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CHAPTER 1

Introduction

1.1 The bird’s eye view: Sensory issues in autism

The earliest definitions of autism were described in terms of differences in language, social

behaviors, observed motor behaviors, and interests (Asperger, 1944; Kanner, 1943; Rosen

et al., 2021). Altered sensory behaviors were described in some early definitions of autism,

including in Ritvo and Freeman (1977) as “Abnormal responses to sensations. Any one or a

combination of sight, hearing, touch, pain, balance, smell, taste, and the way a child holds

his or her body are affected.” However, until recently, autism diagnostic criteria previously

focused on social/communicative and motor behaviors; sensory behaviors were only listed

as a standardized diagnostic criterion in the latest diagnostic manual revision (American

Psychiatric Association, 2013). Though autism is still primarily diagnosed through behav-

ioral observation and thus has often been described by these types of observer perspectives,

the research field has gained more insight into the internal experiences of autism from the

growing voices of autistic self-advocates (Force, 2019; Savarese, 2010). As awareness of

sensory differences has increased, they are increasingly seen as fundamental to the autistic

experience (Savarese, 2010).

Indeed, the evidence to date suggests broad differences in how autistic individuals ex-

perience and respond to sensory information. Autistic sensory differences have been re-

ported across different modes of inquiry (e.g., by sensory testing or self-report) and dif-

ferent sensory modalities, especially auditory and tactile (Ausderau et al., 2014; Baranek

et al., 2006; Minshew and Hobson, 2008). Efforts to create a taxonomy of altered sensory

processing have commonly done so by the nature of the observable behavioral response.

Most prominently, strong, affectively negative behavioral reactions to typical sensations are

termed “hyper-responsiveness”, reduced reactions to salient sensations are termed “hypo-
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responsiveness”, and increased intentional engagement with sensory stimuli is termed “sen-

sory seeking” (Baranek, 1999; Baranek et al., 2006; Boyd et al., 2010). On the surface,

these might seem mutually exclusive such that an individual would be either hyper- or

hypo- responsive to sensory stimuli. However, many individuals show both of these types

of patterns (Ausderau et al., 2016; Baranek et al., 2022; Lee et al., 2022; Williams et al.,

2018). This suggests that the relationship between behavioral and brain patterns is not as

simple as a single mapping between neural and behavioral sensitivity (e.g., enhanced neu-

ral processing always leading to enhanced behavioral sensitivity and vice versa), but that

some of these behavioral patterns may be inter-related at the neural level.

Individual variability is also a complicated part of understanding sensory processing in

autism. Though it is common for autistic individuals to show some type of sensory differ-

ence, the types of differences vary between individuals across behavioral responsiveness

categories and different sensory modalities. Thus, researchers have attempted to iden-

tify different sub-types of autistic sensory experiences. The sensory subtypes that have

emerged for autistic individuals often first identify groups by the overall level of sensory

symptoms (mild, moderate, or highly elevated), then other features include relative hypo-

versus hyper- responsiveness and how these features change over time (Ausderau et al.,

2016; Chen et al., 2022a). Across each of these categories, autistic children are more

likely to show levels of altered responsiveness that increase from birth to early childhood

than their non-autistic peers (Chen et al., 2022a,b). Though sensory processing/integration

treatments for autistic individuals are commonly prescribed due to these pervasive chal-

lenges, their evidence base for long term outcomes is limited (Camarata et al., 2020). This

suggests a need for greater understanding of the underlying brain differences.

1.2 Sensory processing over development

One key part of understanding autistic sensory experiences is autism’s classification as a

neurodevelopmental condition. The biology of autism starts in earliest development, as

2



autism-linked genes have predominant expression during early to late fetal development

(Krishnan et al., 2016). Autistic individuals show different patterns of brain development

from non-autistic peers starting in infancy (Hazlett et al., 2011; The IBIS Network et al.,

2017) and continuing throughout their lives (MRC AIMS Consortium et al., 2020; Nickl-

Jockschat et al., 2012). Though autism diagnoses may still be made into adolescence and

adulthood, the DSM specifies that symptom onset must be in the early developmental pe-

riod, even if only identified retrospectively (American Psychiatric Association, 2013). This

developmental lens gives another window to view individual variability in autism. Some

biological heterogeneity occurs inherently, reflected in the numerous different genes that

have been linked to autism (Geschwind and Levitt, 2007; Sestan and State, 2018). On

the other hand, diverse life experiences may also contribute to variations in how sensory

processing differences with similar etiologies may present differentially, across individuals

and within individuals at different stages of their lives.

