTG (p =.001), L
SMA/MCC (p =.001), and R motor (p = .001)]. BOLD signal was significantly greater for PW
compared to AW in L motor (p =.002) and for AW compared to PW in R motor (p =.001). A
significant interaction was found between group and word condition for L IFS (F(2,162) = 3.18,
p =.04). Tukey post hoc analyses for L IFS did not show significant group differences for any of
the word conditions (Table 1.2; Supplemental Figure S1.2).
MEG-fMRI correlations

None of the partial correlations (controlling for MRl RMSD and age) between theta
power and BOLD signal survived FDR-adjustment (alpha = .05; Benjamini & Hochberg, 1995),
with only a few reaching an uncorrected threshold p < .05. For MEG-derived ROIls
(Supplemental Table S1.6; Figure S1.3), correlations were found in the TD group in L LTC for
the 250-350 ms time window for AW (r(19) = -.46, p = .05), and in the ASD group in R ACC
for the 700-1000 ms time window for PW (r (27) = 0.46, p = .02). For fMRI-derived ROls, a
correlation was found in the TD group in L MTG for the 250-350 ms time window for the AW
condition (r(27) = -.62, p = .004; Supplemental Table S1.7; Figure S1.3). To account for any
effect of time between scans on the relationship, partial correlations were also examined with the
addition of the number of days between scans as a covariate. The length of time between fMRI
and MEG scans did not have a significant impact on the results of the partial correlation.
Supplementary analyses

Three sets of supplementary analyses were conducted to account for outliers, participants
with high motion, and those with >150 days between fMRI and MEG scans. See supplement for

additional analyses (Supplemental Tables S1.8-S1.18; Figures S1.4-S1.9).
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Discussion

In this study, we examined the relation between event-related theta power measured with
aMEG and fMRI BOLD signal during lexico-semantic processing in adolescents with ASD and
TD peers. We found that correspondence between task related changes in BOLD signal and theta
power was generally weak. Atypically increased theta power in ASD across several ROIs was
mostly not reflected in corresponding BOLD group differences, suggesting that the two imaging
methods are differentially sensitive to at least some ASD-specific alterations and capturing
different aspects of the neural signal.

Task-induced signal changes in MEG and fMRI

Marinkovic et al. (2012) previously tested this lexicosemantic task in neurotypical adults
using aMEG data. ROIs from that study included the occipital cortex, left lateral and inferior
frontal regions, anterior cingulate, and motor cortex. Most of the ROIs in the present study
overlap with these previous findings. Refer to the supplement for additional details on the
background literature on identified ROIs and their relation to the different processing stages
involved in the task.

Multiple frontal and temporal ROIs (both aMEG and fMRI-derived) showed greater
increase in event-related theta power in the ASD than the TD group. This is consistent with the
overall pattern of increased theta power reported in (You et al., 2021), which included a smaller,
partially overlapping sample. However, only one region (R ACC) showed a concordant group
difference for the BOLD signal, whereas no group differences in BOLD signal were detected for
any other of the 14 ROls.

It is interesting that both theta power and BOLD signal in the ACC were significantly

greater in the ASD group compared to the TD group. The ACC is known to play a role in
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decision making, as described above (Kovacevic et al., 2012; Marinkovic et al., 2012; Posner et
al., 2007; Ruff et al., 2008). Atypically increased activation in the ASD group in this region may
be due to greater attentional engagement in adolescents with ASD during the final stage of task
processing. Participants needed to decide what word category the presented word falls in, recall
what finger to press for that word category, and then execute the button press or inhibit a
response in case of a pseudoword. The planning and organization required during this step calls
on the individual’s executive functioning skills. It has been widely found that individuals with
ASD have deficits in this domain, with many studies pointing to the relationship between
executive functioning and the ACC in ASD (Braconnier & Siper, 2021; Demetriou et al., 2019;
Hill, 2004; K. E. May & Kana, 2020; Zhang et al., 2020).

The lack of group differences in BOLD signal for a majority of the ROIs appears to be in
contrast to previous reports of atypical BOLD signal in ASD during lexicosemantic processing
(Gaffrey et al., 2007; Harris et al., 2006; Just et al., 2004; Knaus et al., 2017; Lo et al., 2013;
Moseley et al., 2013; Sahyoun et al., 2010; Shen et al., 2012). Several reasons may account for
this finding in our study. fMRI-derived ROIs were based on data pooled from both ASD and TD
groups. Given our study’s focus on the relation between BOLD signal and theta power, fMRI-
derived ROIs were limited to those showing the greatest task-induced increases across the entire
sample. However, as suggested by some previous lexicosemantic studies, atypical activity
patterns may occur in regions outside the neurotypical language network (Gaffrey et al., 2007; Y.
Gao et al., 2019; Kana et al., 2006; Knaus et al., 2008; Shen et al., 2012). Therefore,
heterogeneity and ASD variants with diverging patterns of atypical language networks may

obscure differences from TD comparison groups (Y. Gao et al., 2019; Lombardo et al., 2019).
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Notably, within some of these regions of shared activation, group differences in event-related
theta power could nonetheless be detected.
Relation between BOLD signal and theta power

The results of this study show a significant correlation in the positive direction between
theta power and BOLD signal in the ACC for the ASD group. As described above, the ACC
plays an important role in cognitive control, decision making, and attention (Carter & Van Veen,
2007; Heilbronner & Hayden, 2016; Posner et al., 2007; Ruff et al., 2008). Theta power is also
linked to these domains (Klimesch, 1999; Kovacevic et al., 2012, p. 20; Marinkovic et al., 2012).
Previous studies suggest that the ACC may be a major generator of theta oscillation (Holroyd &
Umemoto, 2016; Kouijzer et al., 2010; Luu & Tucker, 2001; Rajan et al., 2019; Tsujimoto et al.,
2006).

Aside from the ACC, no other distinct pattern was detected in the relationship between
event-related BOLD and theta signal changes. One might expect to see some correspondence
between BOLD signal and theta power, since each measure is considered an index of choice in
studies testing for task- or stimulus-related regional ‘activation’ (Audrain et al., 2020; Bakker-
Marshall et al., 2018; Bastiaansen et al., 2005; Begus & Bonawitz, 2020; Gaffrey et al., 2007,
Halgren et al., 2015; Harris et al., 2006; Just et al., 2004; Knaus et al., 2017; Kovacevic et al.,
2012; Lo et al., 2013; Marinkovic et al., 2012, 2019; Moseley et al., 2013; Pu et al., 2020;
Sahyoun et al., 2010; Shen et al., 2012). Indeed, event-related theta oscillations are particularly
relevant to the double-duty lexical decision task employed in the current study that combined
demands on both lexicosemantic processing and cognitive control. It has been well established
that event-related theta power is sensitive to the retrieval of lexicosemantic information

(Bastiaansen et al., 2005; Halgren et al., 2015), cognitive control (Cavanagh & Frank, 2014;
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Correas et al., 2019; Kovacevic et al., 2012), and the integration of task-relevant representations
across long-range functional networks (Bastiaansen et al., 2005; Halgren et al., 2015; Marinkovic
etal., 2012).

To critically evaluate the relationship between fMRI and MEG, it is important to
understand neurovascular coupling, that is, how local neuronal activity relates to increases in
blood flow. For fMRI, the BOLD effect — conventionally considered the sole available (though
indirect) assay of neuronal activity changes — measures changes in blood oxygenation that begin
within 500 ms of stimulus onset and peak with a ¢.5 s delay (Hillman, 2014). When a stimulus is
presented, there is an increase in oxygenation in activated brain regions, resulting in a local
BOLD signal increase (Buxton, 2009; Hillman, 2014). The relationship between hemodynamics
and brain activation has allowed the field to use vascular changes as an index of neural activity.
Other metabolic and physiological processes that may impact the spatiotemporal processes of the
BOLD signal include differences in the timing of blood vessel dilation and constriction, residual
neurochemical changes post stimulus, and changes in the amount of neurotransmitters (Hillman,
2014). The relationship between neurovascular coupling and BOLD signal changes also depends
on region and cortical depth (Devonshire et al., 2012; Goense et al., 2012). Neurovascular
coupling differences may exist in ASD due to neurophysiological changes such as decreased
inhibition that can increase blood flow and nitric oxide activity, which can in turn lead to an
increased hemodynamic response (Reynell & Harris, 2013).

Unlike the reliance on hemodynamics in fMRI, the MEG signal is directly sensitive to
neuronal activity, with a temporal resolution at the millisecond level (Ahlfors & Mody, 2019;
Baillet, 2017). Previous work in monkeys has shown a strong relationship between MEG and

local field potentials (LFP), providing support that MEG activity measures postsynaptic events
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(E. L. Hall et al., 2014). Neural oscillations can be analyzed in time domain by averaging event-
related fields per time unit, or in time-frequency domain by decomposing oscillatory signals into
different frequency bands in a time-sensitive manner. These analyses provide different insights
into the underlying spatio-temporal signal characteristics (Marinkovic et al., 2012, 2014).
Despite the obvious benefits of MEG, such as its direct sensitivity to neural activity with
excellent temporal resolution, its spatial estimates depend on the source modeling used to solve
the inverse problem (Dale & Halgren, 2001). In the present study, we employed an aMEG
method that combines distributed source modeling of the MEG signal with structural MRI. It
constrains inverse solutions to each participant’s cortical mantle based on real-shape head
models.

The lack of relation between the two measures in the current study is not surprising given
inconsistent findings in previous multimodal task-based neuroimaging studies reporting both
positive and negative correlations (Ekstrom et al., 2009; Meltzer et al., 2007; Scheeringa et al.,
2009a; Scheeringa & Fries, 2019; K. D. Singh et al., 2002; Winterer et al., 2007). Singh et al.
(2002) reported an inverse relationship between fMRI response and event-related
desynchronizations in the 5-15 Hz band, which includes theta power. However, this study
included a small sample, with participants differing between the two modalities, and did not
specifically focus on the 4-7 Hz range. A negative correlation between BOLD signal and theta
power (measured with EEG) was also found within the default mode network in two studies of
neurotypical adults (Meltzer et al., 2007; Scheeringa et al., 2009a). By contrast, the relationship
between BOLD signal and event-related theta power during a visual decision task was found to
be positive in motor cortex, but negative in ACC (Winterer et al., 2007). Although some of the

seemingly inconsistent results may be attributed to differences in task and regions tested, the
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relation between BOLD signal and theta power is clearly complex and incompletely understood,
and findings in ASD from the current study are therefore not unexpected. Such a complex and
seemingly intransparent relationship can be viewed in a positive light, according to Hari and
Salmelin (2012) who argue that differences in findings may be more informative than
similarities. Indeed, as fMRI and MEG detect neural activity in fundamentally different ways,
differential findings may be considered complementary rather than inconsistent.
Limitations

fMRI analyses are conventionally volume-based, whereas they are surface-based in
MEG. Due to some inherent limitations of volume to surface transformation, a few fMRI-derived
ROIs could not be transformed into usable surface ROIs. Additionally, although MEG analyses
focused on theta power in the present study given the established sensitivity of this frequency
band to language processing and cognitive control, the MEG signal is inherently oscillatory and
multiplexed, and future investigations of changes in other frequency bands may be useful. Slight
differences in task presentation between MEG and fMRI scans were unavoidable due to
differences in neuroimaging techniques, such as the need for null trials and jittering in fMRI.

While there are potential confounds that can lead to differences between scans over time,
such as seasonal changes, menstrual cycles, or circadian rhythms, efforts were taken to reduce
the possible impact of external circumstances. The number of days between MEG and fMRI
scans was kept at a minimum to limit effects of maturational changes in adolescents. A large
majority of the participants (85% ASD, 78% TD) in the analysis completed scans within a 3-
month time frame. Although the results presented here are from a group of participants with a
scan interval range of 1-252 days, supplemental analyses conducted in participants who

completed the scans within 150 days did not alter the overall findings. In this supplemental
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analysis most participants (90% ASD, 82% TD) were in the 3-month timeframe. There was no
significant difference in scan intervals between ASD and TD groups. (t(53) =-1.31, p =.19).
When days between scans was added as a covariate, there was no impact on the correlation
between BOLD signal and event-related theta power. Additionally, most of the participants were
above 15 years of age, rather than in a younger range when the brain is more rapidly developing
and changing. Finally, due to lengthy fMRI and MEG scans and the moderately challenging
lexicosemantic task, our ASD sample was limited to relatively high-functioning adolescents and
findings may therefore not represent the broader autism spectrum, including minimally verbal
and nonverbal individuals.
Conclusion

Comparing two metrics of choice for the detection of brain regional activity changes
during lexicosemantic decision in adolescents with ASD and TD peers, we found no clear
relationship between event-related fMRI BOLD signal and aMEG theta power. This indicates
that reports of atypical “activation” patterns in ASD can only be interpreted with respect to the
specific neuroimaging modality used. Group differences detected with aMEG, but not fMRI,
further suggest that some neurofunctional differences in ASD may occur at the level of dynamic
processing that is not detected at the limited temporal resolution of the hemodynamic response in
fMRI. More generally, differential findings emphasize the need for integration between imaging
modalities that have thus far been implemented largely in isolation in ASD research and beyond.
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Figure 1.1 aMEG-derived and fMRI-derived ROIs in surface and volumetric space

Note: aMEG-derived surface space ROIs depicted in the top row and volumetric ROIs in the second row.
Volumetric ROIs that closely aligned with aMEG-derived surface space ROIs were selected from the Schaefer-400
atlas. aMEG-derived ROIs: left inferior frontal gyrus pars opercularis (L IFGop), left inferior frontal gyrus pars
triangularis (L IFGtri), right anterior cingulate cortex (R ACC), left precentral gyrus (L Motor), left lateral temporal
cortex (L LTC), and left fusiform gyrus. fMRI derived-surface space ROIs depicted in the third row and volumetric
ROls in the fourth row. fMRI-derived ROIs: left inferior frontal sulcus (L IFS); left SMA and middle cingulate
cortices (L SMA/MCC); left inferior frontal gyri (L IFG); left precentral gyrus (L Motor); right precentral gyrus (R
Motor); left middle temporal gyrus (L MTG); left superior parietal, inferior parietal, and middle occipital cortices (L
SPL/IPL/MOG); right angular gyrus (R AG).
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Figure 1.2 Significant differences in theta power and BOLD signal in aMEG-and fMRI-derived
ROIs

Note: Mean percent change from baseline in event-related theta power (top; A and B) and BOLD signal (bottom; C)
by group for ROIs with significant group differences. Figure 1.2A — Theta power was significantly increased in
ASD group compared to TD group for aMEG-derived ROIs: L fusiform for the 150-200 ms time window, R ACC
for the 700-1000 ms time window, and L IFGtri for the 700-1000 ms time window. Figure 1.2B — Theta power was
significantly increased in ASD group compared to TD group for fMRI-derived ROIs: R AG for the 110-170 ms time
window, L IFG for the 450-650 ms time window, and L IFG for the 700-1000 ms time window. Figure 1.2C — Theta
power was significantly increased in TD group compared to ASD group for fMRI-derived ROl L MTG for the 250-
350 ms time window. BOLD signal was significantly increased in aMEG-derived ROl R ACC for ASD group
compared to TD group. There were no group differences for BOLD signal in fMRI-derived ROls.

ASD = autism spectrum disorder

L IFG = left inferior frontal gyri

L IFGop = left inferior frontal gyrus pars opercularis
L IFGtri = left inferior frontal gyrus pars triangularis
L MTG = left middle temporal gyrus

ms = millisecond

R ACC = right anterior cingulate cortex

R AG = right angular gyrus

ROI = region-of-interest

TD = typically developing
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Table 1.1 Significant differences in theta power and BOLD signal in aMEG-and fMRI-derived
ROIs

Note: Means, standard deviations (SD), and ranges for each group. Chi-square tests (gender, handedness) and t-tests
were performed to determine if groups were significantly different on demographic variables. Non-standard degrees
of freedom are attributed to Levene’s test for homogeneity of variance, and thus reject the null hypothesis of equal
variance. * denotes p < .05, ** p < .01, *** p < .001

ASD = autism spectrum disorder
RMSD = root mean square difference
TD = typically developing

ASD (n = 33) TD (n = 23) %2 (df) P
Gender 24 male, 9 female 18 male, 5 female .22 (1) .64
Handedness 31 right, 1 left, 1 ambidextrous 21 right, 2 left 1.52 (2) .47

Mean (SD) Range Mean (SD) Range Cohen’s d t-stat (df) p

Age (years) 15.77 (2.30) 12.25-20 15.28 (1.93) 12.33-21.42 .23 1.02 (54) 31
MRI Task Accuracy (%) 88 (8) 71-99 94 (3) 85-99 —-.93 3.70 (47.08) 00067
MEG Task Accuracy (%) 87 (8) 68-99 92 (6) 70-98 —.69 2.08 (54) .04+
MRI RMSD .07 (.03) .03-.14 .06 (.02) .03-.13 .38 2.24 (54) .03*
WASI-II
Full Scale 1Q 107.64 (17.86) 59-136 112.35 (12.94) 88-135 —.29 1.08 (54) .28
Verbal 1Q 105.33 (16.51) 68-134 111.26 (13.08) 85-135 -39 1.43 (54) .16
Non-Verbal 1Q 109.97 (21.70) 54-156 110.30 (12.31) 80-128 —.02 .07 (52.19) .94
ADOS-2
Total 11.06 (3.37) 6-20 - - - -
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Table 1.2 ANOVA comparisons of event-related theta power and BOLD signal

Note: 2 x 3 ANOVA tests looked at the effect of group (ASD, TD) and word condition (SW, AW, PW) and the
interaction on event-related theta power and BOLD beta coefficients in both sets of ROIs. Group differences in theta
power were observed across multiple regions for both sets of ROIs. One group difference in BOLD signal was
observed. The interaction was mostly nonsignificant, except for theta power in fMRI-derived ROI L IFG for the
700-1000 ms time window. * denotes p < .05, ** p<.01, *** p <.001

ASD = autism spectrum disorder

AW = animal word

L IFG = left inferior frontal gyri

L IFGop = left inferior frontal gyrus pars opercularis

L IFGtri = left inferior frontal gyrus pars triangularis

L IFS = left inferior frontal sulcus

L LTC = left lateral temporal cortex

L MTG = left middle temporal gyrus

L SMA/MCC = left SMA and middle cingulate cortices
L SPL/IPL/MOG = left superior parietal, inferior parietal, and middle occipital cortices
ms = millisecond

PW = pseudoword

R ACC = right anterior cingulate cortex

R AG = right angular gyrus

ROI = region-of-interest

SW = standard word

TD = typically developing
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Theta Power in aMEG-derived ROIs

Time Window (ms) ROI Group Condition Group x Condition
F(1,162) p F(1,162) P F(1,162) P
150-200 L Fusiform 5.57 0.02% 0.09 0.91 0.11 0.90
250-350 LLTC 1.96 0.16 0.96 0.39 0.45 0.64
450-650 L IFGop 0.88 0.35 7.39 0.0000%* 1.50 0.23
L IFGri 2.37 0.13 9.64 0.0001*** 1.09 0.34
LLTC 0.00005 0.99 5.00 0.008** 1.70 0.19
700-1000 RACC 5.11 0.03* 161 0.20 1.02 0.36
L IFGop 10.00 0.002** 1.91 0.15 1.39 0.25
L IFGtri 7.05 0.01%* 1.20 0.31 2.70 0.07
L Motor 2.84 0.09 2.48 0.09 112 0.33
Theta Power in fMRI-derived ROIs
Time Window (ms) ROI Group Condition Group x Condition
F(1,162) P F(1,162) r F(1,162) P
110-170 L SPL/IPL/MOG 3.06 0.08 0.04 0.96 0.03 0.97
RAG 7.08 0.008%* 0.68 0.51 0.07 0.93
250-350 LIFG 0.49 0.48 0.94 0.39 0.69 0.50
L MTG 4.69 0.03* 0.47 0.62 011 0.89
450-650 LIFs 2.09 0.15 10.66 <0.0001%** 1.67 0.19
L SMA/MCC 0.95 0.33 4.65 0.01* 0.38 0.69
LIFG 5.01 0.03* 4.75 0.009%* 0.24 0.79
L Motor 1.08 0.30 5.93 0.003** 1.14 0.32
700-1000 LIFG 14.15 0.0002%** 4.57 0.01* 3.08 0.05*
R Motor 3.07 0.08 20.95 <0.0001%** 0.71 0.49
BOLD Signal in aMEG-derived ROIs
ROI Group Condition Group x Condition
F(1,162) p F1,162) p F(1,162) P
L Fusiform 0.28 0.60 25.19 2.80 0.06
LLTC 1.49 0.22 10.61 0.82 0.44
L IFGop 0.58 0.45 8.35 1.46 0.24
L IFGrri 0.64 0.42 4.04 213 0.12
R ACC 4.80 0.03* 1.42 0.80 0.45
L Motor 1.19 0.28 7.92 0.30 0.74
BOLD Signal in fMRI-derived ROIs
ROI Group Condition Group x Condition
F(1,162) P F(1,162) P F(1,162) p
L SPL/IPL/MOG 0.06 0.81 10.65 <0.0001%** 1.78 0.17
R AG 0.04 0.84 4.49 0.01** 0.96 0.39
LIFG 0.03 0.85 6.80 0.001%% 0.07 0.93
L MTG 2.57 0.11 12.16 <0.0001*** 0.82 0.44
LIFS 0.001 0.97 8.17 0.0004*** 3.18 0.04*
L SMA/MCC 0.52 0.47 24.00 <0.0001%** 1.00 0.37
L Motor 0.01 0.91 10.76 <0.0001*** 0.09 0.91
R Motor 0.01 0.93 69.48 <0.0001%** 0.70 0.50
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Supplemental Materials

Participant recruitment and exclusion

Of the initial 156 recruits screened for the ASD cohort, 78 adolescents were excluded due
to contraindications for MRI/MEG scanning (e.g., braces, permanent retainer) or history of
neurological or other autism-related medical conditions (e.g., Fragile X syndrome, tuberous
sclerosis, epilepsy). Fifty-nine of the initial 120 recruits for the TD sample were excluded due to
contraindications for MRI/MEG scanning or personal/family history of ASD or other
developmental, neurological, or psychological conditions. An additional 11 ASD and 8 TD
participants dropped from the study after screening. Sixty-seven ASD and 53 TD participants
were inducted into the study. Of these, 3 ASD and 3 TD adolescents could not be reached for
scheduling, 2 ASD participants were no longer interested, 1 ASD and 3 TD participants were
excluded for exposure to another language before age 5, 1 ASD participant was uncooperative
during neuropsychological testing, 2 ASD participants performed below a sixth-grade reading
level, 5 ASD and 2 TD participants performed below 60% on the lexicosemantic decision task
during practice, 2 ASD participants were unable to follow task instructions, 1 ASD and 2 TD
participants could not fit into the MRI head coil due to large head size, 1 ASD participant was
hospitalized during the study, and 1 ASD and 8 TD participants did not complete all study
components due to COVID-19 research shutdown in March 2020. Of the remaining 48 ASD and
35 TD participants who were scanned, 2 ASD and 4 TD adolescents completed a scan in only
one of the modalities, 4 ASD and 4 TD participants were subject to unexpected data loss or
scanner malfunction, 1 ASD participant had a left temporal abnormality, 8 ASD and 3 TD
participants had excessive head motion (>2 standard deviations from the mean) during the fMRI

scan, and 1 TD participant had unusable MEG data.
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Scan environment

The environment was carefully considered to ensure success for ASD participants.
Sensory sensitivities and overall anxiety were taken into account when conducting the study. All
participants completed at least 1 extensive mock scan in an MRI simulator prior to the actual
fMRI scan. Participants were able to familiarize themselves with the MR environment during
this session. If the participant was not comfortable at any point, they were given the option to try
again at a different time or to withdraw from the study. Mock scans lasted approximately 30
minutes in comparison to the 45-60-minute fMRI scan. During the mock scan, participants were
exposed to the various types of scan sequences used during the MRI scan — auditory recordings
from the MRI scan sequences were played to acclimate the participants. During the fMRI scan,
great care was taken to ensure that the MRI environment was comfortable for all participants. In
both the mock and MRI scans, foam cushions were used to pad and stabilize the participant’s
head, blankets were offered, and earplugs were provided to minimize noise. The participant was
made aware that at any point during the scan they could speak to the MRI operators. Participants
also held onto a squeeze ball to use in the case of emergency and/or if they felt an immediate
need to be removed from the scanner environment. If a participant found the scan to be
intolerable, they were allowed to stop at any point. MRI operators were in frequent contact with
participants throughout the session and checked in with the participant between each scan
sequence (i.e., at least every 5-10 minutes).

Regarding the MEG, there is no noise from the scanner and the participant was sitting
with only part of their head inside the dewar. Many of the steps taken to aide with comfort
during the MRI scan were employed during the MEG scan. The participant was comfortably

seated in the scanner, with cushions and other reasonable accommodation provided if asked.
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There were constant breaks in between tasks (every 5-7 minutes), allowing them to move about
and rest their eyes. If the participant was not comfortable, they were made aware that at any
point during the scan they could speak to the operators to stop the experiment. Frequent check-
ins (every 5-7 minutes) occurred to ensure the participant was comfortable.
Experimental stimulus trial structure

The program produced 10,000 random permutations of the experimental stimulus order.
In AFNI, the 3dDeconvolve function was run to generate and evaluate the normalized standard
deviation for each randomized order. An optimal sequence was selected based on the smallest
normalized standard deviation, with maxima set to 5 sequential word trials and 3 sequential null
trials.
ROI identification and transformation

The transformation of ROIs between modalities was necessary for both the MEG-derived
ROIs and the fMRI-derived ROIs. These two sets of ROIs were each derived from their
respective modality and then transformed for the other modality. We performed this
transformation so that we could use ROIs directly derived from the data, and to accommaodate for
any dislocations that occurred.
MEG-derived ROIs

First, the MEG-derived ROIs were identified using event-related theta power from MEG
scans. These MEG-derived ROIs were transformed from surface to volumetric space using
FreeSurfer. As the transformation between a surface space ROl and a volumetric ROI is not
perfect, this resulted in holes in the volumetric ROIs. To ensure the BOLD response was able to
be appropriately extracted from the MEG-derived ROIs, the Schaffer atlas was used as an

alternative (i.e., a way to use the same region, but without any holes in the ROIs). We identified
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volumetric ROIs from the Schaffer atlas that overlapped with the volumetric versions of the
MEG-derived ROIs. The use of the Schaffer atlas was not related to aligning MEG-fMRI
activations. Moreover, the Schaffer-400 atlas was selected due to its finer grained parcellation
compared to other Schaeffer atlases (e.g., 100, 200, 300); this atlas provides an appropriate level
of detail based on the MEG-derived ROIs. The MEG-derived ROIs (using the Schaffer atlas ROI
files) were then used to extract the fMRI BOLD response.
fMRI-derived ROIs

Next, a set of fMRI-derived ROIs were identified using fMRI BOLD data. Areas of
BOLD activation across both TD and ASD groups combined were used as the ROIs. The fMRI-
derived ROIs were then transformed from volumetric space to surface space (using FreeSurfer).
The transformation from volumetric to surface space also left some small holes in the ROIls, but
these were able to be filled in using FreeSurfer. There were some regions (noted in the
manuscript) that were identified as fMRI-derived ROIls, but were unable to be used because
MEG does not have sufficient enough ability to extra data from these regions. Once in surface
space, MEG theta power was extracted from these fMRI-derived ROIs.
Relationship of ROIs and task paradigm

The participant goes through several processing stages when engaging in this task, which
activate specific brain regions. The first stage requires reading a word presented visually — a task
which calls upon the middle occipital gyrus (Eigsti et al., 2015; Fiebach et al., 2002). Next, as
the participant reads and comprehends the presented word, the prefrontal, temporal, and parietal
regions are expected to be involved (Cabeza & Nyberg, 2000; Davis & Gaskell, 2009;
Marinkovic, 2004a; Marinkovic et al., 2003, 2012; Price, 2010; Seghier, 2013). The

lateral/middle temporal, inferior frontal, and fusiform ROIs identified as regions of activation
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during this task fall into this category. Specifically, the IFG was expected based on previous
findings that demonstrate its role in lexicosemantic tasks, and many ASD language studies have
discussed the importance of this region (Cermak et al., 2022; Gaffrey et al., 2007; Huang et al.,
2012; Tesink et al., 2011). After reading and comprehending the word, the participant starts to
engage in a decision-making process to determine if the word is an existing word and if so, if it is
an animal word. Alternatively, the word may be a pseudoword. The ACC is known to play a role
in decision making, as is the prefrontal cortex, so it is expected that ROIs in these areas were
activated during the task (Kovacevic et al., 2012; Marinkovic et al., 2012; Posner et al., 2007;
Ruff et al., 2008). Lastly, the participant must then make a motor response appropriate to the
presented word, and the parietal lobule assists with the required visual-motor integration

(Fogassi & Luppino, 2005; Wise, 1985). While the right motor region was identified as an fMRI-
derived ROI, the left motor region was identified as an MEG-derived ROI. It is not surprising
that even though the participants responded with a button box in their left hand, that the left
motor region was activated. A previous study in TD individuals found that for right-handed
people (which is most of the sample in this paper) ipsilateral activation was quite pronounced
when they used their left hand for motor tasks (\Verstynen et al., 2005). Specific to ASD, research
suggests that individuals with ASD may show more ipsilateral activation due to a less lateralized
motor network (Carper et al., 2015; Gowen & Hamilton, 2013; Hau et al., 2022; Jansiewicz et

al., 2006; Mostofsky & Ewen, 2011; Nebel et al., 2014).
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Supplemental Table 1.1 Medications and psychological conditions

Note. Current psychotropic medication and psychological comorbidities for participants in autism spectrum disorder
(ASD) group. Medication data were not available for 1 ASD participant.