One prominent theory in explaining sensory differences in autism also follows from a

developmental lens, describing how individuals predict their incoming sensations based on

prior experiences (Palmer et al., 2017; Pellicano and Burr, 2012). Systems neuroscience

has exposed the anticipation of incoming sensory input as a critical part of our nervous sys-

tem structure, allowing for efficient processing of an overwhelming (and often redundant)

amount of receptor input (Bastos et al., 2012; Huang and Rao, 2011). Learning from past

experience is a fundamental part of this process, as incoming real-time input is compared

with expectations based on prior sensory experiences. In mathematical modeling terms,

this has been described by Bayesian modeling. Bayesian theories of autism have suggested

that autistic individuals rely less on their past experience to interpret current sensations than

non-autistic individuals do (Palmer et al., 2017; Pellicano and Burr, 2012). The proposed

consequences are that autistic individuals process sensory information more veridically

than non-autistic individuals, but with a cost in terms of efficient interpretation.

There has indeed been evidence that autistic individuals show more detailed percep-

3



tion (“local”) at the expense of bigger-picture integration (“global”), particularly in visual

processing (Behrmann et al., 2006; Flevaris and Murray, 2015) but also in tactile (Puts

et al., 2014; Tavassoli et al., 2016) and auditory processing (Kwakye et al., 2011), re-

viewed across modalities in Robertson and Baron-Cohen (2017). Other evidence in line

with Bayesian theories of autism extends to the different types of sensory cues that people

may use to predict their sensations. For example, what someone is expecting to see is not

just influenced by past visual experience, but by learned relationships between sights and

related sounds, touch, or smells. Combining sensory information from different modalities

to increase understanding of the current situation, such as lip reading when you cannot fully

hear what someone is saying, is known as multisensory integration. As part of relying less

on prior experience, there is evidence that autistic individuals also rely less on multisen-

sory information to interpret current sensory cues (Baum et al., 2015; Feldman et al., 2018).

This includes reduced susceptibility to multisensory illusions, such as the “McGurk effect,”

an illusion created by mismatched auditory and visual speech cues (Stevenson et al., 2014;

Zhang et al., 2019) , or the rubber hand illusion, created by mismatched visual and tactile

cues, (Cascio et al., 2012a). Added together, the unimodal and multimodal evidence sup-

port Bayesian theories of autism. However, the scope of this theory across different sensory

systems and different individuals has yet to be determined, as well as thorough testing of

how this is proposed to occur within specific neural circuits.

Lastly, understanding autistic sensory processing as developmental includes how early

sensory experiences lay the foundation for later skills. Proposed as a developmental cas-

cade, early sensory differences in autism may impact increasingly complex skills over time

(Cascio et al., 2016). For example, auditory processing is one foundation for verbal lan-

guage development; other foundations include mapping between visual cues and the rel-

evant sounds (Baum et al., 2015; Woynaroski et al., 2013). Our social worlds include

many such sensory components, including the visual cues of familiar faces (McGugin and

Gauthier, 2016; Schultz, 2005) and the sensorimotor skills we use to interact with oth-
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ers (Iverson, 2021). Reduced sensory predictive processing in autism may also cascade

onto increased preference for routines and sameness, to reduce what might otherwise be an

overwhelming amount of new sensory information to interpret (Pellicano and Burr, 2012;

Pellicano, 2013). Making sense of sensory processing in autism requires thoughtful con-

sideration of these potential developmental relationships.

1.3 Interoception: The ultimate developmental cascade

Arguably, our primary sensation for survival is the sense of interoception, i.e., the ability

to perceive and respond to physiological cues such as hunger, thirst, cardiac sensations,

pain, and respiration (Craig, 2002, 2004, 2008). Due to this primacy, interoceptive brain

responses are reliable before other sensory areas in human infants (Jönsson et al., 2018)

and these brain areas are wired to receive diverse input summarizing the external sensory

environment (linking specific sights, sounds, etc. with a given bodily state, (Craig, 2009)).