SSRI = selective serotonin reuptake inhibitor

ADHD = attention deficit/hyperactivity disorder

aMood stabilizers include antipsychotics and anticonvulsants

bOther includes sympatholytics and an antihistamine (used as an anxiolytic)

List of medications Stimulants Mood SSRI/ Anxiolytics/ Co-occurring
Stabilizers® | Antidepressants Other® Disorders
1 Mirtazapine, Escitalopram
oxalate, Aripiprazole, + + + +
Methylphenidate hydrochloride
2. Methylphenidate + +
hydrochloride, Guanfacine
3. Methylphenidate hydrochloride + ADHD
4. Lamotrigine + ADHD
5. Methylphenidate + ADHD
Hydrochloride
6. Oxcarbazepine, Guanfacine, Anxiety,
Aripiprazole, Escitalopram + + + + Depression
oxalate, Alprazolam
7. | Methylphenidate hydrochloride + Anxiety
8. Inderal + Anxiety
9. | Aripiprazole + Depression
10. Guanfacine, Aripiprazole, + + +

Bupropion Hydrochloride
11. | Aripiprazole, Anxiety
Lisdexamfetamine,

. + + +
Dextroamphetamine,
Fluoxetine, Citalopram
12. | Quetiapine, Sertraline, Depression
Duloxetine, Amantadine, + + +
Prazosin
13 None AnXiety
14. | None Anxiety
15. | None Anxiety
16. | None Depression
17. ADHD,
None -
Depression
18. | Not Reported Not Reported
Total 7 7 5 6 14
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Supplemental Table 1.2 Task stimuli word conditions

Note: SW, AW, and PW conditions did not significantly differ on number of letters or syllables between MRI and
MEG stimuli sets. SW and AW conditions did not differ on the frequency of occurrence based on the Zipf scale or
age of acquisition between MRI and MEG stimuli sets. Frequency of word occurrence is based on the Zipf scale.
Age of acquisition is measured in years.

MRI mean MEG mean t-stat (df) p-value

Letters 6.04 5.96 0.55 (531.76) 0.79

Syllables 1.92 1.85 1.16 (556.77) 0.25

Frequency 3.73 3.70 0.63 (618) 0.53
Age of

Acquisition 6.72 6.75 0.24 (618) 0.81
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Supplemental Table 1.3 Participant demographics for fMRI-derived ROI selection

Note: Means, standard deviations (SD), and ranges for each group. Chi-square tests (gender, handedness) and t-tests
were performed to determine if groups were significantly different on demographic variables. Non-standard degrees
of freedom are attributed to Levene’s test for homogeneity of variance, and thus reject the null hypothesis of equal
variance. * denotes p < .05, ** p < .01, *** p < .001

ASD = autism spectrum disorder
RMSD = root mean square difference
TD = typically developing

ASD (n=34) TD (n=26) x2 (df) p
Gender 25 male, 9 female 19 male, 7 female .002 (1) .97
Handedness 31 right, 2 left, 1 ambidextrous 23 right, 3 left 1.34 (2) 51
Mean (SD) Range Mean (SD) Range Co}ae" S| tstat (df) p
Age (years) 15.90 (2.27) 12.25-20 15.22 (1.89) 12.33-21.42 .32 1.24 (58) 22
MRI Task ) ) ) oo
Accuracy (%) 89 (8) 71-99 94 (3) 85-99 .79 3.78 (46.88) | .0004
MRI RMSD .07 (.03) .03-.14 .06 (.03) .03-.13 .33 1.78 (58) .08
WASI-11
Full Scale 1Q 107.50 (17.60) 59-136 111.73 (12.26) 88-136 -27 1.05 (58) .30
Verbal 1Q 105.29 (16.26) 68-134 110.23 (12.67) 85-135 -33 1.27 (58) 21
Non-Verbal 1Q | 109.71 (21.42) 54-156 110.31 (11.63) 80-128 -.03 .14 (52.95)| .89
ADQOS-2
Total 10.79 (3.67) 2-20 -- - -- -- --
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Supplemental Table 1.4 fMRI-derived ROIs
Note: Number of voxels and peak MNI coordinates (RAI) for each MRI-derived ROIs.

L IFG = left inferior frontal gyri

L IFS = left inferior frontal sulcus

L MTG = left middle temporal gyrus

L SMA/MCC = left SMA and middle cingulate cortices

L SPL/IPL/MOG = left superior parietal, inferior parietal, and middle occipital cortices
R AG = right angular gyrus

MEG-Derived ROl | Number of Voxels | Peak Coordinates

L IFS 64 36.5,-27.5,9.5

L SMA/MCC 62 6.5, -15.5, 36.5

L IFG 64 51.5,-6.5, 9.5

L Motor 63 36.5, 2.5, 30.5
R Motor 88 -38.5, 26.5, 45.5

L MTG 65 54.5,445,35

L SPL/IPL/MOG 64 30.5,65.5,27.5
R AG 56 -35.5, 65.5, 24.5
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Supplemental Table 1.5 ROl modifications

Note. Modifications made to surface space ROIs after transformed from volumetric space. ROIs were fragmented
and not large enough, resulting in not enough vertices to extract data. ROIs were manually dilated and eroded in
FreeSurfer’s Freeview. ROIs were dilated to fill in holes and connect fragmented pieces and were then eroded to
maintain the initial shape of the ROI.

L IFG = left inferior frontal gyri

L IFS = left inferior frontal sulcus

L MTG = left middle temporal gyrus

L SMA/MCC = left SMA and middle cingulate cortices

L SPL/IPL/MOG = left superior parietal, inferior parietal, and middle occipital cortices
R AG = right angular gyrus

ROIs Modifications
L IFG Dilate 13, Erode 12
L SMA, MCC None
L IFG, Motor None
L Motor Erode 1, Dilate 6, Erode 4
R Motor Dilate 4, Erode 3
L MTG Dilate 1
L SPL, IPL, MOG Dilate 3, Erode 2
R AG Dilate 2, Erode 1
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Supplemental Table 1.6 Pearson partial correlations for BOLD signal and theta power in aMEG-
derived ROIs

Note: Pearson partial correlations between event-related theta power and BOLD beta coefficients controlling for
RMSD and age by group. Correlations were mostly insignificant, in both positive and negative directions for both
autism spectrum disorder (ASD) and typically developing (TD) adolescents. * denotes p < .05

AW = animal word

L IFGop = left inferior frontal gyrus pars opercularis
L IFGtri = left inferior frontal gyrus pars triangularis
L LTC = left lateral temporal cortex

ms = millisecond

PW = pseudoword

R ACC = right anterior cingulate cortex

ROI = region-of-interest

SW = standard word

Theta ™ ASD
'I_'ime ROI Wo_rq
Window Condition FDR- FDR-
(ms) r p adjusted r p adjusted
sw 0.5 054 0.97 0.07 0.74 0.99
150-200 L Fusiform AW -0.18 0.45 0.96 0.23 0.24 0.89
PW -0.01 0.96 0.99 0.04 0.84 0.99
sw -0.19 0.42 0.96 0.07 0.73 0.99
250-350 LLTC AW -0.46 0.05%* 0.67 -0.01 0.95 0.99
PW -0.27 0.27 0.96 0.08 0.68 0.99
sw -0.02 0.95 0.99 0.19 0.34 0.99
L IFGop AW 0.21 0.40 0.96 -0.15 0.45 0.99
PW -0.12 0.63 0.99 -0.004 0.99 0.99
sw 0.16 0.50 0.96 0.10 0.64 0.99
450-650 L IFGtri AW 0.20 0.41 0.96 0.08 0.69 0.99
PW 0.05 0.83 0.99 -0.22 0.26 0.89
Sw -0.07 0.78 0.99 0.01 0.97 0.99
LLTC AW -0.37 0.12 0.67 0.10 0.63 0.99
PW -0.07 0.77 0.99 0.24 0.22 0.89
sw -0.34 0.15 0.67 0.01 0.94 0.99
RACC AW 0.08 0.75 0.99 0.16 0.44 0.99
PW -0.03 0.89 0.99 0.46 0.02* 0.46
sw 0.19 0.43 0.96 0.06 0.78 0.99
L IFGop AW 0.35 0.14 0.67 0.02 0.93 0.99
700-1000 PW -0.17 0.49 0.96 0.14 0.48 0.99
sw 0.00 0.99 0.99 0.22 0.27 0.89
L IFGtri AW 0.39 0.10 0.67 0.26 0.19 0.89
PW 0.01 0.98 0.99 -0.08 071 0.99
sw -0.06 0.80 0.99 031 0.11 0.89
L Motor AW -0.06 0.82 0.99 0.14 0.49 0.99
PW 0.42 0.07 0.67 0.27 0.18 0.89
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Supplemental Table 1.7 Pearson partial correlations for BOLD signal and theta power in fMRI-
derived ROIs

Note: Pearson partial correlations between event-related theta power and BOLD beta coefficients controlling for
RMSD and age by group. Correlations were mostly insignificant, in both positive and negative directions for both
autism spectrum disorder (ASD) and typically developing (TD) adolescents. ** denotes p < .01

AW = animal word

L IFG = left inferior frontal gyri

L IFS = left inferior frontal sulcus

L MTG = left middle temporal gyrus

L SMA/MCC = left SMA and middle cingulate cortices
L SPL/IPL/MOG = left superior parietal, inferior parietal, and middle occipital cortices
ms = millisecond

PW = pseudoword

R AG = right angular gyrus

ROI = region-of-interest

SW = standard word
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Theta

Time ROI Word L £ob
Window Condition FDR- FDR-
(ms) r p adjusted r p adjusted
swW -0.38 0.11 0.90 0.07 0.72 0.97
L SPL/IPL/
MOG AW 0.19 0.44 0.90 0.03 0.89 0.97
110170 PW 0.09 0.70 0.90 -0.12 0.54 0.97
swW -0.29 0.23 0.90 -0.07 0.74 0.97
RAG AW -0.01 0.97 0.99 0.18 0.37 0.97
PW 0.08 0.75 0.90 -0.26 0.19 0.97
swW -0.10 0.67 0.90 0.13 051 0.97
LIFG AW 0.09 0.72 0.90 -0.15 0.45 0.97
250.350 PW -0.20 0.40 0.90 0.11 0.59 0.97
sw -0.32 0.18 0.90 0.14 0.50 0.97
LMTG AW -0.62 0.004** 0.13 -0.01 0.95 0.97
PW -0.30 0.22 0.90 -0.15 0.44 0.97
swW -0.16 0.50 0.90 -0.13 052 0.97
LIFS AW 0.10 0.67 0.90 -0.08 0.69 0.97
PW -0.12 0.63 0.90 0.04 0.86 0.97
sw -0.16 0.50 0.90 -0.12 0.54 0.97
L SMA/MCC AW 0.18 0.47 0.90 -0.17 0.39 0.97
450-650 PW 0.34 0.16 0.90 0.18 0.36 0.97
sw -0.15 0.54 0.90 -0.12 0.54 0.97
LIFG AW 0.24 0.32 0.90 -0.01 0.97 0.97
PW -0.17 0.49 0.90 0.09 0.65 0.97
swW -0.04 0.86 0.99 -0.05 0.82 0.97
L Motor AW -0.001 0.99 0.99 0.21 0.29 0.97
PW -0.30 021 0.90 0.09 0.64 0.97
sw -0.005 0.99 0.99 -0.23 0.25 0.97
LIFG AW 0.11 0.65 0.90 0.02 0.90 0.97
700-1000 PW -0.20 0.42 0.90 0.30 0.12 0.97
sw -0.03 0.92 0.99 -0.09 0.64 0.97
R Motor AW -0.11 0.65 0.90 0.03 0.88 0.97
PW 0.15 0.55 0.90 0.28 0.15 0.97
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Supplemental Table 1.8 ANOVA comparisons of theta power and BOLD signal in sample with
outliers removed

Note: 2 x 3 ANOVA tests looked at the effect of group (ASD, TD) and word condition (SW, AW, PW) and the
interaction on event-related theta power and BOLD beta coefficients in both set of ROIs, after the removal of
outliers. An outlier was defined as 1.5*interquartile range (IQR) below the first quartile or above the third quartile
for theta power and BOLD signal beta coefficients. Group differences in theta power were observed across multiple
regions for both sets of ROIs. One group difference in BOLD signal was observed. The interaction was significant
for theta power in MEG-derived ROI L motor for the 700-1000 ms time window and fMRI-derived ROI L IFG for
the 700-1000 ms time window. The interaction was significant for BOLD signal in MEG-derived ROI L fusiform. *
denotes p < .05, ** p< .01, *** p <.001

ASD = autism spectrum disorder

AW = animal word

L IFG = left inferior frontal gyri

L IFGop = left inferior frontal gyrus pars opercularis

L IFGtri = left inferior frontal gyrus pars triangularis

L IFS = left inferior frontal sulcus

L LTC = left lateral temporal cortex

L MTG = left middle temporal gyrus

L SMA/MCC = left SMA and middle cingulate cortices
L SPL/IPL/MOG = left superior parietal, inferior parietal, and middle occipital cortices
ms = millisecond

PW = pseudoword

R ACC = right anterior cingulate cortex

R AG = right angular gyrus

ROI = region-of-interest

SW = standard word

TD = typically developing
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Theta Power in aME

G-derived ROIs

W-Ii-:]n(;gw ROI Group Condition Group x Condition
(ms) F(df) p F(df) p F(df) p
150-200 L Fusiform 1.64 (1,155) 0.20 0.69 (2,155) 0.50 0.66 (2,155) 0.52
250-350 LLTC 2.14 (1,160) 0.15 1.05 (2,160) 0.35 0.49 (2,160) 0.62
L IFGop 1.34 (1,161) 0.25 6.67 (2,161) 0.002** 1.29 (2,161) 0.28
450-650 L IFGtri 1.96 (1,159) 0.16 9.92 (1,159) <0.0001*** | 0.94 (1,159) 0.39
LLTC 0.05 (1,157) 0.82 9.35 (1,157) 0.0001*** | 1.31(1,157) 0.27
R ACC 2.53 (1,150) 0.11 3.49 (1,150) 0.03* 1.40 (1,150) 0.25
700-1000 L IFGop 6.47 (1,158) 0.01** 1.35(1,158) 0.26 0.87 (1,158) 0.42
L IFGtri 6.29 (1,161) 0.01** 1.02 (1,161) 0.36 2.60 (1,161) 0.08
L Motor 9.36 (1,155) 0.003** 2.42 (1,155) 0.09 3.66 (1,155) 0.03*
Theta Power in fMRI-derived ROIs
W-I;rl]n(;gw ROI Group Condition Group x Condition
(ms) F(df) p F(df) p F(df) p
110-170 L SPL/IPL/IMOG 2.73 (1,158) 0.10 0.14 (1,158) 0.87 0.07 (1,158) 0.93
R AG 6.39 (1,161) 0.01** 0.65 (1,161) 0.52 0.20 (1,161) 0.82
250-350 L IFG 0.49(1,162) 0.48 0.94 (1,162) 0.39 0.69 (1,162) 0.50
L MTG 9.00 (1,157) 0.003** 0.22 (1,157) 0.81 0.33 (1,157) 0.72
LIFS 2.71 (1,155) 0.10 9.27 (1,155) 0.0002%** 0.89 (1,155) 0.41
450-650 L SMA/MCC 3.51 (1,158) 0.06 5.63 (1,158) 0.004** 0.49 (1,158) 0.61
L IFG 4.24 (1,156) 0.04* 3.41 (1,156) 0.04* 0.71 (1,156) 0.49
L Motor 1.08 (1,162) 0.30 5.93 (1,162) 0.003** 1.14 (1,162) 0.32
LIFG 14.08
700-1000 (1,158) 0.0002%** 4.24 (1,158) 0.02* 3.38 (1,158) 0.04*
25.72
R Motor 0.89 (1,158) 0.35 (1,158) <0.0001*** | 032(1158)  0.73
BOLD Signal in aMEG-derived ROls
ROI Group Condition Group x Condition
F(df) p F(df) p F(df) p
L Fusiform 29.40
0.09 (1,156) 0.77 (1,156) <0.0001*** 430 (1,156)  0.02*
LLTC 10.73
1.84 (1,156) 0.18 (1,156) <0.0001*** 0.94 (1,156)  0.39
L IFGop 0.33 (1,156) 0.57 9.84 (1,156) <0.0001*** 0.52(1,156)  0.59
L IFGtri 1.11 (1,153) 0.29 5.53 (1,153) 0.005** 2.30(1,153)  0.10
RACC 3.79 (1,158) 0.05* 2.30 (1,158) 0.10 0.63(1,158)  0.53
L Motor 11.13
0.59 (1,159) 0.44 (1,159) <0.0001*** 0.04 (1,159)  0.96
BOLD Signal in fMRI-derived ROls
ROI Group Condition Group x Condition
F(df) p F(df) p F(df) p
L SPL/IPL/MOG 0.10 (1,160) 0.76 11.06 (1,160) <0.0001*** | 1.97 (1,160) 0.14
RAG 0.003 (1,153) 0.96 6.80 (1,153) 0.004** 0.94 (1,153) 0.39
L IFG 0.01(1,159) 0.94 7.79 (1,159) 0.0006*** | 0.004 (1,159) 0.996
L MTG 2.13(1,161) 0.15 12.22 (1,161) <0.0001*** | 1.04 (1,161) 0.36
LIFS 0.43 (1,155) 0.52 9.16 (1,155) 0.0002** | 2.47 (1,155) 0.09
L SMA/MCC 0.14 (1,158) 0.71 29.93 (1,158) <0.0001*** | 1.09 (1,158) 0.34
L Motor 0.10 (1,158) 0.75 11.77 (1,158) <0.0001*** | 0.23(1,158) 0.80
R Motor 0.0001 (1,156) 0.99 88.28 (1,156) <0.0001*** | 0.69 (1,156) 0.50
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Supplemental Table 1.9 Pearson partial correlations for BOLD signal and theta power in aMEG-
derived ROls in sample with outliers removed

Note: Pearson partial correlations between event-related theta power and BOLD beta coefficients, after removal of
outliers, controlling for root mean square difference (RMSD; motion) and age by group. Correlations were
insignificant after FDR-adjustment, in both positive and negative directions for autism spectrum disorder (ASD) and
typically developing (TD) adolescents. ** p < .01

AW = animal word

L IFGop = left inferior frontal gyrus pars opercularis
L IFGtri = left inferior frontal gyrus pars triangularis
L LTC = left lateral temporal cortex

ms = millisecond

PW = pseudoword

R ACC = right anterior cingulate cortex

ROI = region-of-interest

SW = standard word
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Theta

Time ROI Word ™ ASD
Window Condition FDR- FDR-
(ms) r p adjusted r p adjusted

sw 0.15 0.54 0.74 -0.03 0.89 0.96

150-200 L Fusiform AW -0.18 0.45 0.74 0.09 0.68 0.96
PW 0.14 0.60 0.76 0.23 0.31 0.96

swW -0.19 0.42 0.74 0.15 0.48 0.96

250-350 LLTC AW -0.56 0.02 0.41 0.07 0.73 0.96
PW -0.27 0.27 0.72 -0.30 0.15 0.96

Sw -0.19 0.45 0.74 0.10 0.63 0.96

L IFGop AW 0.21 0.40 0.74 -0.32 0.11 0.96

PW 0.09 0.74 0.87 -0.10 0.63 0.96

swW 0.16 0.50 0.74 -0.17 043 0.96

450-650 L IFGtri AW 0.26 0.29 0.72 -0.05 0.81 0.96
PW -0.35 0.16 0.64 -0.08 0.71 0.96

swW -0.07 0.78 0.88 -0.26 0.19 0.96

LLTC AW -0.33 0.19 0.64 -0.14 055 0.96

PW -0.13 0.62 0.76 -0.08 0.69 0.96

sw -0.34 0.15 0.64 0.01 0.98 0.98

RACC AW 0.04 0.89 0.93 -0.03 0.89 0.96

PW 0.28 0.24 0.72 0.17 0.42 0.96

swW 0.15 055 0.74 -0.01 0.97 0.98

L IFGop AW 0.32 0.19 0.64 -0.04 0.86 0.96

200-1000 PW -0.17 0.50 0.74 0.14 0.48 0.96
swW 0.004 0.99 0.99 -0.03 0.88 0.96

L IFGtri AW 0.35 0.16 0.64 0.24 0.28 0.96

PW -0.44 0.07 0.64 0.05 0.81 0.96

sw -0.05 0.84 0.91 0.28 0.17 0.96

L Motor AW -0.16 0.54 0.74 -0.13 057 0.96

PW 0.42 0.07 0.64 0.27 0.18 0.96
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Supplemental Table 1.10 Pearson partial correlations for BOLD signal and theta power in fMRI-
derived ROls in sample with outliers removed

Note: Pearson partial correlations between event-related theta power and BOLD beta coefficients controlling for
RMSD and age by group in sample with outliers removed. Correlations were mostly insignificant, in both positive
and negative directions for both autism spectrum disorder (ASD) and typically developing (TD) adolescents. **
denotes p < .01

AW = animal word

L IFG = left inferior frontal gyri

L IFS = left inferior frontal sulcus

L MTG = left middle temporal gyrus

L SMA/MCC = left SMA and middle cingulate cortices
L SPL/IPL/MOG = left superior parietal, inferior parietal, and middle occipital cortices
ms = millisecond

PW = pseudoword

R AG = right angular gyrus

ROI = region-of-interest

SW = standard word
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Theta

Time ROI Word D ASD
Window Condition FDR- FDR-
(ms) r p adjusted r p adjusted
SW -0.38 0.11 0.87 0.01 0.98 0.98
L SPL/IPL/
MOG AW 0.03 0.92 0.99 -0.04 0.85 0.97
110170 PW 0.09 0.70 0.99 -0.14 0.50 0.97
SW -0.29 0.23 0.87 0.06 0.77 0.97
RAG AW -0.01 0.97 0.99 0.34 0.11 0.92
PW 0.08 0.75 0.99 -0.06 0.78 0.97
SW -0.10 0.67 0.99 0.13 0.51 0.97
LIFG AW 0.09 0.72 0.99 -0.06 0.78 0.97
250-350 PW -0.02 0.92 0.99 0.11 0.59 0.97
SW -0.32 0.18 0.87 0.16 0.45 0.97
LMTG AW -0.62 0.004%* 0.13 0.13 0.54 0.97
PW -0.30 0.22 0.87 0.04 0.84 0.97
SW 011 0.66 0.99 -0.12 0.57 0.97
LIFS AW 0.31 0.21 0.87 -0.35 0.12 0.92
PW 0.10 0.71 0.99 0.05 0.80 0.97
SW -0.16 0.50 0.99 0.03 0.90 0.97
L SMA/MCC AW 0.18 0.47 0.99 -0.23 0.27 0.97
450-650 PW 0.34 0.16 0.87 0.24 0.27 0.97
SW -0.15 0.54 0.99 -0.12 0.57 0.97
LIFG AW 0.12 0.65 0.99 -0.01 0.97 0.98
PW -0.04 0.88 0.99 0.09 0.65 0.97
SW -0.04 0.86 1.00 0.07 0.75 0.97
L Motor AW -0.001 0.99 1.00 -0.03 0.87 0.97
PW -0.30 0.21 0.87 0.17 0.41 0.97
SW -0.005 0.99 0.99 -0.11 0.60 0.97
LIFG AW 0.11 0.65 0.99 0.16 0.44 0.97
700-1000 PW 022 0.38 0.99 0.30 0.12 0.92
SW -0.03 0.92 0.99 -0.24 0.30 0.97
R Motor AW -0.03 0.90 0.99 0.26 0.20 0.97
PW 0.15 0.55 0.99 0.34 0.10 0.92
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Supplemental Table 1.11 Participant demographics in motion-matched sample

Note: Means, standard deviations (SD), and ranges for each group. Chi-square tests (gender, handedness) and t-tests
were performed to determine if groups were significantly different on demographic variables in a motion-matched
sample. While motion during fMRI scans (RMSD) was low across both groups, it was slightly but significantly

higher in the ASD than TD group (Table 1). In addition to advanced motion denoising, these supplementary

analyses were conducted in a smaller subsample with tightly matched motion. Non-standard degrees of freedom are
attributed to Levene’s test for homogeneity of variance, and thus reject the null hypothesis of equal variance. *
denotes p < .05, ** p< .01

ASD = autism spectrum disorder

RMSD = root mean square difference

TD = typically developing

ASD (n=29) TD (n=21) %2 (df) p
Gender 20 male, 9 female 17 male, 4 female 91 (1) .34
Handedness 28 right, 1 left 19 right, 2 left .80 (1) 37
Mean (SD) Range Mean (SD) Range Co':jen S| tstat (df) p
Age (years) 15.64 (2.22) 12.25-20 15.28 (2.03) 12.33-21.42 17 .59 (48) .56
MRI Task
Accuracy (%) 88 (8) 71-99 94 (4) 85-99 -91 ]3.30(40.33) .002**
MEG Task *
Accuracy (%) 87 (9) 68-99 92 (6) 70-98 -.63 1.98 (48) .05
MRI RMSD .07 (.02) .03-.10 .06 (.02) .03-.13 .50 1.10 (48) .28
WASI-11
Full Scale 1Q 107.34 (18.71) 59-136 112.05 (13.52) 88-135 -28 .98 (48) .33
Verbal 1Q 105.52 (17.28) 68-134 110.81 (13.63) 85-135 -33 1.16 (48) .25
Non-Verbal 1Q | 109.45 (22.74) 54-156 110.29 (12.90) 80-128 -.04 .16 (45.76)| .87
ADOS-2
Total 11.31 (3.51) 6-20 - - - -- -
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Supplemental Table 1.12 ANOVA comparisons of theta power and BOLD signal in motion-
matched sample

Note: 2 x 3 ANOVA tests looked at the effect of group (ASD, TD) and word condition (SW, AW, PW) and the
interaction on event-related theta power and BOLD beta coefficients in both set of ROIs, in a motion-matched
sample. Group differences in theta power were observed across multiple regions for both sets of ROIs. One group
difference in BOLD signal was observed. The interaction was nonsignificant across all measurements. * denotes p <
.05, ** p<.01, ***p<.001

ASD = autism spectrum disorder

AW = animal word

L IFG = left inferior frontal gyri

L IFGop = left inferior frontal gyrus pars opercularis

L IFGtri = left inferior frontal gyrus pars triangularis

L IFS = left inferior frontal sulcus

L LTC = left lateral temporal cortex

L MTG = left middle temporal gyrus

L SMA/MCC = left SMA and middle cingulate cortices
L SPL/IPL/MOG = left superior parietal, inferior parietal, and middle occipital cortices
ms = millisecond

PW = pseudoword

R ACC = right anterior cingulate cortex

R AG = right angular gyrus

ROI = region-of-interest

SW = standard word

TD = typically developing
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Theta Power in aMEG-derived ROIs

W-Ii—rl1rcri1§w ROI Group Condition Group x Condition
(ms) F(1,147) p F(2,147) p F(2,147) p
150-200 L Fusiform 9.28 0.003** 0.05 0.95 0.09 0.91
250-350 LLTC 0.83 0.36 0.90 0.41 0.56 0.57

L IFGop 1.73 0.19 8.19 0.0004*** 2.23 0.11
450-650 L IFGtri 4.98 0.03* 11.62 <0.0001*** 1.65 0.19
LLTC 0.15 0.70 6.68 0.002** 2.40 0.09
RACC 5.35 0.02* 1.50 0.23 0.67 0.51
700- L IFGop 12.28 0.0006*** 151 0.22 1.05 0.35
1000 L IFGtri 9.11 0.003** 1.06 0.35 2.00 0.14
L Motor 2.48 0.12 1.98 0.14 0.71 0.49
Theta Power in fMRI-derived ROIs

W-Ii-rlggw ROI Group Condition Group x Condition

(ms) F(1,147) p F(2,147) p F(2,147) p
110-170 L SPL/IPL/IMOG 5.65 0.02* 0.07 0.93 0.03 0.97
RAG 5.09 0.03* 0.57 0.57 0.24 0.78
250-350 LIFG 1.25 0.26 0.50 0.61 0.66 0.52
L MTG 2.42 0.12 0.47 0.63 0.16 0.85
LIFS 4.02 0.05* 11.70 <0.0001*** 2.07 0.13
450-650 L SMA/MCC 0.22 0.64 5.30 0.01** 0.31 0.73
LIFG 6.73 0.01** 5.33 0.01** 0.40 0.67
L Motor 2.49 0.12 6.48 0.002** 1.45 0.24
700- L IFG 15.03 0.0002%** 433 0.01** 2.81 0.06
1000 R Motor 2.26 0.14 18.44 <0.0001*** 0.48 0.62

BOLD Signal in aMEG-derived ROls

ROI Group Condition Group x Condition

F(1,147) p F(2,147) p F(2,147) p
L Fusiform 0.08 0.78 29.26 <0.0001*** 2.54 0.08
LLTC 2.01 0.16 10.45 <0.0001*** 1.00 0.37
L IFGop 0.88 0.35 9.77 0.0001*** 1.01 0.37
L IFGtri 1.65 0.20 5.35 0.01** 1.94 0.15
R ACC 571 0.02* 1.30 0.28 0.84 0.43
L Motor 1.02 0.31 6.98 0.001** 0.29 0.75

BOLD Signal in fMRI-derived ROls

ROI Group Condition Group x Condition

F(1,147) p F(2,147) p F(2,147) p
L SPL/IPL/IMOG 0.31 0.58 12.81 <0.0001*** 1.67 0.19
RAG 0.30 0.59 4.41 0.01** 0.88 0.42
LIFG 0.09 0.77 7.53 0.0007*** 0.02 0.98
L MTG 4.27 0.04 11.42 <0.0001**=* 1.01 0.37
LIFS 0.68 0.41 11.52 <0.0001*** 2.70 0.07
L SMA/MCC 1.23 0.27 27.59 <0.0001**=* 0.77 0.47
L Motor 0.08 0.78 10.77 <0.0001**=* 0.20 0.82
R Motor 0.39 0.53 75.71 <0.0001*** 0.67 0.52
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Supplemental Table 1.13 Pearson partial correlations for BOLD signal and theta power in
aMEG-derived ROIs in motion-matched sample

Note: Pearson partial correlations between event-related theta power and BOLD beta coefficients controlling for
root mean square difference (RMSD; motion) and age by group in a motion-matched sample. Correlations were
insignificant in both positive and negative directions for both autism spectrum disorder (ASD) and typically
developing (TD) adolescents.

AW = animal word

L IFGop = left inferior frontal gyrus pars opercularis
L IFGtri = left inferior frontal gyrus pars triangularis
L LTC = left lateral temporal cortex

ms = millisecond

PW = pseudoword

R ACC = right anterior cingulate cortex

ROI = region-of-interest

SW = standard word

TheFa Time Word TD ASD
Window ROL | condition FDR- FDR-
(ms) r p adjusted r p adjusted

sw 0.10 0.69 0.99 0.02 0.92 0.99

150-200 L Fusiform AW -0.15 057 0.99 0.13 052 0.95
PW -0.16 053 0.99 -0.11 0.61 0.95

sw -0.0005 1.00 0.99 -0.02 0.94 0.99

250-350 LLTC AW -0.33 0.19 0.94 -0.09 0.66 0.95
PW -0.32 0.21 0.94 -0.26 0.20 0.78

sw -0.05 0.83 0.99 0.07 0.74 0.95

L IFGop AW 0.17 052 0.99 -0.27 0.20 0.78

PW -0.14 0.58 0.99 -0.07 0.74 0.95

sw -0.01 0.98 0.99 0.003 0.99 0.99

450-650 L IFGtri AW 0.11 0.69 0.99 -0.11 0.61 0.95
PW 0.05 0.85 0.99 -0.34 0.10 0.78

sw -0.05 0.85 0.99 -0.26 0.20 0.78

LLTC AW -0.42 0.09 0.94 -0.07 0.74 0.95

PW -0.12 0.63 0.99 -0.05 0.82 0.97

swW -0.37 0.14 0.94 -0.08 0.70 0.95

RACC AW 0.07 0.78 0.99 0.15 0.48 0.95

PW -0.20 0.44 0.99 0.44 0.03 0.76

sw 0.15 057 0.99 0.01 0.97 0.99

L IFGop AW 0.34 0.19 0.94 0.05 0.83 0.97

200-1000 PW -0.21 0.42 0.99 0.09 0.66 0.95
sw -0.18 0.50 0.99 0.17 0.42 0.95

L IFGtri AW 0.35 0.17 0.94 0.22 0.28 0.95

PW -0.004 0.99 0.99 -0.14 0.52 0.95

sw -0.09 0.72 0.99 0.28 0.18 0.78

L Motor AW -0.04 0.88 0.99 0.08 0.70 0.95

PW 0.28 0.27 0.99 0.28 0.17 0.78
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Supplemental Table 1.14 Pearson partial correlations for BOLD signal and theta power in fMRI-
derived ROIls in motion-matched sample

Note: Pearson partial correlations between event-related theta power and BOLD beta coefficients, controlling for
root mean square difference (RMSD; motion) and age by group. Correlations were insignificant after FDR-
adjustment, in both positive and negative directions for both autism spectrum disorder (ASD) and typically
developing (TD) adolescents.

AW = animal word

L IFG = left inferior frontal gyrus

L IFS = left inferior frontal sulcus

L MTG = left middle temporal gyrus

L SMA/MCC = left supplementary motor area/middle cingulate cortex
L SPL/IPL/MOG = left superior parietal lobule/inferior parietal lobule/middle occipital gyrus
ms = millisecond

PW = pseudoword

R AG = right angular gyrus

ROI = region-of-interest

SW = standard word
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Theta

Time ROI Word D ASD
Window Condition FDR- FDR-
(ms) r p adjusted r p adjusted
SW -0.30 0.25 0.82 0.08 0.70 0.94
L SPL/IPL/
MOG AW 0.31 0.23 0.82 0.06 0.77 0.94
110170 PW 0.06 0.81 0.91 -0.19 0.35 0.90
SW -0.29 0.26 0.82 0.03 0.89 0.94
RAG AW 0.06 0.81 0.91 0.28 0.17 0.90
PW 0.05 0.86 0.91 -0.29 0.16 0.90
SW -0.15 0.56 0.91 0.10 0.63 0.90
LIFG AW -0.06 0.82 0.91 -0.23 0.27 0.90
250-350 PW -0.05 0.85 0.91 0.03 0.90 0.94
SW 021 0.41 0.82 0.12 0.58 0.90
LMTG AW -0.38 0.13 0.82 -0.12 0.55 0.90
PW -0.30 0.24 0.82 -0.47 0.02* 0.57
SW -0.35 0.17 0.82 -0.15 0.46 0.90
LIFS AW 0.05 0.84 0.91 -0.10 0.63 0.90
PW -0.22 0.39 0.82 0.05 0.82 0.94
SW -0.24 0.35 0.82 0.12 0.56 0.90
L SMA/MCC AW 0.24 0.36 0.82 023 0.28 0.90
450-650 PW 0.38 0.13 0.82 0.23 0.27 0.90
SW 022 0.39 0.82 -0.15 0.48 0.90
LIFG AW 0.10 0.69 0.91 -0.18 0.40 0.90
PW -0.29 0.26 0.82 0.02 0.91 0.94
SW -0.10 0.69 0.91 -0.11 0.61 0.90
L Motor AW -0.14 0.60 0.91 0.05 0.81 0.94
PW -0.30 0.24 0.82 0.21 0.31 0.90
SW -0.07 0.80 0.91 -0.36 0.08 0.90
LIFG AW 0.02 0.94 0.94 -0.05 0.80 0.94
700-1000 PW -0.24 0.36 0.82 0.27 0.20 0.90
SW -0.04 0.88 0.91 -0.14 0.50 0.90
R Motor AW -0.17 0.52 0.91 0.01 0.97 0.97
PW -0.04 0.87 0.91 0.29 0.15 0.90
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Supplemental Table 1.15 Participant demographics in sample with <150-day scan interval

Note: Means, standard deviations (SD), and ranges for each group. Chi-square tests (gender, handedness) and t-tests
were performed to determine if groups were significantly different on demographic variables in a sample of
individuals who completed MEG and fMRI scans >150 days apart. Non-standard degrees of freedom are attributed
to Levene’s test for homogeneity of variance, and thus reject the null hypothesis of equal variance. ** p < .01

ASD = autism spectrum disorder
RMSD = root mean square difference
TD = typically developing

ASD (n=31) TD (n=22) ¥2 (df) p
Gender 23 male, 8 female 17 male, 5 female .07 () .80
Handedness 29 right, 1 left 20 right, 2 left 77 (1) .38
Mean (SD) Range Mean (SD) Range Col;len’s t-stat (df) p
Age (years) 15.83 (2.20) 12.25-20 15.41 (1.88) 12.33-21.42 .20 .74 (51) 46
MRI Task
Accuracy (%) 89 (8) 71-99 94 (4) 85-99 -75 3.33(43.58) .002**
MEG Task
Accuracy (%) 88 (8) 68-99 91 (6) 70-98 -.63 1.69 (51) .10
MRI RMSD .07 (.03) .03-.14 .06 (.02) .03-.13 .50 2.19 (51) .03*
WASI-11
Full Scale 1Q 108.81 (15.96) 77-136 111.64 (12.77) 88-135 -.0002 .69 (51) 49
Verbal 1Q 106.52 (15.59) 76-134 110.82 (13.21) 85-135 -.29 1.05 (51) .30
Non-Verbal 1Q | 111.10 (19.54) 75-156 109.50 (11.97) 80-127 10 .37 (50.10) 71
ADOS-2
Total 11 (3.44) 6-20 - - - - -
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Supplemental Table 1.16 ANOVA comparisons of theta power and BOLD signal in sample with
<150-day scan interval

Note: 2 x 3 ANOVA tests looked at the effect of group (ASD, TD) and word condition (SW, AW, PW) and the
interaction on event-related theta power and BOLD beta coefficients in both set of ROIs, in a sample of individuals
who completed MEG and fMRI scans >150 days apart. Group differences in theta power were observed across
multiple regions for both sets of ROIs. One group difference in BOLD signal was observed. The interaction was
mostly nonsignificant, except for BOLD signal in fMRI-derived ROI L fusiform. * denotes p < .05, ** p < .01, ***
p <.001

ASD = autism spectrum disorder

AW = animal word

L IFG = left inferior frontal gyri

L IFGop = left inferior frontal gyrus pars opercularis

L IFGtri = left inferior frontal gyrus pars triangularis

L IFS = left inferior frontal sulcus

L LTC = left lateral temporal cortex

L MTG = left middle temporal gyrus

L SMA/MCC = left SMA and middle cingulate cortices
L SPL/IPL/MOG = left superior parietal, inferior parietal, and middle occipital cortices
ms = millisecond

PW = pseudoword

R ACC = right anterior cingulate cortex

R AG = right angular gyrus

ROI = region-of-interest

SW = standard word

TD = typically developing
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Theta Power in aMEG-derived ROIs

W-Ii—:]rggw ROI Group Condition Group x Condition
(ms) F(1,153) p F(2,153) p F(2,153) p
150-200 L Fusiform 2.64 0.11 0.13 0.87 0.19 0.83
250-350 LLTC 3.28 0.07 0.97 0.38 0.46 0.63

L IFGop 0.71 0.40 7.17 0.001** 1.65 0.20
450-650 L IFGtri 212 0.15 8.74 0.0003*** 1.10 0.34
LLTC 0.16 0.69 4.25 0.02** 1.36 0.26
R ACC 3.24 0.07 1.23 0.29 0.87 0.42
700- L IFGop 6.23 0.01* 1.57 0.21 1.12 0.33
1000 L IFGtri 6.24 0.01* 1.18 0.31 2.49 0.09
L Motor 2.33 0.13 2.06 0.13 0.94 0.39
Theta Power in fMRI-derived ROIs

W1i—|!1rcrj]§w ROI Group Condition Group x Condition

(ms) F(1,147) p F(2,147) p F(2,147) p
110170 | L SPHIPLMOG 123 0.27 0.03 0.97 0.05 0.95
RAG 5.49 0.02* 0.62 0.54 0.03 0.97
950.350 L IFG 0.46 0.50 1.25 0.29 0.88 0.42
L MTG 7.85 0.01** 0.64 0.53 0.24 0.78
LIFS 213 0.15 10.69 <0.0001*** 1.88 0.16
450-650 L SMA/MCC 1.53 0.22 458 0.01** 0.33 0.72
LIFG 433 0.04* 474 0.01** 0.31 0.73
L Motor 0.65 0.42 5.46 0.01** 1.24 0.29
700- LIFG 11.62 0.0008*** 3.98 0.02* 2.75 0.07
1000 R Motor 2.28 0.13 20.05 <0.0001%** 0.34 0.72

BOLD Signal in aMEG-derived ROIs
ROI Group Condition Group x Condition
F(1,147) p F(2,147) p F(2,147) p
L Fusiform 0.45 0.50 24.57 <0.0001*** 410 0.02*
LLTC 0.90 0.34 9.36 0.0001*** 0.69 0.50
L IFGop 0.94 0.33 8.31 0.0004*** 1.45 0.24
L IFGtri 0.95 0.33 3.36 0.04* 1.90 0.15
RACC 7.45 0.01** 1.47 0.23 0.90 0.41
L Motor 1.87 0.17 8.15 0.0004*** 0.15 0.86
BOLD Signal in fMRI-derived ROls

ROI Group Condition Group x Condition

F(1,147) p F(2,147) p F(2,147) p
L SPL/IPL/IMOG 0.08 0.77 9.72 0.0001**=* 1.41 0.25
RAG 0.30 0.58 4.20 0.02* 1.12 0.33
LIFG 0.12 0.73 6.16 0.003** 0.13 0.88
L MTG 2.02 0.16 11.18 <0.0001*** 0.74 0.48
LIFS 0.10 0.75 7.23 0.001** 2.90 0.06
L SMA/MCC 0.58 0.45 22.13 <0.0001*** 1.28 0.28
L Motor 0.20 0.66 10.59 <0.0001*** 0.02 0.98
R Motor 0.03 0.85 64.86 <0.0001*** 0.79 0.45
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Supplemental Table 1.17 Pearson partial correlations for BOLD signal and theta power in MEG-
derived ROIs in sample with <150-day scan interval

Note: Pearson partial correlations between event-related theta power and BOLD beta coefficients controlling for
root mean square difference (RMSD; motion) and age by group in 150-day sample. Correlations were insignificant
in both positive and negative directions for both autism spectrum disorder (ASD) and typically developing (TD)
adolescents after FDR-adjustment. ** denotes p < .01

AW = animal word

L IFGop = left inferior frontal gyrus pars opercularis
L IFGtri = left inferior frontal gyrus pars triangularis
L LTC = left lateral temporal cortex

ms = millisecond

PW = pseudoword

R ACC = right anterior cingulate cortex

ROI = region-of-interest

SW = standard word

TheFa Time Word TD ASD
Window ROL | condition FDR- FDR-
(ms) r p adjusted r p adjusted

swW 0.19 0.44 0.96 0.08 0.69 0.97

150-200 L Fusiform AW -0.20 0.44 0.96 0.28 0.15 0.87
PW 0.01 0.96 0.97 0.12 0.56 0.89

sw -0.18 0.46 0.96 0.05 0.80 0.98

250-350 LLTC AW -0.42 0.09 0.73 -0.03 0.89 0.98
PW -0.22 0.39 0.96 0.17 0.40 0.87

sw 0.07 0.79 0.97 0.17 0.40 0.87

L IFGop AW 0.25 0.32 0.96 -0.17 041 0.87

PW 0.04 0.88 0.97 -0.01 0.95 0.98

swW 0.17 051 0.97 013 053 0.89

450-650 L IFGtri AW 0.21 0.40 0.96 0.12 0.56 0.89
PW 0.07 0.79 0.97 -0.18 0.38 0.87

sw -0.08 0.76 0.97 -0.01 0.94 0.98

LLTC AW -0.36 0.14 0.75 0.08 0.68 0.97

PW -0.01 0.97 0.97 0.25 0.21 0.87

swW -0.41 0.09 0.73 -0.0007 0.99 1.00

RACC AW -0.01 0.96 0.97 0.16 0.42 0.87

PW -0.11 0.67 0.97 0.47 0.01%* 0.39

sw 0.08 0.76 0.97 0.06 0.76 0.98

L IFGop AW 0.30 0.23 0.96 0.02 091 0.98

200-1000 PW -0.15 0.56 0.97 0.13 0.52 0.89
sw 0.02 0.94 0.97 0.24 0.23 0.87

L IFGtri AW 0.39 0.11 0.73 0.33 0.10 0.87

PW -0.01 0.96 0.97 0.02 0.94 0.98

sw -0.26 0.30 0.96 0.26 0.19 0.87

L Motor AW -0.11 0.66 0.97 0.16 0.42 0.87

PW 0.44 0.07 0.73 0.30 013 0.87
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Supplemental Table 1.18 Pearson partial correlations for BOLD signal and theta power in fMRI-
derived ROIs in sample with <150-day scan interval

Note: Pearson partial correlations between event-related theta power and BOLD beta coefficients, controlling for
root mean square difference (RMSD; motion) and age by group. Correlations were insignificant, in both positive and
negative directions for both autism spectrum disorder (ASD) and typically developing (TD) adolescents. ** denotes
p<.01

AW = animal word

L IFG = left inferior frontal gyrus

L IFS = left inferior frontal sulcus

L MTG = left middle temporal gyrus

L SMA/MCC = left supplementary motor area/middle cingulate cortex
L SPL/IPL/MOG = left superior parietal lobule/inferior parietal lobule/middle occipital gyrus
ms = millisecond

PW = pseudoword

R AG = right angular gyrus

ROI = region-of-interest

SW = standard word
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Theta

Time ROI Word D ASD
Window Condition FDR- FDR-
(ms) r p adjusted r p adjusted
SW -0.36 0.14 0.93 0.16 0.43 0.94
L SPL/IPL/
MOG AW 0.16 0.53 0.93 0.04 0.83 0.94
110170 PW 0.12 0.63 0.93 -0.10 0.61 0.94
SW -0.30 0.22 0.93 0.01 0.96 0.96
RAG AW -0.09 0.71 0.93 0.20 0.33 0.94
PW 0.08 0.76 0.94 -0.24 0.25 0.94
SW -0.002 0.99 0.99 0.30 0.14 0.94
LIFG AW 0.16 0.53 0.93 -0.08 0.69 0.94
250-350 PW 022 0.39 0.93 0.21 0.30 0.94
SW -0.30 0.23 0.93 0.10 0.63 0.94
LMTG AW -0.57 0.01** 0.39 -0.08 0.69 0.94
PW -0.26 0.29 0.93 -0.10 0.62 0.94
SW -0.15 0.55 0.93 -0.08 0.70 0.94
LIFS AW 0.10 0.70 0.93 -0.07 073 0.94
PW -0.10 0.70 0.93 0.06 0.79 0.94
SW -0.13 0.60 0.93 -0.17 0.41 0.94
L SMA/MCC AW 0.21 0.41 0.93 -0.13 0.52 0.94
450-650 PW 0.33 0.18 0.93 0.20 0.32 0.94
SW -0.13 0.60 0.93 -0.08 0.71 0.94
LIFG AW 0.28 0.26 0.93 -0.03 0.87 0.94
PW -0.13 0.62 0.93 0.14 0.50 0.94
SW -0.05 0.85 0.98 0.04 0.85 0.94
L Motor AW -0.01 0.96 0.99 0.22 0.28 0.94
PW -0.28 0.26 0.93 0.24 0.23 0.94
SW 0.01 0.98 0.99 -0.22 0.28 0.94
LIFG AW 0.06 0.82 0.98 0.03 0.90 0.94
700-1000 PW 022 0.37 0.93 0.30 0.13 0.94
SW -0.03 0.89 0.99 -0.09 0.65 0.94
R Motor AW -0.20 0.44 0.93 0.02 0.91 0.94
PW 0.14 0.57 0.93 0.34 0.09 0.94
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Supplemental Figure 1.1 Group means of theta power

Note. Mean percent change from baseline in event-related theta power for each word condition by group for MEG-
derived (top) and fMRI-derived (bottom) ROIs. Theta power was significantly increased in ASD group compared to
TD group for both SW (p =.03) and AW (p =.02) conditions in L IFG for the 700-1000ms time window (bottom).

ASD = autism spectrum disorder

AW = animal word

L IFG = left inferior frontal gyri

L IFGop = left inferior frontal gyrus pars opercularis

L IFGtri = left inferior frontal gyrus pars triangularis

L IFS = left inferior frontal sulcus

L LTC = left lateral temporal cortex

L MTG = left middle temporal gyrus

L SMA/MCC = left SMA and middle cingulate cortices
L SPL/IPL/MOG = left superior parietal, inferior parietal, and middle occipital cortices
ms = millisecond

PW = pseudoword

R ACC = right anterior cingulate cortex

R AG = right angular gyrus

ROI = region-of-interest

SW = standard word

TD = typically developing
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Group Means of Theta Power in MEG-derived ROIls
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Supplemental Figure 1.2 Group means of BOLD signal

Note. Mean of BOLD signal beta coeffcients for each word condition by group for MEG-derived (top) and fMRI-
derived (bottom) ROIs. No significant group differences were identified for SW, AW, or PW conditions.

ASD = autism spectrum disorder

AW = animal word

L IFG = left inferior frontal gyri

L IFGop = left inferior frontal gyrus pars opercularis

L IFGtri = left inferior frontal gyrus pars triangularis

L IFS = left inferior frontal sulcus

L LTC = left lateral temporal cortex

L MTG = left middle temporal gyrus

L SMA/MCC = left SMA and middle cingulate cortices
L SPL/IPL/MOG = left superior parietal, inferior parietal, and middle occipital cortices
ms = millisecond

PW = pseudoword

R ACC = right anterior cingulate cortex

R AG = right angular gyrus

ROI = region-of-interest

SW = standard word

TD = typically developing
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Group Means of BOLD Signal in MEG-derived ROIs
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Supplemental Figure 1.3 Theta power and BOLD signal correlations

Note. Plots depicts zero-order correlation of ROl and word condition for each group. Significant partial correlations
in TD adolescents between event-related theta power and BOLD signal beta coefficient (Supplementary Tables
S1.6-1.7) are shown for L LTC for the 250-350 ms time window for AW condition (left) and left middle temporal
gyrus (MTG) between 250-350 ms for animal words (AW) condition (right). ASD group is shown for reference.
Significant partial correlation in ASD group between theta power and BOLD signal is shown for R ACC for the
700-1000 ms time window for PW condition (bottom). TD group is shown for reference. Partial correlations
controlled for age and RMSD, and were nonsignificant after FDR-adjustment (Supplementary Tables S1.6-1.7).

ASD = autism spectrum disorder

AW = animal words

L LTC = left lateral temporal cortex

L MTG = left middle temporal gyrus
ms = millisecond

PW = pseudoword condition

R ACC = right anterior cingulate cortex
TD = typically developing

88



BOLD beta coefficient
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Supplemental Figure 1.4 Group means of theta power in sample with outliers removed

Note. Mean percent change from baseline in event-related theta power for each word condition by group for MEG-
derived (top) and fMRI-derived (bottom) ROIs in sample with outliers removed. Theta power was significantly
increased in ASD group compared to TD group for AW in L motor for the 700-1000 ms time window (p =.01; top)
and in L IFG for the 700-1000 ms time window (p =.004; bottom).

ASD = autism spectrum disorder

AW = animal word

L IFG = left inferior frontal gyri

L IFGop = left inferior frontal gyrus pars opercularis

L IFGtri = left inferior frontal gyrus pars triangularis

L IFS = left inferior frontal sulcus

L LTC = left lateral temporal cortex

L MTG = left middle temporal gyrus

L SMA/MCC = left SMA and middle cingulate cortices
L SPL/IPL/MOG = left superior parietal, inferior parietal, and middle occipital cortices
ms = millisecond

PW = pseudoword

R ACC = right anterior cingulate cortex

R AG = right angular gyrus

ROI = region-of-interest

SW = standard word

TD = typically developing
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Supplemental Figure 1.5 Group means of BOLD signal in sample with outliers removed

Note. Mean of BOLD signal beta coeffcients for each word condition by group for MEG-derived (top) and fMRI-
derived (bottom) ROIs. No significant group differences were identified for SW, AW, or PW conditions.

ASD = autism spectrum disorder

AW = animal word

L IFG = left inferior frontal gyri

L IFGop = left inferior frontal gyrus pars opercularis

L IFGtri = left inferior frontal gyrus pars triangularis

L IFS = left inferior frontal sulcus

L LTC = left lateral temporal cortex

L MTG = left middle temporal gyrus

L SMA/MCC = left SMA and middle cingulate cortices
L SPL/IPL/MOG = left superior parietal, inferior parietal, and middle occipital cortices
ms = millisecond

PW = pseudoword

R ACC = right anterior cingulate cortex

R AG = right angular gyrus

ROI = region-of-interest

SW = standard word

TD = typically developing
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BOLD Signal Beta Coefficient

BOLD Signal Beta Coefficient

Group Means of BOLD Signal in MEG-derived ROls

SW AW PW
0.15
.
.
0.10 .
H * .
0.05 H
I B8 AsD
- o
0.00
-
0.05
.
- -
.
.
.
-0.10 . .
.
& <& e o & < <0 & & & & s R o & &
& ~ & v @ ~ & e < § \a
& ~ ¥ ~ @ \:\? «F N - \:"‘P & ~ ¥ ; \}!D
Y A
MEG-Derived ROI
Group Means of BOLD Signal in fMRI-derived ROls
SW AW PW
03
02 . .
s
01 B AsD
s . m
.
00 -
.
.
.
.
.
.
01 . :
.
<] o 0 O @ o g @ O WL o ) ) © L & o &
T N e & SR G R & RS M
K @.\V ~ < § @@F @ & {9.,5?' <
N N ™
%Q v c}"‘ v G)Q ~
~ ~ ~

fMRI-Derived ROI

93



Supplemental Figure 1.6 Group means of theta power in motion-matched sample

Note. Mean percent change from baseline in event-related theta power for each word condition by group for MEG-
derived (top) and fMRI-derived (bottom) ROIs in motion-matched sample. There were no significant group
differences for any of the word conditions.

ASD = autism spectrum disorder

AW = animal word

L IFG = left inferior frontal gyri

L IFGop = left inferior frontal gyrus pars opercularis

L IFGtri = left inferior frontal gyrus pars triangularis

L IFS = left inferior frontal sulcus

L LTC = left lateral temporal cortex

L MTG = left middle temporal gyrus

L SMA/MCC = left SMA and middle cingulate cortices
L SPL/IPL/MOG = left superior parietal, inferior parietal, and middle occipital cortices
ms = millisecond

PW = pseudoword

R ACC = right anterior cingulate cortex

R AG = right angular gyrus

ROI = region-of-interest

SW = standard word

TD = typically developing
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Group Means of Theta Power in MEG-derived ROIs
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Supplemental Figure 1.7 Group means of BOLD signal in motion-matched sample

Note. Mean of BOLD signal beta coeffcients for each word condition by group for MEG-derived (top) and fMRI-
derived (bottom) ROIs in motion-matched sample. No significant group differences were identified for SW, AW, or
PW conditions.