In turn, this lends interoceptive processing the ability to pervade many other areas of func-

tioning that rely on self-referential thinking and relating “self” and “other” (Palmer and

Tsakiris, 2018). Theories of embodied cognition propose that interoceptive signals provide

a stable sense of self that serves as backdrop for interpreting all other information (Mon-

tirosso and McGlone, 2020; Park and Tallon-Baudry, 2014; Tallon-Baudry et al., 2018).

Park and Tallon-Baudry (2014) describe this as forming the “I” in “I saw that.” On the

social side, the degree to which humans are a social species has neurobiological links to

the role human caregivers play in initially meeting the physiological needs of their infants

(Atzil et al., 2018; Fotopoulou et al., 2022).

Interoception and health outcomes intersect across multiple domains of health and well-

ness. Critical implications of altered interoception for health were described in rare patients

with greatly reduced or non-existent pain perception, who often developed severe injuries

and physical disorders since these patients did not react to signals of tissue injury (Dear-

born, 1932; Nagasako et al., 2003). Experiences of fatigue during illness have also been
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shown to be an interoceptive process, driving individuals to appropriately rest and recover

until their body is healed (Harrison et al., 2009; Lekander et al., 2016). Researchers have

started to study links between interoception and physical activity, with studies supporting

positive bidirectional effects: physical activity may help refine interoceptive signal process-

ing and interoceptive awareness may help optimizing an activity plan (Amaya et al., 2021;

McMorris, 2021; Wallman-Jones et al., 2021; Zarza-Rebollo et al., 2019). On the other

hand, negative bidirectional effects may be seen in cases of disordered eating: reduced in-

teroception predicts propensity towards a later eating disorder (Leon et al., 1995; Lilenfeld

et al., 2006), whereas disordered eating may also reduce one’s ability to adaptively process

and perceive one’s internal cues (Adams et al., 2022b; Khalsa et al., 2022).

Further, interoception has been theorized to prominently impact mental health, prompt-

ing multidisciplinary initiatives to better understand its role in anxiety, depression, and

addiction as well as eating disorders (Khalsa et al., 2018). Paulus and Stein (2006) first

conceptualized anxiety as disordered interoceptive predictions, i.e., predicting a “threat” to

bodily state even when interoceptive sensations were within homeostatic range. The or-

ganization of interoceptive-emotional brain systems provides further support for how the

circuitry of anxiety closely overlaps with the circuitry for predicting and responding to in-

teroceptive sensations (Barrett and Simmons, 2015; Kleckner et al., 2017). This framework

has been expanded to also describe interoceptive system changes that occur in depression,

wherein the interoceptive system predicts a state of scarcity and directs this system to heav-

ily conserve energy resources (Barrett et al., 2016). The ability for artificially altered inte-

roceptive signaling to cause anxiety-related behaviors has now been shown compellingly in

rodent research (Hsueh et al., 2023) and is also supported in human lesion patients (Khalsa

et al., 2016). However, correlative relationships between interoceptive processing and anx-

iety have been harder to characterize in more natural settings, leaving a limited evidence

base to understand how interoception and anxiety relate in practice. Though several studies

have supported links between measures of interoceptive processing and anxiety in human
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research, there have been largely mixed/inconclusive findings at the level of perceptual

tasks (Adams et al., 2022a; Domschke et al., 2010), likely attributable to measurement

challenges in this area and a need to break down the relevant aspects of interoception and

anxiety more precisely.

1.4 The history of interoceptive measurement

There has been a growing interest to measure individual differences in interoception, emerg-

ing first in the 1970s and 1980s. Studies in this time period were inspired by studies from

other sensory systems, using psychophysics approaches to carefully map relationships

between sensory stimulus levels and participant perception (Dale and Anderson, 1978;

Schandry, 1981; Whitehead et al., 1977). Of the different types of interoceptive stimuli,

heartbeats have been the most popular choice for psychophysics task design, as they occur

rapidly, frequently, and are straightforward to objectively measure, easing the adaptation

of paradigms designed for exteroceptive stimuli such as visual flashes or auditory tones.