ASD = autism spectrum disorder

AW = animal word

L IFG = left inferior frontal gyri

L IFGop = left inferior frontal gyrus pars opercularis

L IFGtri = left inferior frontal gyrus pars triangularis

L IFS = left inferior frontal sulcus

L LTC = left lateral temporal cortex

L MTG = left middle temporal gyrus

L SMA/MCC = left SMA and middle cingulate cortices
L SPL/IPL/MOG = left superior parietal, inferior parietal, and middle occipital cortices
ms = millisecond

PW = pseudoword

R ACC = right anterior cingulate cortex

R AG = right angular gyrus

ROI = region-of-interest

SW = standard word

TD = typically developing
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Supplemental Figure 1.8 Group means of theta power in sample with <150-day scan interval

Note. Mean percent change from baseline in event-related theta power for each word condition by group for MEG-
derived (top) and fMRI-derived (bottom) ROIs. There were no significant group differences for any of the word
conditions.

ASD = autism spectrum disorder

AW = animal word

L IFG = left inferior frontal gyri

L IFGop = left inferior frontal gyrus pars opercularis

L IFGtri = left inferior frontal gyrus pars triangularis

L IFS = left inferior frontal sulcus

L LTC = left lateral temporal cortex

L MTG = left middle temporal gyrus

L SMA/MCC = left SMA and middle cingulate cortices
L SPL/IPL/MOG = left superior parietal, inferior parietal, and middle occipital cortices
ms = millisecond

PW = pseudoword

R ACC = right anterior cingulate cortex

R AG = right angular gyrus

ROI = region-of-interest

SW = standard word

TD = typically developing
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Supplemental Figure 1.9 Group means of BOLD signal in sample with <150-day scan interval

Note. Mean of BOLD signal beta coeffcients for each word condition by group for MEG-derived (top) and fMRI-
derived (bottom) ROIs in sample with <150-day scan interval. No significant group differences were identified for
SW, AW, or PW conditions. No significant gorup differences were identified for any of the word conditions.

ASD = autism spectrum disorder

AW = animal word

L IFG = left inferior frontal gyri

L IFGop = left inferior frontal gyrus pars opercularis

L IFGtri = left inferior frontal gyrus pars triangularis

L IFS = left inferior frontal sulcus

L LTC = left lateral temporal cortex

L MTG = left middle temporal gyrus

L SMA/MCC = left SMA and middle cingulate cortices
L SPL/IPL/MOG = left superior parietal, inferior parietal, and middle occipital cortices
ms = millisecond

PW = pseudoword

R ACC = right anterior cingulate cortex

R AG = right angular gyrus

ROI = region-of-interest

SW = standard word

TD = typically developing
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Chapter 2 Study 2

Links between fMRI and MEG indices of lexicosemantic processing in autism
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Abstract
Autism spectrum disorder (ASD) is often accompanied by delayed or atypical language

development. However, imaging studies of language in ASD have predominantly relied on a
single neuroimaging modality. While each neuroimaging method has its strengths and
weaknesses, unimodal studies may miss aspects of brain function or structure that can be
detected through other methods. The present study combined data from anatomically-constrained
magnetoencephalography (aMEG) and functional magnetic resonance imaging (fMRI). The aims
of the current study were to: 1) assess language activity and lateralization utilizing aMEG
metrics of lexicosemantic processing (N250m and N400m) and fMRI blood oxygen-level
dependent (BOLD) signal in adolescents with and without ASD, and 2) analyze the relationship
between fMRI BOLD signal and aMEG N250m and N400m during language processing. Thirty
adolescents with ASD and 20 typically developing (TD) peers participated in a lexicosemantic
decision task during aMEG and fMRI scans, responding differentially to visually presented
words and pseudowords. Regions-of-interest (ROIs) were derived for left and right hemispheres
based on task-related effects observed across groups during N250m and N400m time windows.
N250m, N400m, and BOLD signals were measured for each ROI for each participant. Based on
their task performance, ASD participants were divided into “low performers” (L-ASD) and “high
performers” (H-ASD), who performed as well as TD peers. Results revealed greater N250m in
the inferior frontal region for the H-ASD group, decreased N40Om in inferior frontal and
temporal regions for the L-ASD group, and greater bilateral N400m in the H-ASD group for
inferior frontal and temporal regions. fMRI BOLD signal did not reflect significant group
differences revealed by MEG measures. MEG and fMRI activation measures were not found to
be correlated for the TD group, while positive correlations were noted across inferior frontal,

temporal, and parietal regions in the L-ASD group. These findings suggest a tendency toward
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bilateral hemispheric engagement in the H-ASD group that is not present in the L-ASD group,
which may indicate potential compensatory mechanisms. This study underscores the significance
of integrating multimodal methods such as aMEG and fMRI data to examine patterns in

language processing amongst autistic adolescents.

Keywords: Functional magnetic resonance imaging (fMRI), magnetoencephalography (MEG),

multimodal integration, autism spectrum disorder (ASD), adolescents, lexicosemantic

processing, BOLD signal, N250m, N400Om
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Introduction
Autism spectrum disorder (ASD) is a neurodevelopmental disorder defined by impaired

social communication and the presence of restricted and/or repetitive behaviors (American
Psychiatric Association, 2013). Recent reports highlight the increasing prevalence rate, with 1 in
36 children having a diagnosis of ASD (Maenner et al., 2023). Along with social communication
and restricted, repetitive behaviors, many individuals with ASD present with language delay
and/or impairments, such as lexicosemantic difficulties (Boucher, 2012; Condouris et al., 2003;
Haebig et al., 2015; Henderson et al., 2011; Kamio et al., 2007; Lofkvist et al., 2014; Naigles &
Tek, 2017; Salem et al., 2021). Lexicosemantic processing involves understanding word
meaning and integrating it into the current context. Studies of language in ASD report smaller
expressive and receptive vocabularies (Lofkvist et al., 2014), greater lexicosemantic impairment
(Naigles & Tek, 2017), and lower performance on neuropsychological assessments of
lexicosemantics (Condouris et al., 2003). Lexicosemantic abilities and deficits vary across ages
and functioning levels of the ASD population (Boucher, 2012).

Individuals with ASD have shown atypical activation patterns in functional magnetic
resonance imaging (fMRI) studies of lexicosemantic processing, such as abnormally increased
activity in visual regions (Gaffrey et al., 2007; Herringshaw et al., 2016; Shen et al., 2012) and
decreased connectivity between frontal and temporal language regions (Y. Lee et al., 2017).
Atypical language laterality more generally is a consistently replicated finding in ASD
neuroimaging research based on both functional and structural imaging studies (Gage et al.,
2009; Herringshaw et al., 2016; Jouravlev et al., 2020; Kleinhans et al., 2008; Knaus et al., 2008,
2010; Lindell & Hudry, 2013; Mody et al., 2013; Nielsen et al., 2014; Takeuchi et al., 2004).
Individuals with ASD commonly exhibit rightward or bilateral activity in language tasks, in

contrast to the strong leftward lateralization often observed in TD individuals, although these
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findings may be task-dependent. For example, one study identified similar laterality patterns in
adolescents with and without ASD in response to a category fluency task, while the same ASD
group showed atypically increased activity in right frontal and temporal language areas during a
letter fluency task (Kleinhans et al., 2008). Differences in language laterality can also be seen
early in development; in 12-to-48-month-old toddlers with ASD, Eyler and colleagues showed
decreased left hemisphere activity in response to speech sounds during natural sleep (Eyler et al.,
2012b). Furthermore, rightward lateralization in the temporal cortex increases with age, with the
strongest effects observed in 3-to-4-year-old autistic children. While the presence of atypical
language lateralization is one of the most extensively reproduced results in neuroimaging studies
of individuals with ASD, there remains a dearth of conclusive evidence regarding whether this
lateralization arises from decreased activity in the left hemisphere, increased activity in the right
hemisphere, or a combination of both (Jouravlev et al., 2020).

fMRI has long been the preferred method for investigating task-related brain activity,
offering robust spatial resolution while facing limitations in temporal resolution due to reliance
on a slow hemodynamic response. Despite its prominence and generally robust findings of
atypical language lateralization in ASD, fMRI studies, including those researching language,
have also yielded inconsistent results (Hull et al., 2018; Picci et al., 2016; Uddin et al., 2013).
For instance, variations in patterns have been reported, such as findings of both increases and
decreases in activity and connectivity within the frontal and temporal language areas. These
discrepancies may stem from several factors, including participant age, the nature of the task,
ASD symptomology, and methodological differences in fMRI procedures and analyses.

Resolving these inconsistencies is essential for comprehensive understanding of lexicosemantic
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processing in ASD, which may significantly impact diagnosis, biomarker identification,
intervention strategies, and an understanding of neural activity within ASD.

Other neuroimaging techniques, such as electroencephalography (EEG) and
magnetoencephalography (MEG), have also been used to investigate lexicosemantic processing.
The N250 and N400, and their magnetic counterparts, N250m and N400m, are considered
crucial markers of language processing: N250(m) has been linked to lexical access, and N400(m)
has been linked to semantic processing and integration (Carreiras et al., 2014; Halgren et al.,
2002; Kotchoubey, 2002; Kutas & Federmeier, 2000; Kutas & Hillyard, 1980; Leminen et al.,
2019; Marinkovic, 2004a; Marinkovic et al., 2014; Parkes et al., 2016; Pylkkdnen & Marantz,
2003). N250(m) has received much less attention in ASD language studies compared to N400(m)
and conflicting findings from the very limited number of studies highlight the need for further
investigation. One such study reported an absence of group differences in N250 during an
auditory speech task (Galilee et al., 2017), while findings from an earlier study suggested a)
greater N250 (described as “pre-N4”) in autistic participants in response to congruous vs.
incongruous words, b) longer persisting N250 in response to incongruous vs. congruous words in
autistic participants, and c) similar N250 amplitudes between the two word categories in
neurotypical participants (Braeutigam et al., 2008).

In contrast, extensive studies on N400(m) in ASD individuals have consistently
highlighted atypicalities, including increased latency, reduced amplitude, or complete lack of the
N400(m) effect, also known as the priming effect, which has been used as a measure of
incongruous stimulus processing with greater N400(m) responses reported for incongruous
compared to congruous stimuli (Cantiani et al., 2016; DiStefano et al., 2019; Dunn et al., 1999;

Dunn & Bates, 2005; Fishman et al., 2011; McCleery et al., 2010; McFadden & Rojas, 2013;
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Pijnacker et al., 2010; Russo et al., 2012). Specific language tasks, such as idiom recognition or
semantic processing, have also demonstrated a lack of typical N40O activity that correlates with
poor language skills or task performance in ASD (Gold et al. 2010; Strandburg et al., 1993).
Even during passive listening tasks, such as listening to words of two different categories,
findings have indicated a lack of the N400 effect (i.e., greater N400 amplitude in response to
words of two different categories compared to the N400 amplitude in response to a pair of words
within the same category) in children with ASD (Dunn & Bates, 2005). These reported
atypicalities in the N400(m) response underscore the need for further examination of this effect
in order to better understand how ‘oddball’ processing may influence overall language in autism.
In line with fMRI results, findings from EEG and MEG studies support atypical language
lateralization in individuals with ASD (Braeutigam et al., 2008; Curl & Coderre, 2022; Flagg et
al., 2005; Liang et al., 2021; Matsuzaki et al., 2020; Yoshimura et al., 2013). For instance,
Yoshimura and colleagues (2013) revealed a notable reduction in leftward lateralization for
children with ASD in P50m during a passive listening task in comparison to TD peers. Another
study reported increased theta coherence in the right hemisphere in autistic participants when
processing related words; this phenomenon was not observed in TD participants (Curl &
Coderre, 2022). In addition, Flagg and colleagues (2005) reported a distinctive pattern in a small
sample MEG study in which the ASD group exhibited an increasing rightward dominance with
age during a passive auditory task, while TD children displayed a contrasting increasing leftward
dominance with age. A similar right hemisphere dominance, particularly in the anterior temporal
cortex, was also observed in a study of adults with ASD in N400 activity in response to
incongruous sentences; this rightward lateralization was not observed in neurotypical adults

(Braeutigam et al., 2008).
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A multimodal approach combining aMEG and fMRI offers a unique perspective for
understanding lexicosemantic processing differences in individuals with ASD. The current study
extends the findings from our first set of papers, which examined event-related theta power and
fMRI BOLD signal during the lexicosemantic task described below (M. Wilkinson et al., 2022;
You et al., 2021), as well as our most recent unimodal MEG paper, which examined N250m and
N400m during a lexicosemantic task in adolescents with and without ASD (You et al., 2023).
The current study includes a partially overlapping sample of the previous studies and investigates
activation in both fMRI and MEG during a lexicosemantic task. This study expands on our
previous work by examining fMRI BOLD signal during lexicosemantic decision making,
specifically in high and low performing ASD adolescents in comparison to TD peers, and the
relationship between BOLD signal and aMEG measures of activation (i.e., N250m and N400m)
in adolescents with and without ASD. This is the first study to directly compare N250m and
N400m with BOLD signal, adding to the multimodal literature an understanding of the
relationship between two imaging methods.

Methods
Participants

From a total of 156 ASD and 120 TD adolescents screened, 30 ASD and 22 TD
participants (aged 12-21 years) fulfilled all inclusionary criteria for the current study (see
supplement for specific details regarding exclusions and data loss). ASD diagnoses were
determined using DSM-5 criteria (American Psychiatric Association, 2013), the Autism
Diagnostic Observation Schedule, 2" Edition (ADOS-2) (Lord et al., 2012), the Autism
Diagnostic Interview-Revised (ADI-R) (Rutter et al., 2003), and expert clinical judgment. To
better understand neural differences with respect to varying linguistic abilities within the autism

spectrum, the ASD group was split into two subgroups — high and low performers (Table 2.2).
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fMRI and MEG task performance was averaged for each individual. The median of the averages
for the TD group was 86.69%. High performers (H-ASD) were defined as individuals with ASD
whose average task performance across both fMRI and MEG scans was equal to or greater than
86.69%. Low performers (L-ASD) were individuals in the ASD group with a task average below
86.69%. Two TD individuals who performed below 86.69% were removed from further analysis,
resulting in a final sample of 30 ASD and 20 TD participants. The two groups did not differ on
gender, handedness, age, or IQ (Table 1). The two ASD subgroups (15 H-ASD, 15 L-ASD) did
not differ on gender, handedness, age, fMRI RMSD (measurement of in-scanner motion), or
ADOS-2 total score (Table 2.2). The current study sample partially overlaps with You et al.
(2023). 27 ASD and 15 TD participants were included in both You et al. (2023) and the current
study. 12 ASD and 6 TD participants were included in You et al. (2023), but not in the current
study. 3 ASD and 5 TD participants were new to the current study. It is important to note that the
previous paper used the same method for determining a cut-off between H-ASD and L-ASD
groups (i.e., the median of the TD group), however it only incorporated MEG task performance
as it was a unimodal study. The median of the TD group’s performance on the task completed
during the MEG scan was 80%. Of the 27 ASD participants in both studies, 4 individuals were
placed in different subgroups due to the different cut-off for H-ASD and L-ASD groups. Twelve
ASD participants were currently taking psychotropic medications (Wilkinson et al., 2022).
Fourteen ASD individuals reported comorbidities: 4 with attention-deficit/hyperactivity, 7 with
anxiety, and 5 with depression; 2 of these participants reported multiple comorbidities

(Wilkinson et al., 2022).
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Experimental design

Once participants passed the initial screening and were inducted into the study, their
reading level was evaluated using the Word Reading subtest of the Wechsler Individual
Achievement Test, 3" Edition (WIAT-111) (Wechsler, 2009). Participants who scored below a
6™"-grade reading level (standard score: 80) were excluded from the study due to the reading level
requirements for appropriately engaging in the lexicosemantic task, particularly during
neuroimaging scans. Those who scored at a 6™-grade reading level or above continued with the
remainder of the assessments, including the Edinburgh Handedness Inventory (Oldfield, 1971),
Wechsler Abbreviated Scale of Intelligence, 2" Edition (WASI-11) (Wechsler, 2011), Beery-
Buktenica Developmental Test of Visual-Motor Integration, 61 Edition (Beery VMI-6) (Beery et
al., 2010), and Clinical Evaluation of Language Fundamentals, 51 Edition (CELF-5) (Semel et
al., 2013). Prior to undergoing the MRI scan, participants completed a mock scan to become
familiar with the MR environment and lexicosemantic task. Unique sets of word stimuli were
presented during the lexicosemantic task for the mock, MRI, and MEG scans. The MEG and
MRI scans were completed during two separate sessions; the order of the scans was
counterbalanced across participants. For the majority of participants, both MEG and MRI scans
were completed within 150 days or less of one another, with the exception of 1 TD participant
(252 days) and 2 ASD participants (174 and 184 days). To increase comfort, participants were
provided earplugs, cushions, and a blanket during MRI scans. MRI operators checked in with the
participants throughout the scan. Participant comfort was similarly taken into account during
MEG scans.

The lexicosemantic task was completed during both MRI and MEG scans. Participants

differentially responded to three conditions: real non-animal standard words (SW), animal words
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(AW), and pseudowords (PW). Words in the PW condition were orthographically and
phonologically legal letter strings with no word meaning (e.g., “blont”). This lexicosemantic task
was originally used in previous aMEG studies on neurotypical adults (Marinkovic et al., 2012,
2014) and has been adapted accordingly for our recent studies (Wilkinson et al., 2022; You et al.,
2021, 2023).

Participants used their left hand for lexicosemantic task responses on a 2-button fiber

optic response pad (Cambridge Research Systems Ltd., Rochester, UK, https://www.crsltd.com).

They were directed to press the button beneath their index finger for SW, to press the button
beneath their middle finger for AW, and to refrain from pressing any button for PW. There were
no significant differences among word conditions in terms of word length or syllable count, and
there were no differences between SW and AW conditions in frequency of occurrence (based on
the Zipf scale; Brysbaert & New, 2009; van Heuven et al., 2014) or in the age-of-acquisition
rating (Kuperman et al., 2012).

During the task portion of the fMRI scan, each word was displayed visually for a duration
of 500 ms, followed by a 1500 ms fixation string (“xxxxxx’’) to account for the insertion of
additional null trials in fMRI (as explained below). Task stimuli were presented across two 7-
minute runs, with a 3-minute break between each run. Each run included 90 SW, 30 AW, and 30
PW trials. During the task portion of the MEG scan, words were presented for 500 ms each and
followed by a 2000 ms fixation string (“xxxxxx”) without jitter. Task stimuli were presented in a
randomized order over an approximately 25-minute run, featuring brief breaks every 4 minutes.
Each word condition included 100 trials. For the SW condition, 180 additional words were
presented as filler to establish a prepotent response tendency. Presentation® software (Version

22.1, Neurobehavioral Systems, Inc., Berkeley, CA, www.neurobs.com) was used to present

112


https://www.crsltd.com/
http://www.neurobs.com/

stimuli in white lowercase letters on a black background. The trial sequence was uniform for all
participants, except 2 ASD and 2 TD individuals who underwent a second scan due to technical
issues. A separate trial sequence was used to avoid practice effects. Distinct stimuli sets were
utilized during MEG and fMRI scans.

The trial sequence used in the fMRI event-related design was established using RSFgen,
a random stimulus function generator within Analysis of Functional Neurolmages (AFNI,

https://afni.nimh.nih.gov) (Cox, 1996). A fixation string (“xxxxxx”) was presented during null

trials (specific to fMRI). Each run included 124 one-second null trials.
MRI acquisition and processing

MRI scans were conducted at the UCSD Center for fMRI on a General Electric
Discovery MR750 3.0 Tesla Scanner (GE Healthcare, Milwaukee, WI1) paired with a Nova
Medical 32-channel head coil. Structural scans used a Fast Spoiled Gradient Recalled T1-
weighted sequence (TR: 8.136 ms; TE: 3.172 ms; flip angle: 8°, FOV: 25.6 cm; acquisition
matrix: 256x256; slices: 172; voxel size: 1 mm?, duration: 5 min). Functional scans were
obtained using a multi-echo simultaneous multi-slice (MESMS) T2*-weighted echo planar
imaging (EPI) sequence (volumes: 340; TR: 1250 ms; TEs: 13.2, 30.3, 47.4 ms; flip angle: 60°,
FOV: 21.6 cm; acquisition matrix: 72x36; acceleration factor[R]: 2; slices: 54; voxel size: 3
mm3). To allow for magnetization equilibrium, the initial 9 volumes were discarded. The
MESMS protocol incorporates the simultaneous acquisition of multiple slices at various echo
times and enhances the signal-to-noise ratio (Kundu et al., 2012, 2013; Olafsson et al., 2015).
Scans collected during the early stages of the study followed a slightly different protocol, which
used a smaller FOV; all parameters were identical except the number of volumes (386), TR

(1100 ms), and number of slices (45). This difference impacted 8 of the initial TD participants.
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The preprocessing and analysis of fMRI data were carried out using AFNI (Version
19.0.00), FSL (Version 5.0), and Matlab (2013b). For each echo time, EPI underwent correction
for susceptibility-induced distortions using FSL’s TOPUP tool, a technique involving two spin-
echo acquisitions with opposing phase encoding directions (S. M. Smith et al., 2004). AFNI was
used for rigid-body realignment for each functional volume to the middle volume. Head motion
was quantified as the root mean square difference (RMSD) derived from the six motion
parameters of the 30.3 ms echo time data. Optimal combination of EPIs was implemented
following the methodology introduced in Kundu et al. (2013). Data denoising was conducted
with multi-echo ICA (ME-ICA) (Olafsson et al., 2015) using meica.py, accessible on GitHub

(https://github.com/ME-ICA/me-ica). ME-ICA, recognized for its superiority over conventional

denoising methods (Lynch et al., 2020), was used to facilitate the removal of artifacts (non-
BOLD components) from the BOLD signal (Kundu et al., 2013). FSL FLIRT was utilized for co-
registering functional and structural scans, while FNIRT was applied to reorient images to MNI-
152 space. Spatial smoothing, employing a Gaussian kernel of 6mm FWHM, was carried out in
AFNI’s 3dBlurToFWHM, and the data were scaled to percent signal change. Functional data
from the two runs were concatenated for each participant and temporally filtered using a high
pass filter (f > 0.008 Hz; AFNI’s 3dBandPass function) for analysis.

The functional data underwent ordinary least squares (OLS) regression using
3dDeconvolve. The regressors incorporated the three conditions (SW, AW, and PW). A
statistical parametric mapping (SPM) gamma variate basis function, characterized by a two-
parameter model, was employed to approximate the canonical hemodynamic response function.
To account for the residuals in the time series, a residual maximum likelihood estimation was

performed using 3dREMLTit. This estimation utilized an autoregressive moving average
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(ARMA[1,1]) model and was executed on a voxel-wise basis for each participant through a
generalized least squares time series fit. The resulting beta coefficients, representing the
estimates of effect size, were then extracted and utilized for group comparisons.
MEG acquisition and processing

MEG scans were acquired at the UCSD Radiology Imaging Laboratory with a whole-
head Neuromag Vectorview system (Elekta AB, Stockholm, Sweden), using 204 planar
gradiometers (102 pairs). Acquisition and processing steps described below are also accessible in
additional detail in previous papers (You et al., 2021, 2023). To align MEG with structural MRI
scans, fiduciary points (nasion and periauricular points), head position indicator coils, and
various random points on the scalp were digitized using a 3Space Isotrak Il (Polhemus Inc.,
Colchester, VT). Continuous signal acquisition was carried out at a sampling rate of 1000 Hz
with minimal filtering (0.1 to 300 Hz). Data processing and analysis of MEG data were
performed using Matlab scripts (Mathworks Inc., Natick, MA, USA), incorporating EEGLab
(Delorme & Makeig, 2004), Fieldtrip (Oostenveld et al., 2011), and MNE (Gramfort et al.,
2013). Specific processing and analysis details have been detailed in previous publications
(Beaton et al., 2018; Correas et al., 2019; Kovacevic et al., 2012; Marinkovic et al., 2012, 2019;
Rosen et al., 2016; You et al., 2021, 2023). The data were downsampled to 250 Hz, bandpass
filtered (0.1 to 30 Hz), epoched from -300 to 1100 ms for stimulus-locked analysis, and baseline-
corrected using the prestimulus period (-300 to 0 ms). Artifacts were removed with threshold-
based rejection (Oostenveld et al., 2011), followed by an independent-component analysis (ICA)
to remove eyeblinks, heartbeats, and other stationary artifactual activity (Delorme & Makeig,
2004). Data were visually inspected for any remaining artifacts. Data analyses were conducted in

time domain and included trials with accurate task responses. An anatomically-constrained MEG
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(aMEG) approach was used to address the lower spatial resolution of MEG. aMEG combines
distributed source modeling of the MEG signal with structural MRI, providing insight into
spatiotemporal stages of processing (Dale et al., 2000; Marinkovic et al., 2003, 2019).
ROI identification

ROIs were adopted from You et al. (2023) and consisted of regions from MEG scans
with significant power based on an average of all participants and word conditions in the left and
right hemispheres. Surface ROIs for each hemisphere were transformed into volumetric space
using FreeSurfer to be used with fMRI data (Dale et al., 1999) (Figure 2.1). For measurement of
the laterality index (LI), after the transformation from surface space to volumetric space, fMRI
left hemisphere ROIs were flipped to obtain the homologous region in the right hemisphere.
Data extraction and analysis

N250m and N400m were measured for each participant in left (LH) and right hemisphere
(RH) ROIs for each word condition. N250m was measured during the 210-260 ms time window,
and N400m was quantified during the 350-550 ms and 400-600 ms time windows. BOLD beta
coefficients were extracted for each participant, ROI, and word condition (compared to baseline).
As the goal of the current study was to examine group differences in activation and asymmetry,
data were averaged across all conditions in primary analyses. Secondary analyses did not reveal
significant Group-by-Condition effects. This also served to minimize the number of statistical
tests given the limited sample size. The LI for MEG and fMRI measures of activation was
calculated using the following equation: (LH — RH) / (LH + RH). The LI ranges from -1 to 1,
with negative LI representing greater right hemisphere activity, positive LI representing greater
left hemisphere activity, and O representing equal activity across hemispheres. Unlike N250m

and N400m measures from MEG, fMRI BOLD signal can be negative. To account for this,
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BOLD signal beta coefficients were normalized to positive values prior to calculating LI.
Normalized BOLD signal was only used for LI; positive and negative BOLD signal values were
used for all other analyses. Two (Hemisphere: LH vs. RH) x 2 (Group: ASD vs. TD) and 2
(Hemisphere: LH vs. RH) x 3 (Group: H-ASD, L-ASD, vs. TD) analyses of variance (ANOVA)
were used to test for the effects of group, hemisphere, and the interaction of group and
hemisphere for N250m, N400m, and BOLD signal. Significant results from the ANOVAs were
followed up with Tukey post-hoc analyses to examine pairwise comparisons. Pearson partial
correlations, controlling for age and fMRI RMSD, were used to analyze the relationship between
MEG and fMRI measures of activation by diagnostic task performance group and hemisphere.

Results
Lexicosemantic task performance

Performance on the lexicosemantic task was significantly lower for the L-ASD group
compared to the H-ASD group [t(28) = 7.77, p < 0.0001] and the TD group [t(19.66) = 8.80, p <
0.0001]. There were no significant differences between the TD and H-ASD groups [t(33) = 0.68,
p = 0.50] (Supplemental Figure S2.1). Task performance was significantly positively correlated
with full-scale 1Q [r(48) = 0.59, p < 0.0001], verbal 1Q [r(48) = 0.31, p = 0.03], and non-verbal
1Q [r(48) = 0.53, p < 0.0001] scores as measured by the WASI-II, as well as the WIAT Word
Reading subtest score [r(48) = 0.65, p < 0.0001]. Performance was not correlated with any other
variables, such as motion, gender, handedness, age, ADOS-2 total or severity scores, or
comorbidities. There were no group-by-condition interactions for lexicosemantic performance
averaged across fMRI and MEG modalities. For fMRI task performance alone, TD and H-ASD
groups performed significantly more accurately for SW, AW, and PW word conditions compared
to the L-ASD group (Supplemental Figure S2.1). A similar trend was observed for the MEG task

performance, but it failed to reach significance.
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aMEG measure of activation — N250m

When N250m was compared between TD and ASD groups and hemispheres for all ROls,
2 x 2 ANOVAs revealed no significant effects (Figure 2.2), nor were there were significant
laterality effects between TD and ASD groups for all regions (Figure 2.3).

A 2 x 3 ANOVA analyzing TD, H-ASD, and L-ASD groups across both hemispheres
revealed a significant main effect of Group in IFGorb, with greater activity in the H-ASD group
compared to L-ASD (p = 0.03) and TD (p = 0.02) groups [F(2,96) = 4.63, p = 0.01] (Figure 2.2).
There were no significant effects across the IFGop, IPL, or MTG regions. There were no
significant differences in laterality between TD, H-ASD, and L-ASD groups across all ROIs
(Figure 2.3).

Correlations between N250m and measures of intelligence, word reading, and autism
symptomology were further analyzed. N250m was not correlated with any of these variables.
aMEG measure of activation — N400m

When comparing N400m in TD and ASD groups across both hemispheres, a 2 x 2
ANOVA revealed a significant main effect of Group in IFGop, with increased activity in the TD
group compared to the ASD group [F(1,97) =4.70, p = 0.03] (Figure 2.2). Inthe IPL, a2 x 2
ANOVA revealed a significant main effect of Hemisphere, with increased activity in the left
hemisphere compared to the right hemisphere [F(1,97) = 7.73, p = 0.007]. A 2 x 2 ANOVA
revealed a main effect of Hemisphere in the MTG, with the left hemisphere demonstrating more
activity compared to the right hemisphere [F(1,96) = 6.87, p = 0.01] (Figure 2). There was also a
marginal Group effect, with the TD group showing greater activation than the ASD group in the
MTG [F(1,96) = 2.91, p = 0.09]. There was a significant Group-by-Hemisphere interaction in the

MTG [F(1,96) = 5.64, p = 0.02], with increased activity in the left hemisphere of the TD group
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compared to the left hemisphere of the ASD group [t(96) = 2.89, p = 0.005]. Additionally, the
TD group had increased activity in the left hemisphere compared to the right hemisphere [t(96) =
3.50, p = 0.0007]. There was a significant group difference in laterality in the MTG, with a
greater LI in the TD group, demonstrating greater leftward asymmetry compared to the ASD
group, which did not show any laterality effect [t(48) = 2.24, p = 0.03] (Figure 3). There were no
significant group or hemisphere effects for the IFGorb, nor were there any significant laterality
effects in the IFGorb, IFGop, or IPL.

The pattern of findings for N40OOm remained largely similar when the ASD group was
split into high- and low-performers (Figure 2.2). A 2 x 3 ANOVA revealed a main effect of
Group in the IFGop [F(2,96) = 3.95, p = 0.02], with the TD group showing more activity than
the L-ASD group. In the IPL, a 2 x 3 ANOVA revealed greater activation in the left hemisphere
compared to the right hemisphere [F(1,96) = 7.75, p = 0.006]. A 2 x 3 ANOVA revealed a main
effect of Group in the MTG, with the TD group showing more activation than the L-ASD group
[F(2,94) = 4.10, p = 0.02]. There was also greater activation in the left hemisphere than the right
[F(1,94) =7.11, p = 0.009]. A significant Group-by-Hemisphere interaction showed greater
MTG left hemisphere activity compared to the right hemisphere in the TD group [F(2,94) = 2.98,
p = 0.008]. There was a marginal Group-by-Hemisphere interaction in the MTG [F(2,94) = 2.98,
p = 0.06], with increased activity in the left hemisphere of the TD group compared to the left
hemisphere of the L-ASD group [t(94) = 3.204, p = 0.005]. A one-way ANOVA revealed a
marginal group difference in LI in the MTG, with the TD group showing a greater LI than the H-
ASD group, which indicates greater leftward asymmetry [F(2,47) = 2.66, p = 0.08] (Figure 2.3).
There were no significant group, hemisphere, or laterality effects for the IFGop, nor were there

laterality effects for the IFGorb or IPL.

119



Relationships between N400m and cognitive and diagnostic measures were also
analyzed. Overall word reading ability, as measured by the WIAT Word Reading subtest, in the
ASD and TD groups combined was positively correlated with N40Om in the R MTG [r(48) =
0.36, p = 0.01].
fMRI measure of activation — BOLD signal

When comparing the BOLD signal between TD and ASD groups across both
hemispheres, a 2 x 2 ANOVA revealed a significant main effect of Group in the IFGorb, such
that the TD group showed greater activity than the ASD group [F(1,97 = 4.26, p = 0.04] (Figure
2.2). 2 x 2 ANOVAs revealed a significant main effect of Hemisphere in the IFGop [F(1,97) =
8.49, p = 0.0004] and the MTG [F(1,97) = 5.48, p = 0.02], with greater activity shown in the left
hemisphere than the right hemisphere. There were no significant group or hemisphere effects for
the IPL, nor were there group differences in the LI across all ROls (Figure 2.3).

When comparing BOLD signal between TD, H-ASD, and L-ASD groups, 2 x 3
ANOVA s revealed a significant main effect of Hemisphere in the IFGop [F(1,96) = 8.62, p =
0.004] and MTG [F(1,96) = 5.57, p = 0.02], with greater activity in the left hemisphere
compared to the right. A 2 x 3 ANOVA revealed a marginal effect of Group in the IPL [F(2,96)
=2.73, p = 0.07], with the L-ASD group showing more activation than the H-ASD group (p =
0.10). There were no significant differences for group or hemisphere in the IFGorb. No group
differences in LI were observed across all ROIs (Figure 2.3).

The relationship between BOLD signal and cognitive and diagnostic measures was
analyzed in the ASD and TD participants combined. Verbal 1Q, as measured by the WASI-II,
was correlated with BOLD signal in the L MTG [r(48) =-0.30, p = 0.04], R MTG [r(48) = -0.29,

p =0.04], and R IPL [r(48) =, p = 0.05]. L IFGorb BOLD signal was negatively correlated with
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nonverbal 1Q [r(48) =-0.28, p = 0.05]. BOLD signal in the L IPL [r(48) =-0.33, p=0.02] and R
IFGop [r(48) =, p = 0.02] was negatively correlated with word reading ability.
MEG-fMRI correlations

Partial correlations, controlling for fMRI RMSD and age, were used to compare N250m
and BOLD signal, and N400m and BOLD signal. While no partial correlations survived FDR-
adjustment (alpha = 0.5; Benjamini & Hochberg, 1995), the following results describe
correlations at the uncorrected threshold with medium to large effect sizes (Table 2.3). Graphs
displaying significant correlations at the uncorrected threshold can be found in the supplement
(Supplemental Figures S2.2-S2.3).

Correlations between MEG measures and BOLD signal were predominantly observed in
the left hemisphere. For N250m, positive correlations were found in the ASD group in L IFGop
[r(26) = 0.50, p = 0.006] and in the LI for IFGorb [r(26) = 0.39, p = 0.04] (Supplemental Figure
S2.2). When testing ASD subgroups, the L-ASD group showed a positive correlation in the L
IFGorb [r(11) = 0.61, p = 0.03] (Supplemental Figure S2.3). The H-ASD group showed positive
correlations in L IFGop [r(11) = 0.67, p = 0.01] and in the LI for IFGorb [r(11) = 0.57, p = 0.04].
(Supplemental Figure S2.3). No N250m and BOLD signal correlations were found in the right
hemisphere.

For N400m and BOLD signal, positive correlations were observed for the ASD group in
the L IFGop [r(26) = 0.46, p =0.01] and L IPL [r(26) = 0.47, p = 0.01] and for the TD group in
the R MTG [r(16) = 0.58, p = 0.01] (Supplemental Figure S2.2). When examining ASD
subgroups, there were positive correlations for the L-ASD group in the L IFGorb [r(11) = 0.62, p

=0.02], L IFGop [r(11) =0.59, p = 0.03], L IPL [r(11) = 0.63, p = 0.02], and L MTG [r(11) =
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0.57, p = 0.04] (Supplemental Figure S2.3). No correlations were observed for N40Om LI and
BOLD signal LI.

Discussion
The present study aimed to investigate lexicosemantic processing in individuals with

ASD using a multimodal approach combining aMEG and fMRI as a follow-up study to the
unimodal analyses by You and colleagues (2023). In their paper, N250m and N400Om were
examined during a lexicosemantic task in adolescents with and without ASD. The ASD group
was divided into high and low performers, such that high performers completed the
lexicosemantic task similarly to the TD group (i.e., task accuracy was equal to or greater than the
median of the TD group), and low performers were those who received lower scores on the task
than the TD group median. Their findings revealed greater bilateral engagement of the frontal
and temporal regions in the ASD group, driven by greater involvement of the right hemisphere.
When examined at the subgroup level, the high performers showed greater activity in the right
prefrontal and bilateral temporal regions compared to the low performers. The low performers
presented with a significantly decreased N400m in the left prefrontal region compared to TD
peers. In the current study, MEG-based indices (N250m and N400m) and fMRI BOLD signal
revealed activation differences between ASD and TD samples, as well as between ASD
subgroups distinguished by low vs. high performance on a lexicosemantic task. Comparisons of
TD and ASD groups yielded significant differences in the middle temporal region for N40Om,
and the inferior frontal region for both N400Om and BOLD signal, with greater activity in the TD
group compared to the ASD group. When the ASD group was split into groups based on task
performance, findings further revealed significant differences, highlighting that detection of
neural differences may require testing of behaviorally similar samples rather than considering

ASD individuals as one group.
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Impact of language ability on neural activity and lateralization

N250m: The N250m reflects the early stages of lexicosemantic processing that involve
lexical access and orthographic processing. N250m has been found to be larger in children than
adults, suggesting that increased N250m may be related to more immature, more effortful, less
efficient word form processing (Eddy et al., 2014). In the present study, the N250m component
did not reveal significant differences between the full ASD cohort and the TD group. However,
subgroup analysis of the ASD cohort showed a significant group difference in the IFGorb, with
greater activity in the H-ASD group compared to both L-ASD and TD groups. This finding may
suggest that high performance in some autistic individuals may be related to more effortful, less
efficient processing during lexical access stages. An increased N250m may indicate that
participants in the H-ASD group required greater neural processing at this early stage to perform
equally as well as TD individuals, or alternatively, that these participants performed better than
the L-ASD group due to the greater neural effort at this stage. The H-ASD group performed
similarly to the TD group on the task, while the L-ASD group, whose N250m appeared similar to
the TD group, performed significantly worse. These findings suggest that efficient processing
and high task performance in ASD adolescents requires more neural effort, whereas in L-ASD
adolescents, failure to have a heightened neural response may be contributing to lower
performance. An understanding of the differences in neural processing within the ASD group in
relation to lexicosemantics is critical for autism interventions and supports.

As previously noted, the literature on N250(m) as it relates to language in ASD is
severely limited. Previous studies have noted a lack of group differences for children with ASD
in response to an auditory task of speech and non-speech sounds (Galilee et al., 2017), as well as

differential responses to congruous and incongruous words; specifically, increased amplitude
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was observed for congruous words, while increased duration was reported for incongruous words
in individuals with ASD (Braeutigam et al., 2008). This is unsurprising, as the current study also
showed a lack of group differences when comparing all ASD participants to TD peers. The
current findings extend the limited literature on language-related N250(m) in ASD. The results
reveal distinct neural responses during lexical access, particularly when comparing a high-
performing subgroup of autistic individuals to TD adolescents. Specifically, participants in the
H-ASD group showed recruitment of potential compensatory mechanisms, such as increased
engagement of the lexical access circuitry reflected in a greater N250m, to perform equivalently
to TD peers, while participants in the L-ASD group did not show similar development of
alternative mechanisms for efficient lexical access. The N250m in the L-ASD group showed no
significant difference from the TD group, yet they performed much poorer on the task.

N400m: N400(m) is considered a crucial index in measuring lexicosemantic processing,
and has frequently been studied in response to semantic incongruity (Cantiani et al., 2016;
DiStefano et al., 2019; M. Dunn et al., 1999; M. A. Dunn & Bates, 2005; Fishman et al., 2011;
Marinkovic et al., 2003; McCleery et al., 2010; McFadden & Rojas, 2013; Pijnacker et al., 2010;
Russo et al., 2012). The N400m provides information on how well individuals comprehend and
integrate semantic information into context. While the N250m is representative of basic
phonological knowledge and word reading, the N400Om represents an individual’s ability to
understand the presented word within the context of a task (Carreiras et al., 2014; Halgren et al.,
2002; Kotchoubey, 2002; Kutas & Federmeier, 2000; Kutas & Hillyard, 1980; Leminen et al.,
2019; Marinkovic, 2004b; Marinkovic et al., 2014; Parkes et al., 2016; Pylkkanen & Marantz,
2003). In the present study, participants were required to respond differently depending on word

category. Notable differences between the ASD and TD groups were observed in the N400m
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component. The ASD group exhibited reduced activity in the IFGop, IPL, and MTG, with a
more bilateral pattern compared to the predominantly left hemisphere engagement seen in the
TD group. Further analysis of the ASD group highlighted that these differences were driven by
distinctive patterns between high vs. low performers. N400m was diminished in the L-ASD
group compared to the TD group in the IFGop, with a marginal effect in the left hemisphere.
Thus, decreased N400Om in the L-ASD subgroup may suggest reduced task engagement as well
as lower ability to comprehend the category to which a presented word may belong. With regard
to laterality, the TD group showed marginally greater leftward asymmetry than the H-ASD
group, whose laterality index was close to 0 (suggesting bilateral engagement). This bilateral
N400m activity in the H-ASD subgroup may reflect potential compensatory mechanisms that
allow these individuals to reach performance levels similar to those seen in the TD group.
Previous research has largely focused on the N400(m) effect (i.e., greater N400(m) in
response to incongruent stimuli than to congruent stimuli) (Cantiani et al., 2016; DiStefano et al.,
2019; Dunn et al., 1999; Dunn & Bates, 2005; Fishman et al., 2011; McCleery et al., 2010;
McFadden & Rojas, 2013; Pijnacker et al., 2010; Russo et al., 2012). Phan and colleagues (2023)
measured the N400 amplitude in children with ASD during an auditory word paradigm and
reported that the N40O was present in children with ASD, however, without an N400 incongruity
effect. Additionally, they found that the N400 amplitude predicted language abilities in autistic
children who had average language abilities, but not in TD peers or those with ASD who had
lower language abilities. This may suggest that average-to-high-performing autistic individuals
have alternative neural mechanisms for processing language than their typically developing and

lower-performing autistic peers. Taken together, these findings underscore the importance of
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taking language abilities in autistic individuals into consideration when examining measures of
neural activity.

It is widely accepted that language activation is more prominent in the left hemisphere
(Josse & Tzourio-Mazoyer, 2004; Patrick, 2010; Szaflarski et al., 2006; Tzourio-Mazoyer et al.,
2017), with atypical patterns seen in individuals with ASD (Braeutigam et al., 2008; Cermak et
al., 2022; Curl & Coderre, 2022; Eyler et al., 2012b; Flagg et al., 2005; Jouravlev et al., 2020;
Kleinhans et al., 2008; Larson et al., 2023; Liang et al., 2021; Lindell & Hudry, 2013; Matsuzaki
et al., 2020; Pijnacker et al., 2010; Preslar et al., 2014; Yoshimura et al., 2013; You et al., 2023).
Findings have indicated that individuals with ASD may perform worse on language tasks that are
strongly left lateralized in TD individuals, such as letter fluency (Kleinhans et al., 2008). A
previous study examined the N400 effect in response to semantic stimuli, and found that N400
was greater in the right hemisphere compared to the left for individuals with ASD, specifically in
individuals diagnosed with Asperger’s (a previous diagnostic category) (Pijnacker et al., 2010).
Bilaterality or right hemisphere lateralization was not observed in neurotypical adults or those
labeled ‘high-functioning ASD’ (IQ > 100). In the current study, differences in N40Om laterality
patterns were observed between the ASD and TD groups, as well as between performance-based
ASD subgroups. The H-ASD group showed a more bilateral N40Om in the MTG compared to
the TD group, which is consistent with previous ASD findings of increased right hemisphere
activity during language tasks (Braeutigam et al., 2008; Liang et al., 2021), reduced language
lateralization (Jouravlev et al., 2020; Kleinhans et al., 2008; Larson et al., 2023; Preslar et al.,
2014), and better language performance being tied to bilateral representation of the arcuate
fasciculus (Cermak et al., 2022). In contrast, the L-ASD group showed diminished N400m

overall compared to the TD group, significantly in the IFGop and MTG, which is consistent with
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previous ASD findings of decreased left temporal N400 activity (Braeutigam et al., 2008),
decreased language network connectivity in those with ASD plus a language impairment (Verly
et al., 2014), reduced N400 being correlated with difficulties in semantic processing and
integration (Curl & Coderre, 2022), and greater ASD symptomology being correlated with
decreased N400 (O’Rourke & Coderre, 2021). These findings indicate that individuals with ASD
who are able to perform similarly on language tasks to TD peers appear functionally different at
the neural activation level than individuals with ASD who are unable to complete language tasks
as well as TD peers. Lower-performing ASD individuals appear more similar to their TD peers,
suggesting a lack of compensatory mechanisms that are present in the H-ASD group. The
differences in lateralization and activation in higher-performing autistic individuals may have
been established early on in development, thus allowing these individuals to process language
more efficiently. Our findings of distinct patterns in N40Om activity associated with language
task levels nevertheless provide improved understanding of language processing variability
within the ASD population.

BOLD Signal: In addition to MEG indices of activation, fMRI BOLD signal was used to
measure activation during the lexicosemantic task across corresponding ROIs. Similar to EEG
and MEG research, fMRI studies have generated strong evidence for both atypical language
activation and lateralization in individuals with ASD across a variety of study paradigms at the
functional and structural levels (Boddaert et al., 2004; Cermak et al., 2022; Eyler et al., 2012a;
Gage et al., 2009; Harris et al., 2006; Herringshaw et al., 2016; Jouravlev et al., 2020; Kleinhans
et al., 2008; Knaus et al., 2008, 2010; Larson et al., 2023; Y. Lee et al., 2017; Lindell & Hudry,
2013; Nielsen et al., 2014; Shen et al., 2012). In the current study, the L-ASD group showed

marginally greater activation in the IPL than the H-ASD group (which was similar to the TD
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group). This may suggest more effortful task performance in the L-ASD group; however, greater
activation beyond levels observed in the TD and H-ASD groups was not effective in lifting task
performance. For the remainder of the ROIs (IFGorb, IFGop, and MTG), no group differences
were detected. These findings are inconsistent with previous studies that have suggested
alterations in functional activity as measured by fMRI during language-based tasks. This may be
due to a number of reasons. It may suggest that group differences are dependent on the type of
task. It may also be due to the specific regions selected as part of this study. The major goal of
the current study was to directly compare activation in fMRI and MEG in the same set of
participants, while completing the same task. In order to examine similarities and differences in
activity measured by each modality, it was critical to compare the same regions. Therefore, the
ROIs in the current analysis were selected based on significant activation across all participants
for the MEG measures, N250m and N400m. It is important to note, however, that our previous
research has indicated that regions with significant activity as measured by MEG do not
necessarily correlate with regions that are significantly activated as measured by fMRI (M.
Wilkinson et al., 2022). Relatedly, other regions of the brain outside of the typical language
network may have been recruited by the ASD group during the language task. Thus, examination
of these four ROIs bilaterally may not capture regions with significant differences in activity
(Gaffrey et al., 2007; Y. Gao et al., 2019; Shen et al., 2012). Additionally, different regions may
show greater activation based on fMRI data that are not significantly activated in the MEG
setting (Billingsley-Marshall et al., 2007; M. Wilkinson et al., 2022).

When considering laterality, findings from the TD group support previous evidence of
typical left hemisphere language lateralization (Josse & Tzourio-Mazoyer, 2004; Patrick, 2010;

Szaflarski et al., 2006; Tzourio-Mazoyer et al., 2017). While not statistically significant, the H-
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ASD group showed a trend of decreased left hemisphere activity compared to the TD group,
suggesting increased bilateral or right hemisphere engagement during lexicosemantic processing.
This trend in decreased left hemisphere activity in the high performing ASD group is consistent
with results within the current study, namely that the H-ASD group showed greater bilateral
engagement of the N40Om in the MTG. These findings overall are consistent with the atypical
lateralization pattern found in individuals with ASD, especially with regard to language.
Notably, the L-ASD group did not show a consistent pattern; in some brain areas they showed
greater left hemisphere activity than the TD group, while in other areas they showed less activity,
suggesting inefficient lexicosemantic processing, likely contributing to poor task performance.
Relationship between fMRI and MEG measures of language activity

Individual measures from each neuroimaging modality can provide valuable information
about language processing in ASD and its relationship to language abilities, as well as the
relationship between the two modalities. While correlations did not remain significant after
FDR-correction, uncorrected significant correlations between fMRI and MEG measures of
activation were all positive, and mostly found within the L-ASD group. Positive correlations
between N250m and BOLD signal were identified in the L IFGop for the H-ASD group and the
L IFGorb for the L-ASD group. Interestingly, the L-ASD group showed positive correlations
between N400m and BOLD signal within all four regions. N400m and BOLD signal were
positively correlated in the TD group for the R MTG. Considering the number of regions that
were examined for a relationship between fMRI BOLD signal and both N250m and N400m,
however, there is an overall lack of a clear relationship between fMRI and MEG measures of

activation.
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Similar to previous studies comparing various measurements from fMRI and MEG, there
was a notable absence of significant correlations between MEG N250m and N400m and fMRI
BOLD signal in the TD group. Previous research demonstrated a complex and partly negative
relationship between MEG theta power and BOLD signal during a lexicosemantic task (M.
Wilkinson et al., 2022). In this previous study, a negative relationship was not unexpected based
on the few previous studies examining the relationship between event-related theta power and
BOLD signal (Meltzer et al., 2007; Scheeringa et al., 2009b; K. D. Singh et al., 2002; Winterer et
al., 2007). Surprisingly, in the current study, robust positive correlations were almost exclusively
detected in the ASD group, with more correlations seen for the L-ASD group compared to the H-
ASD group. Positive correlations with BOLD signal were observed in the left hemisphere for
both N250m and N400m in the two ASD groups. The N250m and the BOLD signal in the L
IFGop were positively correlated in the L-ASD group, while the N400m and BOLD signal were
positively correlated within all four left hemisphere ROIs in the L-ASD group. Different neural
events associated with activity changes, grossly fast electrophysiological and slow hemodynamic
activity, coincide more consistently in the ASD group than TD peers, overall. This may suggest
processing inefficiency, especially considering the higher number of correlations in the L-ASD
group. Unlike activation analyses described above, the H-ASD group appears more similar to the
TD group with regard to correlations between modalities, whereas the L-ASD group shows
strong correlations unseen in the other groups. This may provide support for an underdeveloped
lexicosemantic processing ability in comparison to the H-ASD and TD groups.

The desire to combine fMRI and MEG datasets is largely based on their complementary
nature and ability to study spatiotemporal patterns — fMRI with its superior spatial resolution,

and MEG with its precise temporal resolution (Babiloni et al., 2004; Belyaeva et al., 2024; B. He
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& Liu, 2008; Ullsperger & Debener, 2010). Additionally, each modality measures neural
activation distinctly and at different time scales. The fMRI BOLD signal measures activation
indirectly through the hemodynamic response and reflects increases in neural activity (Arthurs &
Boniface, 2002; Dale & Halgren, 2001), while MEG signals, which are more direct in
comparison, are largely based on synaptic current flow that creates the magnetic field properties
being measured (Dale & Halgren, 2001). It has been thought that a common link underlying both
fMRI and MEG measures of activity may be postsynaptic potentials (Babajani-Feremi et al.,
2008; E. L. Hall et al., 2014), such that the number of active potentials contributes to each
modality’s measurement of activation.

Despite a suggested common underlying component, the few activation studies directly
comparing participants who have undergone both fMRI and MEG scans shed light on a lack of a
clear relationship between the two, which is concordant with the findings of the current study.
Positive correlations were mostly identified within the L-ASD group, between N400m and
BOLD signal, but there was otherwise a lack of correlation between the two measures.
Correspondingly, a previous study described no relationship between fMRI BOLD signal and the
MEG M20 component in the primary sensory area during a stimulation study of 10 adults after a
stroke (Altamura et al., 2007). A study of 13 neurotypical adults completing a word recognition
task in fMRI and MEG scans found that fMRI demonstrated activity across more brain regions
than MEG (Billingsley-Marshall et al., 2007). Similar to the current study, a positive correlation
between fMRI BOLD signal and MEG activity was reported in the left frontal lobe, yet there
were no correlations between the LI for any ROI (Billingsley-Marshall et al., 2007). Differences
in regional activation, as well as hemispheric differences, across modalities have been reported

in other studies as well (Liljestrom et al., 2009; Vartiainen et al., 2011). Similarly, no significant
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voxel-wise correlations were observed between fMRI and MEG in adults watching a movie
(Lankinen et al., 2018).

Correlations between fMRI and MEG data have also been examined in other
measurements, such as resting-state functional connectivity and MEG oscillations. Vallinoja and
colleagues (2024) demonstrated weak correlations between fMRI and MEG functional
connectivity values in youth with and without cerebral palsy. The same study reported a lack of
similarity between fMRI and MEG networks, such that group differences in interhemispheric
connectivity were revealed only in MEG and not by fMRI. Other studies have described a
heterogeneous pattern to fMRI-MEG correlations, such that a relationship may be location- ,
time-, frequency- and/or task-dependent (Furey et al., 2006; Kujala et al., 2014; McDonald et al.,
2010; Robitaille et al., 2010; Schulz et al., 2004; Shafiei et al., 2022). For example, one study of
the visual cortex showed negative correlations between fMRI BOLD signal and lower
frequencies and positive correlations between fMRI BOLD signal and higher frequencies (Zumer
et al., 2010). Another study of the language network revealed positive correlations in
frontotemporal regions, but differences in laterality of the superior temporal gyrus, with MEG
showing the traditional leftward lateralization and fMRI showing bilateral activity
(Youssofzadeh & Babajani-Feremi, 2019). While not MEG, a study employing simultaneous
EEG-fMRI in 15 adults found a significant N400 effect, yet no significant differences in BOLD
signal, in the context of a semantic priming task (Geukes et al., 2013).