Thus, early research focused on individuals’ ability to perceive their heartbeats, either by

counting them (Dale and Anderson, 1978; Schandry, 1981) or by discriminating them from

other sensations (Whitehead et al., 1977). Though these tasks provided the framework for

interoceptive perceptual understanding, many participants find them difficult to complete

and thus both tasks were plagued by low participant accuracy, and many confounds in their

interpretation (Brener and Ring, 2016; Desmedt et al., 2018). This limited researchers in

using these tasks to study their relationships with other individual features, such as mental

health outcomes.

These challenges inspired a broader scope of interoceptive task design. Certain tasks

have focused on addressing some of the confounds present in prior heartbeat tracking tasks

(Fittipaldi et al., 2020; Körmendi et al., 2022). Researchers have also considered the eco-

logical relevance of different types of internal signals, designing tasks that might reflect

the levels at which interoceptive sensations more readily reach awareness. This focus has
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been applied to cardiac sensation, shifting towards measuring perception of heart rate rather

than individual beats (Legrand et al., 2022) or induced cardiac changes pharmacologically

(Khalsa et al., 2016). There have also been creative efforts to study interoceptive sub-

modalities other than cardiac sensation, including respiration (Walsh et al., 2019) and gas-

trointestinal perception (Khalsa et al., 2022). Due to the recency of their development, the

psychometric properties of these tasks and their relationship to individual features are ripe

to explore.

There has also been an interest in understanding more detailed representations of how

people report their interoceptive experiences. Porges’ Body Perception Questionnaire was

an early endeavor in this area, focusing on the frequency and strength to which individuals

report feeling their interoceptive sensations (Porges, 1993). However, this did not readily

distinguish the extent to which interoceptive awareness (or lack thereof) corresponded with

challenges or distress to the individual. Later, multiple other questionnaires were devel-

oped to distinguish different aspects of interoceptive experiences, such as the Interoception

Sensory Questionnaire (Fiene et al., 2018) that measures confusion resulting from reduced

awareness of bodily sensations. When analyzing the content structure of the most com-

monly used questionnaires, Desmedt et al. (2022) found that they represented at least five

distinct aspects of interoceptive experiences. As with perceptual tasks, self-report of daily

interoceptive experiences seems best understood as multifaceted.

A few different frameworks have been proposed to organize interoceptive measures

more broadly, across both objective and subjective domains. Garfinkel et al. (2015) pro-

posed an early taxonomy of these distinctions, dividing interoception into objective mea-

sures (“accuracy”), subjective measures (“sensibility”), and their concordance (“aware-

ness”, reflecting self-insight about interoceptive processing). A more recent 2 x 2 model

was then proposed that built in the role that attention might play in interoceptive perception

and experience (Murphy et al., 2019). The first domain of this model describes what is

measured, as attention or accuracy. The second domain describes how it is measured, via
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task performance or self-report. Though these taxonomies are still evolving, they highlight

the different nuances that need to be considered when measuring interoception in clinical

populations.

1.5 Status: Interoception in autism

Qualitative self-report data suggests that many autistic individuals are concerned with their

interoception, providing statements such as “The best way I can describe this to health

professionals is that I receive a signal from somewhere I’m not exactly sure, and I have

difficulties interpreting what they might mean” or “I’m super sensitive to little changes

in how my body feels” (Trevisan et al., 2021b). However, interoceptive questionnaires

that attempt to quantify these reported patterns do not necessarily suggest a single pattern

of differences in autism (Williams et al., 2022). Instead, autistic individuals may report

feeling like they are either more or less aware of their interoceptive cues than neurotypical

peers depending on the situation and study (Failla et al., 2020; Gargouri et al., 2016; Mul

et al., 2018; Palser et al., 2018; Pickard et al., 2020), similar to findings in other sensory

modalities. Thus, there remain many questions about the scope and degree of interoceptive

differences in autism and what may explain the types of challenges that autistic individuals

report qualitatively.