The overall research on the relationship between fMRI and MEG is limited and its use in
psychopathology is even smaller. Previous studies describe the utility of multimodal
neuroimaging in clinical populations, such that the integration of neuroimaging data can support

a more complete understanding of psychological disorders that are not yet fully understood at the
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neural level (Calhoun & Sui, 2016; Cetin et al., 2016; Gawne et al., 2020). Interestingly, Gawne
and colleagues (2020) found a positive relationship between fMRI BOLD signal during an
inhibitory task and MEG resting state low frequency activity in a combined group of individuals
with psychosis and neurotypical controls. However, this was not in a specific brain region, but an
average across eight different regions. To our knowledge, this is the first study specifically
examining the relationship of MEG N250m and N400m with fMRI BOLD signal, and one of
very few studies to examine the fMRI-MEG relationship in participants with ASD.
Limitations and future directions

The current study is the first to directly compare MEG N250m and N400m with fMRI
BOLD signal, though there are several limitations to note. First, the sample size was relatively
limited with 50 total participants and only 15 adolescents in each of the ASD subgroups. Only a
small fraction of inducted participants were able to fully cooperate with consistently minimal
movement in both neuroimaging scans, thereby limiting the number of participants included in
analyses. Nevertheless, the meager body of literature comparing fMRI and MEG has been
predominantly based on studies with a very small total number of participants (i.e., less than 15).
As such, the current study is one of the larger studies directly comparing the two modalities.
Second, even though the study examined high- and low- performing individuals with respect to
task performance, a 6"-grade reading level was required for appropriate engagement in the task.
Our findings may therefore not generalize to the entire spectrum of the ASD population. The
current results underscore the need to consider heterogeneity within an ASD sample and provide
further evidence that distinguishing behaviorally defined subgroups can be beneficial for teasing
out neural differences, both within the spectrum and from TD peers. Future studies may benefit

from a longitudinal design to understand differential developmental patterns across ASD
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subgroups and the impact of interventions on lexicosemantic processing, as it is unclear from the
current study whether greater lexicosemantic processing or alternative neural activation and
lateralization precedes the other.
Conclusion

The current study is among the first to directly compare fMRI and MEG in ASD,
specifically addressing activation and laterality during lexicosemantic processing, focusing on
the N250m and N400m from MEG, and the BOLD signal from fMRI in ASD and TD
adolescents. Correlations between fMRI and MEG were notably absent across regions for the TD
and H-ASD group, while significant positive correlations were revealed across multiple regions
in the L-ASD group. Group differences were identified in MEG N250m and N400m, with
increased bilateral frontotemporal activity in the H-ASD group. Although MEG and fMRI scans
were performed using the same task in identical participant samples, no corresponding group
differences were detected for the BOLD signal. This suggests that multimodal neuroimaging
analyses reveal complementary, yet minimally correlated, information. Moreover, the observed
subgroup differences highlight the heterogeneity within the ASD population, emphasizing the
need for specific approaches in understanding and addressing language processing differences
amongst autistic individuals.
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Table 2.1 Participant demographics

Note: Means, standard deviations (SD), and ranges for each group. Chi-square tests (gender, handedness) and t-tests
were performed to determine if groups were significantly different on demographic variables. Non-standard degrees
of freedom are attributed to Levene’s test for homogeneity of variance and thus reject the null hypothesis of equal
variance. * denotes p < .05, ** p < .01, *** p < .001

ASD = autism spectrum disorder
RMSD = root mean square difference; a measure of motion during fMRI scans
TD = typically developing

ASD (n=30) TD (n=20) %2 (df) p
Gender 23 male, 7 female 15 male, 5 female 0.02 (1) 0.89
Handedness 29 right, 1 left 18 right, 2 left 0.95 (1) 0.33
Mean (SD) Range Mean (SD) Range He(;ges t-stat (df) p
Age (years) 15.89 (2.42) 12.25-20 15.37 (1.95) | 12.50-21.42 | 0.23 0.82 (48) | 0.42
MRI RMSD 0.07 (0.02) 0.03-0.13 0.06 (0.03) 0.03-0.13 0.76 2.69 (48) 0.01**
Total Task 87.18 (7.81) | 69.35-99.08 | 94.23(2.79) | 87.08-98.25 | 1.10 | 4.53(39.02)|<0.0001***
Accuracy (%)
MRI Task _ _ *kk
Accuracy (%) 87.80 (7.96) | 71.00-99.00 | 95.00(2.92) | 85.00-99.00 | 1.10 | 4.52(39.44)|<0.0001
MEG Task
Accuracy (%) 86.56 (8.24) 67.71-99.17 93.46 (3.13) | 86.25-97.50 1.01 4.16 (40.04) | <0.0001***
WASI-11
Full Scale 1Q | 107.57 (18.68) 59-136 114.25 (11.47) | 93-135 041 | 157 (47.76)| 0.12
Verbal 1Q 105.40 (17.09) 68-134 113.25 (12.24) 85-135 0.51 1.77 (48) | 0.08
Non-Verbal 1Q | 109.90 (22.77) 54-156 111.55 (10.34) 90-128 0.09 0.35(43.37)| 0.73
ADOS-2
Total 11.07 (3.29) 6-20 - - - - -
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Table 2.2 Demographics of high and low performers

Note: Means, standard deviations (SD), and ranges for each ASD group. Chi-square tests (gender, handedness) and
t-tests were performed to determine if groups were significantly different on demographic variables. Non-standard
degrees of freedom are attributed to Levene’s test for homogeneity of variance and thus reject the null hypothesis of
equal variance. It is important to note that while one participant in the ASD group had a low 1Q (FSIQ = 59), they
met the reading requirements for the task and thus were included in the study. * denotes p < .05, ** p< .01, ***p <

.001

H-ASD = high-performing ASD
L-ASD = low-performing ASD
RMSD = root mean square difference; a measure of motion during fMRI scans

H-ASD (n=15) L-ASD (n=15) x2 (df) p
Gender 12 male, 3 female 11 male, 4 female 0.19 (1) 0.67
Handedness 14 right, 1 left 15 right, O left 1.03 (1) 0.31
Mean (SD) Range Mean (SD) Range Hedgges’ t-stat (df) p
Age (years) 16.01 (2.84) | 12.25-20.00 15.78 (2.01) 13.17-20 0.09 0.25(28) | 0.81
MRI RMSD 0.07 (0.03) 0.03-0.13 0.07 (0.02) 0.04-0.10 0.04 0.10 (28) 0.92
Total Task 9352 (3.33) | 86.85-90.08 | 80.84(5.37) |69.35-86.52 | 284 | 7.77 (23.39)|<0.0001%**
Accuracy (%) ' ' ' ' ' ' ' ' ' ' ' '
MRI Task i . oo
Accuracy (%) 94.13 (3.64) 87.00-99.00 81.47 (5.66) 71.00-88.00 2.66 7.29 (28) |<0.0001
MEG Task i ) .
Accuracy (%) 92.92 (4.33) | 82.71-99.17 80.21 (5.96) 67.71-88.54 | 2.44 6.68 (28) [<0.0001
WASI-II
Full Scale 1IQ | 118.47 (10.26) 95-136 94.80 (16.06) 59-123 1.76 | 4.81(23.80)|<0.0001***
Verbal 1Q 116.80 (8.17) 107-134 93.60 (15.51) 68-119 1.87 5.13 (21.21) [<0.0001***
Non-Verbal 1Q
116.20 (19.30) 79-156 100.00 (20.21) 54-131 0.82 2.25(28) | 0.03*
ADOS-2
Total 11.40 (2.75) 8-16 10.73 (3.83) 6-20 0.20 0.55 (28) 0.59

136



Table 2.3 Pearson partial correlations for fMRI and MEG indices of activation

Note: Pearson partial correlations between MEG N250m and N400m and fMRI BOLD beta coefficients controlling
for RMSD and age by group. * denotes p < .05

ASD = autism spectrum disorder group
H-ASD = high-performing ASD group
IFGop = inferior frontal gyrus opercularis
IFGorb = inferior frontal gyrus orbitalis
IPL = inferior parietal lobule

L = left hemisphere

L-ASD = low-performing ASD group
LI = laterality index

MTG = middle temporal gyrus

R = right hemisphere

TD = typically developing group

ROI TD ASD H-ASD L-ASD
r p r p r p r p

N250m & BOLD Signal

L IFGorb -0.01 0.980 0.35 0.070 0.30 0.326 0.61 0.026*
R IFGorb 0.09 0.723 0.12 0.549 0.50 0.081 -0.32 0.287
LI IFGorb | -0.11 0.673 0.39 0.042 0.57 0.017* 0.32 0.282
L IFGop 0.09 0.720 0.50 0.006** 0.67 0.013* 0.53 0.060
R IFGop -0.21 0.392 -0.12 0.544 0.14 0.639 0.03 0.915
LI IFGop -0.09 0.726 -0.26 0.190 -0.30 0.317 -0.11 0.711
L IPL 0.17 0.498 0.27 0.172 0.29 0.344 0.29 0.331
R IPL 0.28 0.265 0.01 0.969 0.01 0.971 0.03 0.910
LI IPL -0.12 0.630 0.16 0.426 0.35 0.248 -0.36 0.232
L MTG -0.14 0.588 0.09 0.664 0.49 0.088 -0.05 0.873
RMTG 0.33 0.184 0.20 0.312 0.54 0.055 0.08 0.805
LI MTG 0.15 0.565 0.02 0.915 0.05 0.876 -0.03 0.920
N400m & BOLD Signal

L IFGorb 0.09 0.720 0.32 0.096 0.11 0.726 0.62 0.023*
R IFGorb -0.10 0.698 0.13 0.520 0.21 0.499 0.36 0.224
LI IFGorb | -0.21 0.397 0.15 0.439 0.13 0.671 0.26 0.395
L IFGop 0.23 0.360 0.45 0.014* 0.45 0.119 0.59 0.033*
R IFGop 0.43 0.074 0.07 0.719 0.24 0.432 0.30 0.311
LI IFGop 0.05 0.852 0.10 0.629 0.15 0.625 0.13 0.679
L IPL 0.33 0.181 0.47 0.013* 0.42 0.150 0.63 0.020*
R IPL 0.26 0.305 0.08 0.704 0.17 0.589 0.15 0.618
LI IPL -0.11 0.656 0.17 0.399 0.12 0.702 0.27 0.370
L MTG 0.20 0.429 0.27 0.170 0.14 0.637 0.57 0.044*
RMTG 0.58 0.011* -0.05 0.795 0.04 0.885 -0.13 0.668
LI MTG 0.16 0.522 -0.32 0.101 -0.42 0.148 -0.20 0.513
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Figure 2.1 ROIs in surface and volumetric space

Note: Surface space ROIs are depicted in the top row, and volumetric ROIs in the second row. ROIs from left to
right: left inferior frontal gyrus orbitalis (L IFGorb), right inferior frontal gyrus orbitalis (R IFGorb), left inferior
frontal gyrus opercularis (L IFGop), right inferior frontal gyrus opercularis (R IFGop), left inferior parietal lobule (L
IPL), right inferior parietal lobule (R IPL), left middle temporal gyrus (L MTG), and right middle temporal gyrus (R
MTG)
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Figure 2.2 fMRI and MEG measures of activation in TD and ASD groups

Note: Top panel depicts ASD and TD group comparison of MEG N250m, MEG N400m, and fMRI BOLD signal
for each hemisphere. Bottom panel depicts H-ASD, L-ASD, and TD group comparison. * denotes p < .05, ** p <
.01, *** p <.001

ASD = autism spectrum disorder group
H-ASD = high-performing ASD group
IFGop = inferior frontal gyrus opercularis
IFGorb = inferior frontal gyrus orbitalis
IPL = inferior parietal lobule

L-ASD = low-performing ASD group
MTG = middle temporal gyrus

TD = typically developing group
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Figure 2.3 fMRI and MEG laterality index in TD and ASD groups

Note: Top panel depicts ASD and TD group comparison of laterality indices for MEG N250m, MEG N400m, and
fMRI BOLD signal. Bottom panel depicts H-ASD, L-ASD, and TD group comparison. * denotes p < .05, ** p < .01,
*kk

p <.001

ASD = autism spectrum disorder group
H-ASD = high-performing ASD group
IFGop = inferior frontal gyrus opercularis
IFGorb = inferior frontal gyrus orbitalis
IPL = inferior parietal lobule

L-ASD = low-performing ASD group
MTG = middle temporal gyrus

TD = typically developing group
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Supplemental Materials
Participants

A total of 276 adolescents (156 ASD, 120 TD) were screened. Seventy-nine ASD and 62
TD adolescents were not invited to participate in the study due to contraindications preventing
them from having an MRI/MEG scan (e.g., braces, permanent retainer), having additional
medical conditions (e.g., Fragile X syndrome, tuberous sclerosis, epilepsy), being exposed to
another language before age 5, if they were a TD adolescent with a personal or family history of
developmental, neurological, or psychological disorders. Of those invited to join the study after
the screening, 16 ASD and 11 TD participants dropped out or were unable to be reached for
scheduling. Sixty-one ASD and 47 TD adolescents entered the study; of these participants, 13
ASD and 12 TD adolescents were excluded throughout the study due to one or more of the
following reasons: lack of cooperation during neuropsychological testing (ASD: 1, TD: 0),
reading skills below a 6™-grade level (ASD: 2, TD: 0), score of 60% or lower on the
lexicosemantic task during a practice session (ASD: 5, TD: 2), difficulty following
lexicosemantic task directions (ASD: 2, TD: 0), large head size preventing MRI/MEG scanning
(ASD: 1, TD: 2), becoming hospitalized for psychiatric care (ASD: 1, TD: 0), only completed
one scan (ASD: 2, TD: 4), and inability to continue study due to the COVID-19 research
shutdown in March 2020 (ASD: 1, TD: 8). A total of 46 ASD and 31 TD participants completed
all components of the study. Unexpected data loss, scanner malfunction, brain abnormalities,

excessive head motion, and unusable data impacted 16 ASD and 9 TD individuals.
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Group Means of Task Accuracy By Word Category
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Supplemental Figure 2.1 Lexicosemantic task performance by group for fMRI and MEG scans

Note: Task performance depicted for TD, H-ASD, and L-ASD groups by word category (SW, AW, PW) and total
average for each imaging modality (fMRI, MEG), and averaged across both modalities.

ASD = autism spectrum disorder

AW = animal word

H-ASD = high-performing ASD group
L-ASD = low-performing ASD group
PW = pseudoword

SW = standard word

TD = typically developing group
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Supplemental Figure 2.2 Pearson partial correlations for ASD and TD groups for MEG N250m,
N400m, and fMRI BOLD signal

Note. Uncorrected significant correlations between MEG (N250m, N400m) and fMRI measures of activation
(BOLD signal) for ASD and TD groups. Uncorrected Pearson partial correlations, controlling for fMRI RMSD and
age, shown in each graph for the group with a significant correlation.

ASD = autism spectrum disorder group
IFGorb = inferior frontal gryus orbitalis
IFGop = inferior frontal gyrus opercularis
IPL = inferior parietal lobule

L = left hemisphere

LI = laterality index

MTG = middle temporal gyrus

R = right hemisphere

TD = typically developing group
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Supplemental Figure 2.3 Pearson partial correlations for H-ASD and L-ASD subgroups for MEG
N250m, N400m, and fMRI BOLD signal

Note. Uncorrected significant correlations between MEG (N250m, N400m) and fMRI measures of activation
(BOLD signal) for H-ASD and L-ASD subgroups. The TD group (blue) is shown for reference. Top row: N250m
and BOLD signal correlations. Bottom row: N400m and BOLD signal correlations.

ASD = autism spectrum disorder group
H-ASD = high-performing ASD group
IFGorb = inferior frontal gryus orbitalis
IFGop = inferior frontal gyrus opercularis
IPL = inferior parietal lobule

L = left hemisphere

L-ASD = low-performing ASD group
LI = laterality index

MTG = middle temporal gyrus

R = right hemisphere

TD = typically developing group
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Chapter 3 Study 3

Comparison of non-invasive measures of excitation-inhibition ratios in autism: fMRI Hurst

exponent and MEG aperiodic exponent
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Abstract
The excitation-inhibition (E:1) ratio reflects excitatory and inhibitory neuronal activity in

the brain and has been found to be atypical in neurodevelopmental conditions such as autism
spectrum disorder (ASD). Quantifying the E:I ratio is a critical aspect for understanding the
neurobiological profile of individuals with ASD, yet it has been difficult to study non-invasively.
The current study investigates two non-invasive measures, the Hurst exponent (HE) from
resting-state fMRI (rs-fMRI) and the aperiodic exponent (AE) from resting-state MEG (rs-
MEG), and is the first to directly compare these two E:lI measures, one derived from a
hemodynamic source and the other electrophysiologically. In a group of 34 ASD adolescents and
24 typically developing (TD) peers, rs-fMRI HE was found to be significantly altered in the ASD
group, with mostly regional increases, and a few decreases compared to the TD group. In a group
of 33 ASD adolescents and 22 TD peers, rs-MEG AE was consistently greater in the ASD
compared to the TD group. rs-fMRI HE showed mixed Group-by-Age interactions, increasing
and decreasing with age in the ASD group, while rs-MEG AE consistently decreased with age in
the ASD group. AE also showed consistent positive correlations with ASD symptoms. A group
of 28 ASD adolescents and 20 TD peers with usable data from both fMRI and MEG scans was
used for correlational analyses. No clear pattern was observed with regard to a relationship
between HE and AE. Although both the HE and AE are thought to reflect the E:I ratio in the
respective literatures, no clear pattern of correlation emerged, suggesting that two indices
reflective of the E:l ratio may be representative of different, yet complementary components of

neuronal activity.
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Introduction
Autism spectrum disorder (ASD) is characterized by challenges in social communication

and the display of restricted and/or repetitive behaviors (American Psychiatric Association,
2013). Current reports estimate that 1 in 36 children have a diagnosis of ASD (Maenner et al.,
2023). ASD is diagnosed based on behavioral measures of social communication and restricted,
repetitive behaviors. To date, there have been no biomarkers identified as a reliable method for
diagnosing ASD. Research in the area of diagnostic biomarkers is critical for early diagnosis, but
can also be used to develop interventions, monitor intervention progress, and determine long-
term outcomes. Noninvasive biomarkers have been difficult to identify due to the broad
heterogeneity of the disorder with regard to symptoms, severity, and etiology, as well as a lack of
replication studies.

A balance of neuronal excitatory and inhibitory activity is necessary for typical brain
development and processing. Excitatory and inhibitory activity rely on glutamate and GABA,
respectively, with a balance represented as 2-6 times greater inhibitory compared to excitatory
activity (Alvarez & Destexhe, 2004; Xue et al., 2014). Balance is achieved through several
factors, such as development of excitatory and inhibitory synapses, downstream signaling
pathways, and cellular abnormalities (Lee et al., 2017). Imbalances in excitation:inhibition (E:I)
activity have been linked to neurodevelopmental disorders, such as attention-deficit/hyperactivity
disorder (ADHD) (Ferranti et al., 2024; Mamiya et al., 2021), schizophrenia (R. Gao & Penzes,
2015; Y. Liu et al., 2021), and ASD (Bruining et al., 2020; Carter Leno et al., 2022; Dani et al.,
2005; R. Gao & Penzes, 2015; Mariani et al., 2015; Rubenstein & Merzenich, 2003; R. X. Smith
et al., 2018; Sohal & Rubenstein, 2019; Trakoshis et al., 2020). Studies have found individuals
with ASD to have an increased level of excitatory activity, or decreased inhibitory abilities,

resulting in an E:I imbalance (Bruining et al., 2020; Smith et al., 2018; Trakoshis et al., 2020).

152



This imbalance relates to poor functional differentiation and increased noise in the brain, and
may result from atypical function at various levels of the nervous system (Rubenstein &
Merzenich, 2003; Sohal & Rubenstein, 2019). It is hypothesized that the E:I imbalance in ASD is
caused by either increases in glutamatergic activity or decreases in GABAergic
neurotransmission (Uzunova et al., 2016). Mouse models of ASD have most frequently been
used in studies of E:I imbalance due to the invasive nature of measuring excitatory and inhibitory
activity (Lee et al., 2017; Sohal & Rubenstein, 2019). These studies have largely found that E:l
imbalances are ameliorated by increasing inhibitory activity (Sohal & Rubenstein, 2019). For
example, when neurons in the medial prefrontal cortex were activated, this led to atypical social
behavior in the mice, as well as an increase in gamma power (Yizhar et al., 2011). Neuroimaging
attempts to measure the E:I ratio in humans have relied mostly on glutamate and GABA
measures from magnetic resonance spectroscopy (MRS) or oscillations of the MEG signal,
particularly the gamma band (Dickinson et al., 2016; Port et al., 2019; Uzunova et al., 2016). A
recent study found that in children with ASD, a higher E:I ratio was correlated with higher
symptom severity, as measured by the Social Responsiveness Scale (SRS) (Bruining et al.,
2020). E:l imbalance is found to be related to differences in functional connectivity and
behavioral symptoms in ASD (Bruining et al., 2020; Hegarty et al., 2018; Nelson & Valakh,
2015; Rubenstein & Merzenich, 2003; Siegel-Ramsay et al., 2021; R. X. Smith et al., 2018;
Sohal & Rubenstein, 2019).

Direct measures that have traditionally been used do not allow for studying the E:I ratio
in humans, and are typically restricted to studying a specific population of cells rather than E:l
activity more globally. Fractal scaling parameters, such as the Hurst exponent (HE), the

aperiodic exponent, and the fractal dimension (FD), estimate the irregularity, or randomness, of a
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complex process using timeseries data (Lai et al., 2010). These parameters follow a spectral
pattern, with power decreasing as a function of frequency (Trakoshis et al., 2020). Previous
studies have examined the relationship between fractal scaling parameters and medical
conditions, such as heart disease and Alzheimer’s. The fractal dimension (FD) was found to have
increased significantly more in individuals with end-stage heart disease and those with
Alzheimer’s disease, compared to adults experiencing typical aging without these additional
medical complications (Lai et al., 2010). Significant increases in FD is thought to represent
increased regularity of typically complex processes (Lai et al., 2010).

HE is another fractal scaling parameter and is estimated through the equation: FD =2 —
HE. Modeling studies have found that changes in the E:l ratio can alter the spectral components
that are measured from timeseries data, thus altering the HE or other spectral parameters (Brunel
& Wang, 2003; R. Gao et al., 2017; Lombardi et al., 2017; Mazzoni et al., 2008; Trakoshis et al.,
2020). HE can be measured from the fMRI blood-oxygen-level-dependent (BOLD) timeseries,
with decreases in HE reflecting increases in the E:I ratio, or a “shift-to-randomness” (Lai et al.,
2010; Trakoshis et al., 2020). Lai and colleagues (2010) measured HE in adults with ASD who
were matched on age and intellectual ability to neurotypical adults. HE was estimated from rs-
fMRI. HE was found to be significantly reduced in ASD participants across the whole brain and
in regions related to social function (i.e., amygdala, anterior insula, medial prefrontal cortex, and
posterior cingulate cortex) when compared to TD individuals (Lai et al., 2010). They also
reported a correlation between HE in multiple brain regions and ASD severity, with reduced HE
correlated with increased severity (Lai et al., 2010). Trakoshis and colleagues (2020) followed up
on their 2010 study (Lai et al., 2010), and compared HE from rs-fMRI between adults with and

without ASD. HE was found to be decreased in the ventromedial prefrontal cortex, suggesting an
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increased E:l ratio, in ASD males, but not in females with ASD. Gender differences in HE have
also been identified in neurotypical adults (Dong et al., 2018). The fractal dimension, calculated
from HE, was also found to be decreased in ASD adults during rs-fMRI, suggesting decreased
signal complexity, and was also correlated with ASD symptom severity (Dona et al., 2017).

In addition to HE, there is recent research exploring the relationship of aperiodic neural
activity from electroencephalography (EEG) and magnetoencephalography (MEG) to understand
excitatory and inhibitory activity in the brain. Neural activity can be separated into two
components — periodic and aperiodic (Donoghue et al., 2020; B. J. He, 2014; He et al., 2010).
Periodic activity, the more researched of the two, refers to neural oscillations and is measured by
the power within frequency bands (e.g., alpha, delta, theta, beta, gamma). Historically the
aperiodic component has been largely pushed aside as spontaneous neural noise. Aperiodic
neural activity, also referred to as 1/f activity, 1/f noise, or scale-free activity, follows a 1/f-like
pattern of higher amplitudes at lower frequencies, with exponentially decreasing power with
increases in frequency (He, 2014). Recent advances have been made to separate periodic and
aperiodic activity in the brain, so that the aperiodic activity can be more easily studied.
Donoghue et al. (2020) created a toolbox that analyzes Fourier transforms of raw neural data to
explicitly quantify periodic and aperiodic activity. The slope of the 1/f-like distribution, also
known as the aperiodic exponent (AE), in neural data is negative (Donoghue et al., 2020;
Podvalny et al., 2015) and is significantly different from true random white noise, which has a
flat slope. Studies have found changes in the aperiodic exponent to be related to age, processing
of stimuli, memory, and sleep/wake stages (Lendner et al., 2020; Maniscalco et al., 2018;

Thuwal et al., 2021; Voytek et al., 2015).

155



Aperiodic activity is hypothesized to be a reflection of the E:I ratio in the brain (Colombo
etal., 2019; R. Gao et al., 2017; Gerster et al., 2022; Lendner et al., 2020; Miskovic et al., 2018;
Waschke et al., 2021). Similar to the rs-fMRI HE, aperiodic activity is thought to be a
noninvasive measure of E:l, which is thought to be unbalanced in ASD. To determine the
relationship between aperiodic activity and the E:I ratio, Gao et al. (2017) used a simulation to
alter excitatory and inhibitory activity while measuring aperiodic activity in local field potential
(LFP) data. They found that the E:I ratio was positively correlated with the aperiodic slope, and
that increasing the E:| ratio resulted in a flatter slope. When exploring the relationship between
the aperiodic slope and activity in a rat model, they found that the slope was again correlated
with the E:l ratio (measured as excitatory and inhibitory synaptic density) (Gao et al., 2017) .
These results support aperiodic activity as a noninvasive measure of E:| ratio in the brain.

There are a few recent studies that have examined aperiodic activity in children with
ASD and related neurodevelopmental disorders. One study used resting-state EEG data from a
small sample of boys with Fragile X Syndrome (FXS) (Wilkinson & Nelson, 2021). Although
not all children with FXS have ASD, it is estimated that 30-54% of males with FXS meet criteria
for ASD (Kaufmann et al., 2017). The FXS boys group showed a marginally significant
reduction in AE in frontal and central compared to TD boys. The flatter slope was caused by an
increase in higher frequencies, such as gamma power. The increased gamma was found to be
correlated with better language abilities. The aperiodic offset, another part of the aperiodic
component, did not show significant differences between groups. An EEG study of females with
Rett Syndrome found a steeper aperiodic slope, with higher power in low frequency bands (delta,
theta) and lower power in middle frequency bands, compared to TD girls (Roche et al., 2019).

The steeper slope was associated with lower cognitive abilities. Levin et al. (2020) analyzed
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resting-state EEG scans about a week apart in ASD and TD children using the toolbox described
in Donoghue et al. (2020). While the study generally demonstrates test-retest reliability of the
power spectrum and aperiodic activity, they suggest that changes in these measures may arise
from individual changes, such as mood, task, and epileptic activity. It is important to note that
the slope was stable across the two scans in the ASD participants, but less so in the TD group,
without a clear explanation of the cause.

The lack of neural biomarkers limits the understanding of ASD. E:I imbalance is one
potential biomarker for ASD and has historically been difficult to study in humans due to lack of
non-invasive methods. Recent research has highlighted the potential of HE and AE as
measurements of E:l activity. The current study examined HE from rs-fMRI and AE from rs-
MEG in ASD and TD adolescents. It was hypothesized that HE and AE would reflect an increase
in the E:l ratio in ASD adolescents compared to the TD group. In addition to understanding
differences between ASD and TD groups on measures of E:l, the study also aimed to understand
the relationship between HE and AE, as well as their relationship with ASD symptoms. We
hypothesized HE and AE would be significantly correlated with each other and with measures of
ASD symptomology.

Methods
Participants

Individuals with ASD and typically developing peers (aged 12-21 years) were recruited
to participate in the current study. A total of 156 ASD and 120 TD individuals were screened.
See supplement for information on exclusionary criteria. For fMRI analyses, 34 ASD and 28 TD
were included (Table 3.1). Twelve ASD participants were taking psychotropic medications at the
time of the study and 14 ASD participants reported additional psychological diagnoses (ADHD:

3; anxiety: 7; depression: 5; multiple comorbidities: 1) (Supplemental Table S3.1). For MEG
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analyses, 33 ASD and 22 TD participants were included (Table 3.2). Thirteen ASD participants
were taking psychotropic medications and 17 reported additional psychological diagnoses
(ADHD: 6; anxiety: 8; depression: 6; multiple comorbidities: 3) (Supplemental Table S3.1). 28
ASD and 20 TD participants were eligible based on all inclusionary criteria and had useable
neuroimaging data for both fMRI and MEG scans, and were thus included in fMRI-MEG
correlation analyses (Table 3.3). Eleven ASD participants were taking psychotropic medications
at the time of the time and 13 reported additional psychological diagnoses (ADHD: 3; anxiety: 6;
depression: 6; multiple comorbidities: 2) (Supplemental Table S3.1). Adolescents with ASD
diagnoses were evaluated using the Autism Diagnostic Observation Schedule, 2" Edition
(ADOS-2) (Lord et al., 2012) and parents completed the Autism Diagnostic Interview-Revised
(ADI-R) (Rutter et al., 2003). Expert clinical judgement was also used to confirm that all
adolescents in the ASD group met DSM-5 criteria (American Psychiatric Association, 2013).
Experimental design

Although the current paper focuses on resting-state data, participants were screened and
inducted into the research study based on qualifications necessary for completion of a
lexicosemantic decision task that was completed during fMRI and MEG task-based scans.
Results from fMRI and MEG task scans have been previously reported on (Wilkinson et al.,
2022; You et al., 2021, 2023). Participants were required to have at least a 6"-grade reading level
based on the Word Reading subtest of the Wechsler Individual Achievement Test, 3" Edition
(WIAT-II) to ensure they could read the words presented as part of the task (Wechsler, 2009).
Additional assessments that were completed by all ASD and TD participants include the
Edinburgh Handedness Inventory (Oldfield, 1971), Wechsler Abbreviated Scale of Intelligence,

2" Edition (WASI-I1) (Wechsler, 2011), Beery-Buktenica Developmental Test of Visual-Motor
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Integration, 6™ Edition (Beery VMI-6) (Beery et al., 2010), and Clinical Evaluation of Language
Fundamentals, 51" Edition (CELF-5) (Semel et al., 2013).

Participants completed a mock MRI scan to become accustomed to the scanning
environment and to help reduce motion during the scan. The environment of the mock and actual
MRI scans was set up to reduce motion and make participants as comfortable as possible.
Blankets, ear plugs, and cushions were provided. Scan operators frequently checked in with the
individuals throughout the scans. The MEG scanning environment was equally attempted to be
made as comfortable as possible. After a successful mock MRI scan was completed, participants
completed MEG and MRI scans on two different days. The order of MEG and MRI scans were
counterbalanced amongst participants. Most participants completed both scans within 150 days
(mean = 58.47 days). One ASD and one TD completed scans outside of that time frame (ASD:
174 days, TD: 252 days). During the resting-state fMRI and “eyes open” condition for the
resting-state MEG scans, individuals were instructed to stare at a white cross (“+””) on a black
screen. The fMRI resting-state scan lasted 6-minutes. The MEG resting-state scan alternated
between two minutes of eyes open and two minutes of eyes closed activity.

MRI acquisition and processing

MRI scans were completed at the UCSD Center for fMRI on a General Electric
Discovery MR750 3.0 Tesla Scanner (GE Healthcare, Milwaukee, WI1) paired with a Nova
Medical 32-channel head coil. Structural scans used a Fast Spoiled Gradient Recalled T1-
weighted sequence (TR: 8.136 ms; TE: 3.172 ms; flip angle: 8°, FOV: 25.6 cm; acquisition
matrix: 256x256; slices: 172; voxel size: 1 mm?3, duration: 5 min). Functional scans were
acquired using a multi-echo simultaneous multi-slice (MESMS) T2*-weighted echo planar

imaging (EPI) sequence (volumes: 340; TR: 1250 ms; TEs: 13.2, 30.3, 47.4 ms; flip angle: 60°,

159



FOV: 21.6 cm; acquisition matrix: 72x36; acceleration factor[R]: 2; slices: 54; voxel size: 3
mm?3). The first 9 volumes were discarded to allow for equilibrium. The MESMS protocol was
utilized to obtain greater signal-to-noise ratio, as it simultaneously acquires slices at multiple
echo times (Kundu et al., 2013, 2013; Olafsson et al., 2015). The majority of participants were
scanned under 1250 TR protocol. However, 10 of the initial participants were scanned using a
different protocol that included 1100 TR and 45 slices. Preprocessing and analysis of rs-fMRI
data were completed with AFNI (Version 19.0.00), FSL (Version 5.0), and MATLAB (2013b).
For all echo times, EPI was corrected for susceptibility-induced distortions using FSL’s TOPUP
tool which involves two spin-echo acquisitions with opposing phase encoding directions (Smith
et al., 2004). Each functional volume was aligned to the middle volume using rigid-body
realignment in AFNI. The root mean square difference (RMSD) of the six motion parameters of
the 30.3 ms echo time data was used to calculate head motion. EPIs were optimally combined
using previously reported methodology (Kundu et al., 2013). Multi-echo ICA (ME-ICA), a
superior denoising metho that removes non-BOLD components from the BOLD signal, was

conducted using meica.py (https://github.com/ME-1CA/me-ica). Functional and structural scans

were registered with FSL FLIRT. Scans were reoriented to MNI-152 space with FNIRT.
3dBlurToFWHM was used in AFNI for spatial smoothing, using a Gaussian kernel of 6mm
FWHM. A Butterworth filter was used in MATLAB with a low-pass filter of 0.008 Hz and a
high-pass filter of 0.08 Hz.
MEG acquisition and processing

MEG scans were completed at the UCSD Radiology Imaging Laboratory using a whole-
head Neuromag Vectorview system (Elekta AB, Stockholm, Sweden), using 204 planar

gradiometers (102 pairs). Fiduciary points (naison and periauricular points), head position
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indicator coils, and various random points on the scalp were digitized using a 3Space Isotrak |1
(Poolhemus Inc., Colchester, VT). Signal acquisition was continuous, at a sampling rate of 1000
Hz with minimal filtering (0.1 to 300 Hz). Source modeling was completed using MNE Python
to combine structural MRI data with the MEG signal (Gramfort et al., 2013). BEM surfaces were
created from MRI scans using the watershed algorithm (Gramfort et al., 2013). MRI and MEG
scans were then coregistered for each participant using MNE Python. Inverse solutions were
computed using the dSPM method. Source estimates were morphed to fsaverage space.
Data extraction and analysis

The Human Connectome Project Multi-Modal Parcellation version 1 (HCP-MMP1)
parcellation was utilized for both fMRI and MEG scans, which contains 180 regions per
hemisphere (Glasser et al., 2016). The HE was calculated from rs-fMRI using the nonfractal

toolbox (https://github.com/wonsang/nonfractal) used in Trakoshis et al. (2020). HE is estimated

through discrete wavelet transform and uses maximum likelihood estimation on the rs-fMRI
timeseries. The aperiodic exponent was calculated from rs-MEG using NeuroDSP and FOOOF
packages (Cole et al., 2019; Donoghue et al., 2020). The power spectral density (PSD) was first
computed for each HCP atlas region for each participant using NeuroDSP. PSD data were then
interpolated to remove line noise artifact. The aperiodic exponents were estimated using FOOOF
package for each participant for each HCP region. A generalized linear model (GLM) analysis
was used to determine the relationship between HE (dependent variable) and age and group
(ASD vs. TD), controlling for rs-fMRI RMSD. A similar GLM analysis was completed for AE;
rs-fMRI RMSD was not used as a control variable. Pearson partial correlations, controlling for
rs-fMRI RMSD, were used to analyze the relationship between HE and ASD symptomology.

Similarly, Pearson correlations were used to analyze the relationship between AE and ASD
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symptomology. Lastly, Pearson partial correlations, controlling for age and rs-fMRI RMSD,
were used to analyze the relationship between rs-fMRI HE and rs-MEG AE.

Results
rs-fMRI Hurst exponent

A GLM analysis was conducted for each ROI to understand the relationship between the
HE (dependent variable) with group (ASD vs. TD) and age, as well as the group-by-age
interaction (Table 3.4, Figure 3.1). RMSD was included as a covariate in the model to control for
head motion. While none of the Group or Group-by-Age interaction effects remained significant
after FDR correction, results reported below are significant pre-correction. The GLM revealed a
main effect of Group on HE for left premotor, medial frontal, operculum, superior parietal,
superior temporal, and auditory regions and right inferior frontal, operculum, insula, auditory,
and inferior parietal regions, with greater HE seen in the ASD group compared to the TD group
when age and RMSD were included in the model. The ASD group was found to have a reduced
HE compared to the TD group in right medial prefrontal and posterior cingulate regions. Group-
by-Age interaction effects were also found as a result of the model across a number of regions,
with varied patterns of HE increasing and decreasing with age for ASD and TD groups (Table
3.4, Figure 3.1). HE in the ASD group decreased with age, while HE increased in the TD group,
in the left middle frontal and superior parietal regions and right inferior frontal, opercular,
auditory, and inferior parietal regions. HE in the ASD group remained stable with age, while HE
increased in the TD group in the left superior temporal regions. HE increased with age in the
ASD group and decreased in the TD group for the right medial prefrontal region. HE was
observed to decrease with age in both groups in the right posterior cingulate, with significantly

greater decreases with age in the TD group.
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Pearson partial correlations, controlling for rs-fMRI RMSD, were conducted to
understand the relationship between rs-fMRI HE and ASD symptomology (Table 3.5).
Correlations did not remain significant after FDR correction, but pre-correction results are
reported here. The ADOS-2 Total score positively correlated with HE in the left auditory,
superior parietal, posterior cingulate, and middle temporal regions, and right premotor, inferior
parietal, lateral temporal and superior frontal regions. The ADOS-2 Total score negatively
correlated with HE in the left dorsolateral prefrontal and right hippocampal regions. Pearson
partial correlations were also examined between HE and the SRS-2 Total score, controlling for
rs-fMRI RMSD. The SRS-2 Total score positively correlated with HE in the left frontal
opercular and right premotor, superior parietal, frontal opercular, and insular regions. The SRS-2
Total score negatively correlated with HE in the left lateral temporal and right middle cingulate,
prefrontal, orbitofrontal, auditory, and superior temporal regions.

MEG aperiodic exponent

A GLM analysis with AE as the dependent variable and group (ASD vs. TD) and age as
the independent variables revealed that AE was greater in the ASD group for all regions with a
group difference (Table 3.6, Figure 3.1). However, none of the Group or Group-by-Age
interaction effects remained significant after FDR correction. Increases in AE are representative
of an increasingly flatter slope in the context of the power-frequency spectrum. For all regions
with Group-by-Age interaction effects, AE decreased (i.e., flattened) with age in the ASD group,
compared to the TD group which displayed variable patterns by region.

Correlations were used to analyze the relationship between rs-MEG AE and ASD
symptomology (Table 3.7). The ADOS-2 Total score was positively correlated with AE in the

left orbitofrontal, auditory, premotor, prefrontal, inferior frontal, and insular regions and right
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prefrontal, anterior cingulate, and visual regions. The SRS-2 Total score was correlated with AE
in the left temporal and right posterior cingulate regions. Correlations with neither the ADOS-2
Total score nor the SRS-2 Total score were not significant after FDR correction.
fMRI Hurst exponent & MEG aperiodic exponent correlations

Pearson partial correlations controlling for age and rs-fMRI RMSD were used to
understand the relationship between rs-fMRI HE and rs-MEG AE (Table 3.8, Figure 3.2).
Pearson partial correlations were conducted at the whole-group level, rather than split by ASD
and TD groups. Correlations were in the positive direction for left prefrontal and right
intraparietal, insula, and middle temporal regions, and in the negative direction for left
prefrontal, orbitofrontal, superior temporal, lateral temporal, and visual regions and the right
posterior cingulate, superior parietal, superior temporal, and lateral temporal regions. After FDR
correction, the negative correlation between HE and AE in the right superior temporal region
remained significant (FDR-adjusted p = 0.027).
Supplementary analyses

Supplementary analyses were completed with a male-only subset of the overall dataset
due to there not being enough females in the dataset to examine gender differences. The overall
pattern remained similar when the females were removed from the group. See Supplementary
Materials for additional analyses (Supplemental Tables S3.2-S3.9).

Discussion
The excitation-inhibition (E:1) ratio reflects the balance of excitatory (i.e., glutamate) and

inhibitory (i.e., GABA) neurotransmitters in the brain, which is influenced by neurotransmitter
quantities, synaptic functioning, and neuronal circuitry in the brain. The E:l ratio is thought to be
unbalanced in a variety of psychological disorders including ASD (Bruining et al., 2020; Dani et

al., 2005; Mariani et al., 2015; Rubenstein & Merzenich, 2003; Smith et al., 2018; Trakoshis et
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al., 2020). Historically it has been difficult to measure E:I due to the invasive nature required to
measure neurotransmitter and neural circuity activity. Magnetic resonance spectroscopy (MRS)
has been utilized as a method of measuring the E:l ratio, but findings have been inconsistent
(Ajram et al., 2019). The use of MRS is also limited in clinical populations, such as ASD, and
children due to it being a time consuming neuroimaging method and that it is prone to high
levels of variability and artifacts (Weinberg et al., 2021). Recent research has suggested two
measures as noninvasive measures of E:l — the Hurst exponent and the aperiodic exponent which
can be measured from rs-fMRI and rs-MEG, two imaging methods that are more conducive for
measuring neural activity from clinical populations and youth.
Hurst exponent

HE, considered to be a measure of E:1 ratio in the brain (Trakoshis et al., 2020), was
found to be greater in the ASD group compared to the TD group in the left premotor, medial
frontal, operculum, superior parietal, superior temporal, and auditory regions and right inferior
frontal, operculum, insula, auditory, and inferior parietal regions. HE showed a trend of being
reduced in the ASD group compared to the TD group in the right medial prefrontal and posterior
cingulate regions. However, HE group differences were not significant after statistical correction.
Group-by-Age interaction effects showed that HE in the ASD group decreased with age, while
HE increased in the TD group, in the left middle frontal and superior parietal regions and right
inferior frontal, opercular, auditory, and inferior parietal regions. HE in the ASD group remained
stable with age, while HE increased in the TD group in the left superior temporal regions. HE
increased with age in the ASD group and decreased in the TD group for the right medial
prefrontal region. HE was observed to decrease with age in both groups in the right posterior

cingulate, with greater decreases with age in the TD group.
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While the E:I ratio has been extensively studied in ASD, it has been difficult to measure
noninvasively or without the use of animal models. The HE, a more modern approach to
evaluating the E:I ratio, allows for a noninvasive measurement of this activity. With regard to the
E:l ratio, in typically developing individuals, there is greater inhibitory than excitatory activity.
In those with ASD, the E:1 ratio is unbalanced and suggested to be driven by an increase in
excitatory activity. This is reflected in decreased HE (Trakoshis et al., 2020). A recent rs-fMRI
study in adults found that HE was atypically decreased in the ASD male group compared to ASD
females in the medial prefrontal cortex, suggesting an imbalanced E:I ratio (Trakoshis et al.,
2020). The current study analyzed a group of adolescents with ASD that was mostly male, with
male-only analyses included in the supplement (Supplemental Tables S2-S9). Compared to the
TD group, the ASD group presented with decreased HE in the right medial prefrontal and
posterior cingulate regions, suggesting a greater E:l imbalance than the TD adolescents in these
areas. However, there were many more regions that demonstrated greater HE in the ASD group
than the TD group, which also suggests an imbalance in the E:l ratio compared to the TD group
but in the opposite direction such that inhibitory activity increased or excitatory activity
decreased substantially to alter the E:I ratio. Alternatively, the TD group may be producing
greater excitatory activity in these regions while the ASD group remained stable. While we
cannot determine the exact cause of the HE group differences, we can report that there is a
difference across a variety of regions with the ASD presenting with both increased and decreased
HE compared to the TD group as measured from rs-fMRI.

With both increases and decreases in HE in the ASD group compared to the TD group, it
is unsurprising that HE and ASD symptomology were positively correlated in some brain regions

and negatively correlated in others. The ADOS-2 Total score was positively correlated with HE
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in left early auditory, superior parietal, posterior cingulate, and middle temporal regions and right
premotor, superior parietal, posterior cingulate, premotor, inferior parietal, lateral temporal, and
superior frontal regions. The ADOS-2 Total score was negatively correlated with HE in the left
prefrontal and right parahippocampal regions, such that greater ASD symptoms were associated
with decreased HE (i.e., increased E:l imbalance). The SRS-2 Total score was positively
correlated with HE in the left operculum and right premotor, superior parietal, operculum, and
insular regions . The SRS-2 Total score was negatively correlated with HE in the left lateral
temporal and right middle cingulate, prefrontal, orbitofrontal, prefrontal, auditory, and superior
temporal regions.

The current study is the first to report on the pattern of HE derived from rs-fMRI in ASD
adolescents, compared to TD peers, in specific regions across the whole brain, so it is unclear
whether the pattern of both increased and decreased HE across brain regions would be expected.
One study measuring the HE from rs-EEG data in 5-to-21-year old males, found two distinct
ASD subtypes, one with increased HE across the whole brain and the other with decreased HE
compared to the TD group (Bertelsen et al., 2023). Those in the decreased HE subtype showed
greater deviation from TD HE than the increased HE group. Interestingly, the decreased HE
subtype, which showed greater differences compared to HE in the TD group, revealed no
significant correlation with ASD symptomology (i.e, SRS-2 score). This was in contrast to the
increased HE group, which showed positive correlations with HE and ASD symptomology.
Aperiodic exponent

AE was found to be significantly greater (i.e., flatter slope) in the ASD group for all
regions with group differences. These areas spanned the left somatosensory, motor, cingulate,

premotor, parietal, operculum, auditory, temporal, and visual regions and right somatosensory,
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motor, premotor, frontal, parietal, cingulate, auditory, operculum, insula, occipital, temporal,
visual, and temporo-parieto-occipital regions. Group-by-Age interaction effects revealed that AE
decreased (i.e., had a flatter slope) with age in the ASD group. Regions where AE flattened with
age in the ASD group include left middle and posterior cingulate, superior and inferior parietal,
and visual regions and right somatosensory, motor, premotor, superior and inferior parietal,
posterior cingulate, temporal, auditory, operculum, occipital, visual, insula, and temporo-
occipital-parietal regions. Within these regions, it appeared that the younger ASD participants
looked more similar to the younger TD participants, with equivalent or greater AE. However,
older ASD participants showed decreased AE compared to the older TD participants (i.e., flatter
slope than TD). Within the range of this study (12-21-year-olds) AE remained relatively stable in
the TD participants, and in some regions showed greater AE in the older participants, whereas in
the ASD group AE was lower in older participants. Previous research has suggested AE as a
noninvasive measurement of the E:| ratio, with lower AE representing a greater E:l ratio (i.e.,
greater excitatory activity). The current study suggests that the traditional increase in excitatory
activity associated with ASD is more prevalent in the mid-teenager years, as compared to the
earlier in adolescence.

AE was also found to be significantly correlated with measures of ASD symptomology.
The ADOS-2 Total score was positively correlated with AE in the left orbitofrontal, auditory,
premotor, prefrontal, inferior frontal, and insula regions and right prefrontal, anterior cingulate,
and visual regions. The SRS-2 Total score was significantly correlated with AE in the left lateral

temporal and right posterior cingulate regions.
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Relationship between Hurst exponent and aperiodic exponent

It is notable that HE and AE displayed significantly different patterns on analyses of
group differences and in their relationships with ASD symptomology. This is the first study to
directly examine the relationship between these two measures of E:l activity, rs-fMRI HE and rs-
MEG AE, in both typically developing individuals and those with ASD. Overall, AE showed a
more consistent pattern — regions with group differences always showed greater AE in the ASD
group compared to the TD group. Additionally, in regions with Group-by-Age interactions, AE
always decreased with age in the ASD group. Lastly, for all regions that were significantly
correlated with measures of ASD symptomology, AE was positively correlated with ASD
symptomology. In contrast, HE was more variable. In some regions, HE was greater in the ASD
group than the TD group, whereas in others it was smaller. There was also an inconsistent pattern
for Group-by-Age interaction effects and correlations with ASD symptomology.

Due to the variability in the HE pattern, it was unsurprising to find both positive and
negative correlations depending on brain region between HE and AE. rs-fMRI HE and rs-MEG
AE were found to be positively correlated across all participants (ASD and TD groups) in the left
prefrontal and right intraparietal, insula, middle temporal and visual regions. HE and AE were
negatively correlated in the left prefrontal, orbitofrontal, superior temporal, lateral temporal, and
visual and right posterior cingulate, superior parietal, superior temporal, and lateral temporal
regions.

HE and AE have both been separately proposed as measures of E:I activity, with the use
of animal models to support this. Yet, the current study reveals an unclear relationship between
the two, with surprisingly few correlations between the two measures. The E:| ratio reflects

activity at the neuronal level of the brain (i.e., neurotransmitters, synapse function, neuronal
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circuits). MEG is well suited for detecting activity at the neuronal level, due to its high temporal
resolution allowing activity to be measured at the millisecond level, and is thought to be a more
direct measurement of cortical neuron activity. On the other hand, fMRI has been a
neuroimaging modality of choice in the study of ASD for decades, similar to research on other
disorders and across many functional domains. It has excellent spatial resolution, but is limited
by the slow hemodynamic response (i.e., BOLD signal) and its susceptibility to motion and
neurovascular activity. fMRI BOLD signal may not be best suited for measuring E:| activity,
which reflects excitatory and inhibitory activity occurring at the neuron level. A combined
approach, such as the in current study, that integrates structural MRI data with functional MEG
data to be able to measure activity at specific locations in the brain is superior to critically
understanding data that requires temporal and spatial information, such as E:l activity.
Limitations presented on fMRI may reflect the inconsistent findings of HE as measured from rs-
fMRI, in comparison to the consistent AE pattern revealed from rs-MEG data.
Limitations

The current study is the first to compare two measures of E:I activity from ASD and TD
adolescents that completed both rs-fMRI and rs-MEG scans and is thus a substantial contribution
to the understanding of how HE and AE relate to ASD pathology, as well as how they relate to
one another more generally. However, we recognize that there are limitations to this study. First,
the sample used in this study for the correlation analyses consists of 24 ASD and 16 TD
individuals. There were many requirements to participating in the study, such that individuals
needed to read at a 6™-grade level, and had to complete both fMRI and MEG scans. Additionally,
data collection was halted by the COVID-19 pandemic. Due to sample size limitations, gender-

based analyses were not possible due to the very small number of females in each group. We

170



recognize this as a limitation due to the few previous studies looking at E:l ratio noting
significant gender-based differences in ASD individuals. To accommodate for the small sample
size, male-only analyses were run and are provided in the supplement. The pattern remained
similar as the whole-group analyses, however this is likely due to the whole-group analyses
consisting largely of males. Future studies should aim to replicate the current analyses with a
larger sample, as well as to examine variables by gender. While we studied the relationship
between HE and AE measurements with ASD symptomology, we recognize that individuals in
our study had to be able to sit through neuropsychological assessments and both MRI and MEG
scans which lasted about an hour. The nature of the study allows for a limited range of the autism
spectrum to be studied. Attempts were made to include ‘lower-functioning’ ASD participants in
the study with the help of multiple mock scans to aid in familiarity with the scanning
environment. While some of the individuals were able to participate in the study, we
acknowledge that our ASD sample mostly consists of ‘high-functioning’ individuals with ASD.
The make-up of the ASD group may have influenced correlations with ASD symptomology,
such that there are less individuals at the extreme end. We suggest that future studies aim to
measure the E:| ratio in individuals with greater ASD severity in order to better understand the
relationship of the E:I ratio with ASD symptomology. Lastly, we acknowledge that E:I activity is
typically studied in animal models due to the invasive nature to best capture neurotransmitter
activity. Use of HE and AE as noninvasive representations of E:l activity is new and there is
minimal evidence supporting these measurements. We aim to add to the literature studying these
measures in individuals with ASD, but recognize that their relationship to E:I activity is still

being understood.
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Conclusion

Two measures of E:I activity were compared in the current study using rs-fMRI and rs-
MEG. rs-fMRI HE showed both increases and decreases in the ASD group compared to the TD
group, and showed mixed correlations with ASD symptomology. rs-MEG AE was greater in the
ASD group compared to the TD group and was positively correlated with ASD symptomology.
There was a lack of a clear relationship between rs-fMRI HE and rs-MEG AE across brain
regions, with very few correlations. Despite HE and AE both measuring E:|l activity, there are
noteable differences between the two measures as it relates to ASD and TD individuals,
suggesting they are measuring neural activity and the E:I ratio differently.
Acknowledgements
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Table 3.1 Participant demographics for fMRI analyses

Note: Means, standard deviations (SD), and ranges for each group. Chi-square tests (gender, handedness) and t-tests
were performed to determine if groups were significantly different on demographic variables. Non-standard degrees
of freedom are attributed to Levene’s test for homogeneity of variance, and thus reject the null hypotheses of equal
variance.

ASD = autism spectrum disorder
RMSD = root mean square difference
TD = typically developing

ASD (n=34) TD (n=28) ¥2 (df) p
Gender 24 male, 10 female 21 male, 7 female 0.15 (1) 0.70
Handedness 32 right, 2 left 25 right, 3 left 0.49 (1) 0.49
Mean (SD) Range Mean (SD) Range He(;ges’ t-stat (df) p
Age (years) 15.92 (2.37) 12.25-20.00 15.12 (1.89) 12.33-21.42 0.36 1.44 (60) 0.16
MRI RMSD 0.08 (0.03) 0.03-0.15 0.07 (0.03) 0.02-0.16 0.40 1.61 (60) 0.11
WASI-11
Full Scale 1Q 104.53 (16.81) 59-136 111.86 (11.96) 88-135 -0.49 1.94 (60) 0.06
Verbal 1Q 104.06 (16.59) 68-134 110.82 (12.16) 85-135 -0.45 1.80 (60) 0.08
Non-Verbal 1Q | 105.32 (19.05) 54-156 109.93 (11.89) 80-128 -0.28 | 1.16 (56.22)| 0.25
ADOS-2
Total 11.26 (3.78) 6-20 - -- - -- --
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Table 3.2 Participant demographics for MEG analyses

Note: Means, standard deviations (SD), and ranges for each group. Chi-square tests (gender, handedness) and t-tests
were performed to determine if groups were significantly different on demographic variables. * denotes p < 0.05

ASD = autism spectrum disorder
TD = typically developing

ASD (n=33) TD (n=22) ¥2 (df) p
Gender 26 male, 7 female 16 male, 6 female 0.27 (1) 0.60
Handedness 30 right, 2 left, 1 ambidextrous 19 right, 3 left 1.53 (2) 0.47
Mean (SD) Range Mean (SD) Range He(gges’ t-stat (df) p
Age (years) 15.58 (2.33) 12.25-20 14.97 (2.00) 12.33-21.42 0.27 1.00 (53) 0.32
WASI-1I
Full Scale 1IQ | 105.61 (13.61) 77-136 113.68 (13.13) 88-140 -0.59 2.19 (53) 0.03*
Verbal 1Q 104.45 (14.13) 76-131 112.73 (12.92) 85-135 -0.60 2.20 (53) 0.03*
Non-Verbal 1Q | 107.12 (16.55) 75-156 111.27 (13.13) 80-138 -0.27 0.99 (53) 0.33
ADOQOS-2
Total 10.67 (3.42) 6-20 -- - -- - -

174



Table 3.3 Participant demographics for fMRI-MEG correlations

Note: Means, standard deviations (SD), and ranges for each group. Chi-square tests (gender, handedness) and t-tests
were performed to determine if groups were significantly different on demographic variables.

ASD = autism spectrum disorder
RMSD = root mean square difference
TD = typically developing

ASD (n=28) TD (n=20) ¥2 (df) p
Gender 21 male, 7 female 15 male, 5 female 0.11 (1) 0.74
Handedness 27 right, 1 left 18 right, 2 left 0.82 (1) 0.36
Mean (SD) Range Mean (SD) Range He‘;ges’ t-stat (df) p
Age (years) 15.95 (2.33) 12.25-20 15.04 (2.07) 12.33-21.42 0.40 1.40 (46) 0.17
MRI RMSD 0.08 (0.03) 0.03-0.15 0.07 (0.03) 0.02-0.16 0.35 1.22 (46) 0.23
WASI-11
Full Scale 1Q 105.32 (14.50) 77-136 111.95 (12.14) 88-132 -0.48 1.67 (46) 0.10
Verbal 1Q 104.96 (14.82) 76-131 111.35 (12.44) 85-133 -0.45 1.57 (46) 0.12
Non-Verbal 1Q | 106.39 (17.67) 75-156 109.50 (12.06) 80-128 -0.20 0.68 (46) 0.50
ADOS-2
Total 10.36 (3.25) 6-20 - -- - -- --
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Table 3.5 Pearson partial correlations for rs-fMRI HE and ASD symptomology (ADOS-2 Total
& SRS-2 Total)

Note: Significant Pearson partial correlations for rs-fMRI and ADOS-2 Total and SRS-2 Total scores for the ASD
group. * denotes p < 0.05, ** denotes p < 0.01

FDR-
adjusted
ROI r p p
ADOS-2 Total
L 52 Early auditory 0.345  0.049* 0.873
L 7AL Superior parietal ~ 0.347 0.048* 0.873
L 9a Dorsolateral -0.383  0.028%  0.873
prefrontal
LpyT  Qosterior 0394  0.023* 0873
cingulate
L FST Middle temporal ~ 0.348 0.047* 0.873
L PH Middle temporal ~ 0.521  0.002**  0.936
R 55b Premotor 0431  0.012* 0.873
R 7Am Superior parietal ~ 0.409 0.018* 0.873
RDvT  Losterior 0414 0017* 0873
cingulate
R FEF Premotor 0.522  0.002**  0.337
R PFt Inferior parietal 0.351 0.045* 0.873

RPHAl1 Parahippocampal -0.386  0.027* 0.873
R PHT Lateral temporal 0.377 0.031* 0.873

Superior frontal
language area

R SFL 0.359 0.040* 0.873

SRS-2 Total
L FOP4  Frontal opercular  0.409 0.020* 0.999
L TGv Lateral temporal  -0.352  0.049* 0.999
R 24dv Middle cingulate  -0.391  0.027* 0.999

R 6r Premotor 0.465 0.007**  0.999
R 7PL Superior parietal ~ 0.456 0.009**  0.999
R d32 Prefrontal -0.376  0.033* 0.999
R FOP4  Frontal opercular  0.373 0.036* 0.999
R Ml Insula 0.366  0.039* 0.999
R OFC Orbitofrontal -0.461  0.008**  0.999
R p32 Prefrontal -0.400  0.023* 0.999
RSTsva Auditory 0398 0.024* 0999

association

Superior

R STV temporal visual -0.366  0.040* 0.999
area
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Table 3.7 Pearson partial correlations between rs-MEG AE and ASD symptomology

Note: Significant Pearson partial correlations for rs-MEG AE and ADOS-2 Total and SRS-2 Total scores for the
ASD group. * denotes p < 0.05, ** denotes p < 0.01.

FDR-
adjusted
ROI r p p
ADOS-2 Total
L 47s Orbitofrontal 0.354 0.043* 0.594
L 52 Early auditory 0.398 0.022* 0.594
L 6R Premotor 0.369 0.023* 0.594
Dorsolateral
L 9.46d prefrontal 0.424 0.014* 0.594
L IFSa  Inferior frontal 0.385 0.03* 0.594
Llg Insula 0.388 0.026* 0.594
L p4ir Inferior frontal 0.401 0.021* 0.594
L Poll Insula 0.379 0.030* 0.594
L Pol2 Insula 0.399 0.021* 0.594
Dorsolateral
R 8Ad prefrontal 0.359 0.040* 0.594
Dorsolateral
R 8BL prefrontal 0.370 0.034* 0.594
Dorsolateral
R9.46d prefrontal 0.385 0.027* 0.594
Dorsolateral
R 9a prefrontal 0.372 0.033* 0.594
R 9m Anterior cingulate  0.466 0.006** 0.594
Dorsolateral
R 9p prefrontal 0.396 0.022* 0.594
RPIT Ventral visual 0.353 0.04* 0.594
Supplementary
R SCEF cingulate eye field  0.354 0.043* 0.594
R V4 Early visual 0.376 0.031* 0.594
SRS-2 Total
L TE2p Lateral temporal 0.361 0.042* 0.987
R ProS  Prostriate area 0.362 0.042* 0.987
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Table 3.8 Regions with significant Pearson partial correlations for rs-fMRI HE and rs-MEG AE

Note: Regions with significant Pearson partial correlations between rs-fMRI HE and rs-fMRI AE controlling for
fMRI RMSD and age for all individuals (ASD and TD combined). * denotes p < .05, ** denotes p < .01

FDR-
adjusted
ROI r p p

L 10r Prefrontal -0.311 0.036* 0.885
Lead  DoColer 0369 0012 o,
L alOp Orbitofrontal -0.308 0.037* 0.885
L p32 Prefrontal -0.431 0.003** 0.885
L STGa Superior temporal ~ -0.347 0.018* 0.674
L TE2p Lateral temporal -0.339 0.021* 0.699
L V8 Ventral visual -0.440 0.002** 0.330
R 31pv Posterior cingulate  -0.290 0.050* 0.885
R 7Am Superior parietal -0.368 0.012* 0.674
R IPO Intraparietal 0.355 0.015* 0.674
R Poll Posterior insula 0.296 0.046* 0.885
R Pol2 Posterior insula 0.348 0.018* 0.674
R STSva  Superior temporal ~ -0.550  <0.0001**  (.027*
R STSvp  Superior temporal ~ -0.357 0.015* 0.674
R TElp Lateral temporal -0.298 0.045* 0.885
R V3CD Middle temporal 0.333 0.024* 0.712
RVMV2  Ventral visual 0.299 0.044* 0.885
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Figure 3.1 Regions with significant group differences for Hurst exponent and aperiodic exponent

Note: Regions with significant group differences for rs-fMRI HE (top panel) and rs-MEG AE (bottom panel). ROls
with significant main effect of Group represented on the lefthand side of the figure, with left and right hemispheres
depicted separately. ROIls with significant Group-by-Age interaction effects represented on the righthand side of the
figure, with left and right hemispheres depicted separately.
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rs-fMRI Hurst Exponent & rs-MEG Aperiodic Exponent

Figure 3.2 Regions with significant correlations between rs-fMRI HE and rs-MEG AE

Note: Regions with significant Pearson partial correlations for rs-fMRI HE and rs-MEG AE, controlling for age and
fMRI RMSD.
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Supplemental Materials
Participants

A total of 276 adolescents (156 ASD, 120 TD) were screened. Seventy-nine ASD and 62
TD adolescents were not invited to participate in the study due to contraindications preventing
them from having an MRI/MEG scan (e.g., braces, permanent retainer), having additional
medical conditions (e.g., Fragile X syndrome, tuberous sclerosis, epilepsy), being exposed to
another language before age 5, or if they were a TD adolescent with a personal or family history
of developmental, neurological, or psychological disorders. Of those invited to join the study
after the screening, 16 ASD and 11 TD participants dropped out or were unable to be reached for
scheduling. Sixty-one ASD and 47 TD adolescents entered the study; 13 ASD and 12 TD
adolescents were excluded throughout the study due to lack of cooperation during
neuropsychological testing (ASD: 1, TD: 0), reading skills below a 6™-grade level (ASD: 2, TD:
0), score of 60% or lower on the lexicosemantic task during a practice session (ASD: 5, TD: 2),
difficulty following lexicosemantic task directions (ASD: 2, TD: 0), large head size preventing
MRI/MEG scanning (ASD: 1, TD: 2), becoming hospitalized for psychiatric care (ASD: 1, TD:
0), only completed one scan (ASD: 2, TD: 4), and inability to continue study due to the COVID-
19 research shutdown in March 2020 (ASD: 1, TD: 8). A total of 46 ASD and 31 TD participants
completed all components of the study. Unexpected data loss, scanner malfunction, brain
abnormalities, excessive head motion, and unusable data impacted 12 ASD and 3 TD

individuals.
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Supplemental Table 3.1 Medications and psychological conditions

aMood stabilizers include antipsychotics and anticonvulsants

®QOther includes sympatholytics and an antihistamine (used as an anxiolytic)

Note. Current psychotropic medication and psychological comorbidities for participants in autism spectrum disorder
(ASD) group. Analyses each participant was included in denoted in “Analyses” column (correlations refers to fMRI-
MEG correlation analyses).

SSRI = selective serotonin reuptake inhibitor
ADHD = attention deficit/hyperactivity disorder
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Supplemental Table 3.2 Participant demographics for fMRI analyses - Male-only subgroup

Note: Means, standard deviations (SD), and ranges for each group of the male only subgroup. Chi-square test
(handedness) and t-tests were performed to determine if groups were significantly different on demographic

variables.

ASD = autism spectrum disorder
RMSD = root mean square difference
TD = typically developing

ASD (n=24) TD (n=21) %2 (df) p
Handedness 23 right, 1 left 20 right, 1 left 0.40 (1) 0.53
Mean (SD) Range Mean (SD) Range He(;ges’ t-stat (df) p
Age (years) 15.70 (2.46) 12.25-20.00 14.98 (2.00) 12.33-21.42 0.31 1.06 (43) 0.29
MRI RMSD 0.09 (0.03) 0.04-0.15 0.07 (0.03) 0.02-0.16 0.51 1.73 (43) 0.09
WASI-II
Full Scale 1Q |105.79 (13.25) 84-122 112.33 (13.50) 88-135 -0.48 1.64 (43) 0.11
Verbal 1Q 106.00 (14.77) 76-131 111.52 (13.33) 85-135 -0.38 1.31 (43) 0.20
Non-Verbal 1Q [105.83 (14.75) 79-132 109.90 (13.40) 80-128 -0.28 0.96 (43) 0.34
ADOQOS-2
Total 12.04 (3.76) 6-20 - - - - -
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Supplemental Table 3.3 Participant demographics for MEG analyses — Male-only subgroup

Note: Means, standard deviations (SD), and ranges for each group for male only subgroup. Chi-square tests (gender,
handedness) and t-tests were performed to determine if groups were significantly different on demographic
variables.

ASD = autism spectrum disorder
TD = typically developing

ASD (n=26) TD (n=16) 12 (df) p
Handedness 23 right, 2 left, 1 ambidextrous 15 right, 1 left 0.68 (2) 0.41
Mean (SD) Range Mean (SD) Range He(;ges’ t-stat (df) p
Age (years) 15.36 (2.44) 12.25-20 14.96 (2.25) | 12.33-21.42 | 0.16 0.53(40) | 0.60
WASI-II
Full Scale 1Q |106.35 (12.08) 84-122 112.69 (13.47) 88-132 -0.49 1.58 (40) 0.12
Verbal 1Q 105.65(13.71) 76-131 112.13 (13.28) 85-133 -0.47 1.50 (40) 0.14
Non-Verbal 1Q [107.27 (14.25) 79-132 109.88 (13.33) 80-128 -0.18 0.59 (40) 0.56
ADQOS-2
Total 11.46 (3.39) 6-20 -- -- -- - --
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Supplemental Table 3.4 Participant demographics for fMRI-MEG correlations — Male-only
subgroup

Note: Means, standard deviations (SD), and ranges for each group for male only subgroup. Chi-square tests (gender,
handedness) and t-tests were performed to determine if groups were significantly different on demographic
variables.

ASD = autism spectrum disorder
RMSD = root mean square difference
TD = typically developing

ASD (n=21) TD (n=15) %2 (df) p
Handedness 20 right, 1 left 14 right, 1 left 0.06 (1) 0.81
Mean (SD) Range Mean (SD) Range Hedgges’ t-stat (df) p
Age (years) 15.80 (2.50) 12.25-20 15.07 (2.29) 12.33-21.42 0.30 0.89 (34) 0.38
MRI RMSD 0.09 (0.03) 0.06-0.15 0.08 (0.04) 0.02-0.16 0.45 1.35 (34) 0.19
WASI-1I
Full Scale 1Q  [106.14 (13.05) 84-122 112.07 (13.70) 88-132 -0.43 1.31(34) 0.20
Verbal 1Q 106.62 (14.47) 76-131 111.73 (13.65) 85-133 -0.35 1.07 (34) 0.29
Non-Verbal 1Q [106.33 (15.39) 79-132 109.20 (13.51) 80-128 -0.19 0.58 (34) 0.57
ADOS-2
Total 11.24 (3.22) 6-20 - -- - -- --
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Supplemental Table 3.6 Pearson partial correlations for rs-fMRI HE and ASD symptomology
(ADOS-2 Total & SRS-2 Total) — Male-only subgroup

Note: Significant Pearson partial correlations for rs-fMRI and ADOS-2 Total and SRS-2 Total scores for the male-
only ASD group. * denotes p < 0.05, ** denotes p < 0.01

FDR-
adjusted
ROI r p p

ADOS-2 Total
L 7AL Superior parietal ~ 0.494  0.017* 0.962

L 7Pm Superior parietal ~ 0.523 0.010**  0.962
Dorsolateral

L 9a -0.435  0.038* 0.962
prefrontal

L FST Middle temporal ~ 0.502  0.015* 0.962

L IPS1 Dorsal visual -0.424  0.044* 0.962

L LIPd Superior parietal ~ 0.447 0.033* 0.962
L p47r Inferior frontal 0.425 0.043* 0.962

L PH Middle temporal 0.508 0.013* 0.962

L VMV1 Ventral visual 0.456 0.029* 0.962

R 55b Premotor 0.484 0.019* 0.962

R 5L Middle cingulate  -0.437 0.037* 0.962

RegL  Dorsolateral 0458  0028% 0962
prefrontal

R 9p Dorsolateral 0431 0.040% 0962
prefrontal

RDyT  Losterior 0463  0.026*  0.962
cingulate

R FEF Premotor 0.420 0.046* 0.962

R IPS1 Dorsal visual -0.517 0.011* 0.962

RSTY  Superior 0415 0049  0.962
temporal visual

R V3B Dorsal visual -0.426 0.042* 0.962

SRS-2 Total
L FOP4  Frontal opercular  0.451 0.035* 0.995
L LIPd Superior parietal ~ 0.453 0.034* 0.995
LLO1 Lateral occipital  -0.468  0.028* 0.995
L TGd Lateral temporal 0.482 0.023* 0.995

L V7 Dorsal visual -0.475 0.026* 0.995
R 13l Orbitofrontal -0.461 0.031* 0.995
R 6r Premotor 0.629 0.002** 0.622

R 7PL Superior parietal ~ 0.516 0.009**  0.995
Dorsolateral

R 9a prefrontal -0.451  0.035* 0.995
R p32 Prefrontal -0.503  0.017* 0.995
RV2 Early visual 0.435 0.043* 0.995
RV3 Early visual 0.426  0.048* 0.995
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Supplemental Table 3.8 Pearson correlations between rs-MEG AE and ASD symptomology —
Male-only subgroup

Note: Significant Pearson correlations for rs-MEG AE and ADOS-2 Total and SRS-2 Total scores for the male-only
ASD group. * denotes p < 0.05

FDR-
adjusted
ROI r p p
ADOS-2 Total
R 9m Anterior cingulate  0.392 0.048* 0.981
R p47r  Inferior frontal 0.396 0.045* 0.981
R V4 Early visual 0.470 0.015* 0.981
SRS-2 Total

L a47r _ Inferior frontal -0.411 0.042* 0.998
R 25 Anterior cingulate  -0.405 0.044* 0.998
R ProS  Prostriate area 0.417 0.038* 0.998
R s32 Anterior cingulate  -0.396 0.050* 0.998
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Supplemental Table 3.9 Regions with significant Pearson partial correlations for rs-fMRI HE and
rs-MEG AE — Male-only subgroup
Note: Regions with significant Pearson partial correlations between rs-fMRI HE and rs-fMRI AE controlling for

fMRI RMSD and age for all individuals in the male-only subgroup (ASD and TD combined). * denotes p < .05, **
denotes p < .01, *** denotes p < .001

FDR-
adjusted
ROI r p p
Lgag Dorsolateral 0416  0014* 0.863
prefrontal

LalOp Orbitofrontal -0.350 0.042* 0.869
LFST  Middle temporal 0.400 0.019* 0.863
Lp32  Prefrontal -0.562 0.0005*** 0.098
L Posterior N
POS1  cingulate 0.374 0.0291 0.879
L 1 *
STGa Superior temporal  -0.364 0.034 0.879
L V6 Dorsal visual 0.393 0.022* 0.863
R 10pp Orbitofrontal 0.341 0.048* 0.946
R 6d Premotor 0.363 0.035* 0.879
R 7Am  Superior parietal -0.416 0.014* 0.863
R 7PL  Superior parietal -0.404 0.018* 0.863
RLO1 Middle temporal 0.413 0.015* 0.863
R . -
Mbelt Early auditory 0.355 0.039 0.879
R Pol2  Posterior insula 0.357 0.038* 0.879
R H | E X3
STSva Superior temporal ~ -0.589 0.0002 0.089
R 1 **
STSvp Superior temporal ~ -0.487 0.003 0.414
R *
TE1p Lateral temporal -0.366 0.033 0.879
RTGd Lateral temporal -0.369 0.032* 0.879
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Conclusion
Summary of Findings

This dissertation aimed to compare fMRI and MEG measures of activation to provide a
more comprehensive approach to brain function in the context of a clinical population, ASD. The
three studies described above investigated the relationship between these two neuroimaging
modalities in adolescents who underwent both task and resting-state scans in each modality. In
addition to understanding the relationship between the two imaging modalities, activity from
adolescents with ASD was compared to that from TD peers.

Paper 1 examined neural activity patterns during lexicosemantic processing in
adolescents with ASD and their TD peers, utilizing fMRI BOLD signal and MEG event-related
theta power. Regions of interest were identified based on fMRI and MEG data, such that areas
that showed significant activation across participants at the whole-group level were then further
examined in each modality. Event-related theta power was greater in the ASD group across
several time windows and regions, such as frontal and temporal areas, when compared to the TD
group. In contrast, BOLD signal was greater in the ASD group in only one region, the anterior
cingulate gyrus. BOLD signal and theta power were positively correlated for the anterior
cingulate cortex in the ASD group, however this was not significant after correction.
Comparisons between the two measures did not reveal a clear pattern. While this first study
found no clear relationship between BOLD signal and a time-frequency domain measurement
from MEG, it was hypothesized that an investigation between BOLD signal and a time domain
measurement from MEG may shed more light on the relationship between the two modalities.
Additionally, it was hypothesized that the lack of group differences seen in the fMRI data may

be in part attributed to behavioral heterogeneity within the ASD group.
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Paper 2 followed up on the analyses presented in Paper 1, by comparing the fMRI BOLD
signal to time domain measurements (N250m and N400m) from MEG. Similar to event-related
theta power, N250m and N400m are known to be related to language processing and were thus a
suitable measure for the current study. Regions of interest were identified based on areas with
significant whole-group activation based on MEG N250m and N400m. ASD encompasses a
broad spectrum of behavioral and clinical variability, contributing to the large amount of
heterogeneity amongst individuals with ASD. Inter-individual heterogeneity at the behavioral
level may affect neuroimaging findings, which may contribute to the inconsistencies in the field
(Lenroot & Yeung, 2013). While Paper 1 examined the ASD group as a whole and did not find
expected group differences in the fMRI data, Paper 2 aimed to examine ASD subgroups.
Subgroups were based on lexicosemantic task performance, with one ASD subgroup performing
at levels equal to TD peers and the other performing below the TD group. This resulted in a
smaller and slightly different set of regions in comparison to Paper 1. With regard to MEG
findings, the H-ASD group was found to have greater N250m in the inferior frontal region
compared to the TD group and greater bilateral N4OOm in the inferior frontal and temporal
regions. The L-ASD group was found to have decreased N40Om in the inferior frontal region.
While N250m and N400m revealed group differences supporting differential task performance
across subgroups, fMRI BOLD signal did not show significant differences, similar to the overall
findings from Paper 1. Also similarly, N250m and N400m were minimally correlated with
BOLD signal, with the exception of the L-ASD group which showed positive correlations
between N400m and BOLD signal for all four regions examined. Papers 1 and 2 investigated the

relationship between fMRI and MEG in task scans, with findings of minimal and/or weak
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correlations. We therefore considered whether resting-state data may instead reveal a clearer
pattern connecting the two modalities.

Paper 3 studied the relationship between fMRI and MEG through a resting-state analysis,
including overlapping participants from Papers 1 and 2. Previous studies describe an imbalance
between excitatory and inhibitory neurotransmitters in ASD, although this work stems from
invasive methods used on animal models. Recent studies are thought to have found indirect
measurements of the excitatory-inhibitory ratio (E:1) — two of which are the HE and the AE, both
measurements of the spectral components found in time series data. This study found that the
HE, measured from rs-fMRI, was mostly increased in the ASD group compared to the TD group
across various regions. Additionally, the ASD and TD groups were found to have differential
patterns related to age. In many regions, the ASD group showed a decrease in HE with age,
whereas the TD group showed an increase. The HE was also found to be mostly positively
correlated with ASD symptomology, as measured by the ADOS-2. HE was mostly positively
correlated with ASD symptomology measured by the ADOS-2, while correlations with the SRS-
2 were positive for some brain regions and negative for others. Overall, the HE was mostly
increased in the ASD group, showed atypical decreases with age, and was both positively and
negatively correlated with ASD symptomology. Paper 3 also examined the AE in rs-MEG. AE
was found to be significantly increased in many regions across the brain in the ASD group
compared to the TD group. Additionally, AE was found to decrease with age in the ASD group,
whereas AE in the TD group either increased or remained stable. The AE was positively
correlated with ASD symptomology measured by the ADOS-2 and the SRS-2. When considering
the relationship between the two E:I ratio measurements, the HE and AE did not reveal a

consistent pattern. No clear relationship was revealed between the two exponents, as they were
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found to be positively correlated in some brain regions, and negatively correlated in others.
While it was hypothesized to reveal a clear relationship between the two measures, Paper 3
instead revealed that there is no clear pattern across the whole brain that shows a relationship
between the two measures.
Conclusion

This dissertation is the first to comprehensively examine the relationship between fMRI
and MEG for multiple different measurements of activity in a group of individuals with ASD
who completed both fMRI and MEG scans. When considering the results of all three papers, a
consistent pattern was revealed. In analyses of fMRI data few or no group differences were
detected, whereas analyses of MEG data highlighted many more group differences. In Paper 1,
there was a lack of group differences in the fMRI BOLD signal, while event-related theta power
was found to be significantly greater in the ASD group, compared to TD peers, across multiple
brain regions. In Paper 2, N400m was greater in many brain regions in the ASD group whereas
fMRI BOLD signal revealed few group differences. Lastly in Paper 3, rs-fMRI HE was
significantly increased in the ASD group for many regions, while rs-MEG AE showed increases
across many more regions. Additionally, findings revealed that fMRI and MEG lack a clear
relationship in both task and resting state scans. Despite the lack of a clear relationship, this
dissertation adds to the neuroimaging literature, such that many studies do not take advantage of
other methodologies and remain unimodal. Tulay et al. (2019) clearly outlines the necessity of
multimodal neuroimaging studies in the context of neurodevelopmental and psychiatric
conditions. While each imaging method has its own strengths, there is no single method that can
allow for a fully comprehensive analysis at the level that is required to reveal distinct differences

in disorders that exist along a spectrum, such as ASD. Neuroimaging studies have the potential

200



to reveal biomarkers that can be used to diagnose and understand disorders that rely on
behavioral diagnostic processes.

This dissertation has revealed that unimodal studies do not capture the entire picture of
neural activation, and that patterns observed in data from one imaging method may not replicate
in another imaging method. fMRI- and MEG-derived measures such as the BOLD signal, event-
related theta power, N250m, and N400Om, were not found to correlate well through analyses that
directly compared ‘activation’ from the same individuals. Similarly, two measures that are
thought to represent the E:I ratio also did not correlate to the extent that would be expected.
Multimodal neuroimaging is critical for understanding aspects relevant to the neural profile of
those with and without psychological conditions, as unimodal studies are substantially
insufficient.

The current series of papers contributes to the small, but growing literature on
multimodal neuroimaging, with multiple studies reporting an unclear relationship between fMRI
and MEG. This poor relationship between neuroimaging methods that are considered measures
of neural ‘activation’ is remarkable and requires explanation. It may be hypothesized that either
fMRI or MEG, or both, are unreliable measures of activity as some have suggested (Elliott et al.,
2020; Kennedy et al., 2022). As pointed out by Kragel and colleagues (2021), when making the
conclusion that fMRI is an unreliable source for neural activity, Elliott and colleagues (2020)
based their report on studies with small sample sizes and long test-retest windows, which would
confound studies of reliability. It is unlikely to be the case that these neuroimaging modalities,
which are widely used and have been for decades, are unreliable. fMRI findings show

replicability across many studies (Berboth et al., 2021; Buimer et al., 2020; Guo et al., 2012;

201



Nettekoven et al., 2018; Plichta et al., 2012; Taxali et al., 2021), as do MEG studies (Legget et
al., 2017; Martin-Buro et al., 2015).

The more realistic reason behind the lack of correlation between the two is that they are
each measuring different components of neural activation. When considering the results of all
three papers, the pattern suggests that fMRI data, which have greater spatial resolution, reveal
some group differences, but when MEG data are examined, which have greater temporal
resolution, many more group differences are observed. In comparison to fMRI BOLD signal in
Paper 1, event-related theta power was significantly greater across multiple regions in the ASD
group. In paper 2, N400m was greater in many brain regions in the ASD group whereas fMRI
BOLD signal revealed few group differences. Lastly in Paper 3, rs-fMRI HE was significantly
increased in the ASD group for many regions, while rs-MEG AE showed increases across many
more regions.

It is clear that fMRI and MEG do not measure neural activation in the same manner.
fMRI relies on the hemodynamic response, whereas MEG measures the magnetic fields that
results from changes to the electrical current in the brain. Yet, because they are both measuring
neural activity, an initial expectation was that they would produce patterns of similar findings.
Previous research studies comparing the two modalities present evidence of the opposite. An
early study of multimodal neuroimaging research examined data from fMRI and MEG scans
during a visual motion task in neurotypical adults (Ahlfors et al., 1999). While some regions,
such as the middle temporal and superior temporal regions, were shown to be activated in both
fMRI and MEG scans, activity in the frontal region was only seen in the MEG data and not
fMRI. Conversely, activity in the posterior occipital regions was seen only in fMRI and not in

MEG data. Another study compared fMRI and MEG data from individuals after a stroke and
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found no correlation between activation intensities of the two modalities (Altamura et al., 2007).
In a further study, neurotypical adults watched a movie during fMRI and MEG scans. Direct
voxel-wise comparisons between the fMRI and MEG data did not reveal significant correlations
across the brain (Lankinen et al., 2018). Engemann and colleagues (2020) provide evidence that
combining data from both fMRI and MEG improved a machine learning approach to age
prediction, suggesting that each contributes critical information to the model. One of the few
multimodal neuroimaging studies in a psychiatric population, compared MEG and fMRI data in
adults with and without schizophrenia (Sanfratello et al., 2019). Results showed different
functional connectivity patterns in each of the modalities. Although EEG is a different
methodology than MEG, such that both measure electrical activity, and thus it is important to
note that one large study of 1657 neurotypical individuals compared fMRI and EEG (Nentwich
et al., 2020). This study found that the spatial patterns of the functional connectivity revealed by
each modality were significantly different from the other. The current dissertation supports the
hypothesis that fMRI and MEG are complementary measurements, each providing unique
information to the understanding of the brain. Previous research studies comparing the two
modalities do not do so in the context of ASD or language processing, and are commonly carried
out with adult participants. Also, previous studies have been relatively small in comparison to the
current study (Ahlfors et al., 1999; Altamura et al., 2007; Babajani-Feremi et al., 2008; Lankinen
et al., 2018), including as few as 4 participants.

While the three papers included in this dissertation add to the neuroimaging ASD
literature, they are not without limitations. Papers 1 and 2 looked at a select few regions that
were identified as being activated at the whole-group level in each of the modalities. Previous

studies have found that individuals with ASD may recruit regions that are atypical to the
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presented task, and thus we may not have fully captured the expansive profile that the ASD
group may show. Paper 3 examined resting-state data in fMRI and MEG. During the MEG scan,
both eyes open and eyes closed conditions were used during the scanning procedure. However,
during fMRI, only an eyes open protocol was conducted. To ensure that similar neural activity
was compared across modalities, the eyes open portion of the MEG scan was used. A previous
study of typically developing youth has shown that the eyes closed condition may evoke greater
alpha power as measured by MEG in comparison to the eyes open condition (Petro et al., 2022).
Across all three papers, a select group of individuals participated in the study. Adolescents were
recruited who were able to tolerate fMRI and MEG scans, as well as neuropsychological testing
and the lexicosemantic task that was used in Papers 1 and 2. We recognize that these studies
represent a specific group of individuals with ASD, and that findings may not apply to those who
are unable to participate in neuroimaging studies due to cognitive or sensory differences. Lastly,
while this series of papers compared data from fMRI and MEG scans, only correlations were
used to understand the general pattern between the modalities. Papers that call for multimodal
neuroimaging are increasingly describing methods of data fusion and integration (Belyaeva et al.,
2024; Calhoun & Sui, 2016; Jafarian et al., 2020). Future studies should take advantage of novel
statistical analyses that utilize novel methods to potentially uncover more complex patterns and
relationships between two imaging modalities.

In conclusion, this dissertation is the first to examine the relationship between fMRI and
MEG across multiple measurements in a group of individuals with ASD. Analyses examining
data from both task- and resting-state scans revealed no clear relationship between the two
modalities with regard to measurements of language activation, hemispheric laterality, and

spectral properties. This dissertation demonstrates the complexity of understanding the
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relationship between two neuroimaging methods, and emphasizes the need for an increase in the
studies using multimodal neuroimaging approaches to comprehensively study complex

psychological and neurodevelopmental disorders, such as ASD.
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