Perceptual studies of interoception in autism have similarly been mixed. Due to their

dominance in the literature until recently, interoception studies in autism so far have typi-

cally used either heartbeat counting or heartbeat discrimination paradigms. Williams et al.

(2022) meta-analysis of these studies found evidence for significantly reduced heartbeat

counting, but not heartbeat discrimination accuracy, in autistic compared to neurotypical

samples. This type of finding has led to the suggestion that primary interoception is re-

duced in autism (Garfinkel et al., 2016; Palser et al., 2018). However, Williams et al. (2022)

note the potential for these findings to be explained by non-interoceptive factors, includ-

ing their finding that the degree of intellectual quotient (IQ) matching explains 38% of the
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variance in between-group effect size estimates in studies using this task (??). Failla et al.

(2020) found no significant differences in the brain areas that autistic participants recruited

to complete the task, compared to neurotypical peers, using functional magnetic resonance

imaging (fMRI). However, they did find significant associations between brain responses

and age across groups, suggesting that a developmental framework may be fruitful for a

better understanding of interoception and autism.

1.6 Making sense of interoception: A closer look at interoceptive brain systems

To better explain these inconclusive findings, a key path forward is to re-evaluate what

constitutes adaptive interoceptive processing. Initial perceptual studies have focused on

accurate detection of cardiac sensations, implicitly equating increased detection with “bet-

ter” interoception. Estimates of only 50% of healthy adults detecting their heartbeats above

chance (Brener and Ring, 2016), however, would imply that not all interoceptive cues are

adaptive to perceive. Predictive coding frameworks, following from Bayesian models of

sensory processing, have refined models of interoceptive processing to account for this

distinction. Successfully predicted sensory stimuli need not rise to conscious awareness,

which provides an adaptive filter for our limited cognitive resources (Barrett and Simmons,

2015). Our interoceptive stimuli are especially predictable compared to other sensations

for two reasons: we have the most learned experience with these stimuli and many of these

signals can be subconsciously adjusted, by signals from the brain back to the body.

Within this framework, adaptive interoception might be considered as awareness nec-

essary for bodily needs that require intentional action, such as hunger or thirst. For cardiac

functioning, which is generally subconsciously controlled, adaptive awareness may be situ-

ational. For example, ideal cardiac awareness may depend on whether a heart rate increase

occurs in the context of physical activity or in a calm, home environment. Only changes

that are unexpected for the given environment may signal an actionable threat. Thus, ef-

ficient prediction of heartbeats may be a more relevant measure than accurate detection.
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As mentioned, sensory predictions may be formed from a variety of cues, based on past

experiences and associations with other sensory information. One way we can study how

these often-implicit associations get formed is by looking more closely at interoceptive

brain systems.

The Embodied Predictive Interoception Coding (EPIC) model proposed by Barrett and

Simmons (2015) describes these brain systems. Sensory information from internal organs

travel through brainstem and thalamic regions to reach primary interoceptive cortex in the

posterior insula, which controls perception of these signals (Barrett and Simmons, 2015;

Kleckner et al., 2017). This information reaches visceromotor brain regions, specifically,

anterior insula, dorsal amygdala, and anterior cingulate, that coordinate responses to bod-

ily needs. These adjustments may include physiological adjustments within the body or

planning movements towards these needs, such as going to the pantry to get food. Rather

than simply reacting to physiological sensations, however, visceromotor brain regions con-

tinually generate and update predictive models for which physiological adjustments may

be necessary in each moment. Predicted physiological sensations are sent to primary inte-

roceptive cortex in the posterior insula; thus, it is mainly unpredicted sensations that rise to

our awareness. This serves two purposes: we can then meet the newly-perceived physio-

logical need and learn from this experience for the future.

The middle part of insular cortex, between posterior and anterior insula, also plays a

fascinating role in interoceptive integration and learning. It receives diverse multimodal

sensory inputs which may then be associated with interoceptive cues. At the cell circuit

level, the insular cortex implements associative processing via a laminar gradient from its

dorsal posterior to ventral anterior axis. The cell circuits in the posterior insula involve

the greatest number of cortical layers (“hypergranular”), which allows this area to process

detailed sensory information. This number of layers is reduced in the middle insula and

then further in the anterior insula, ultimately reflecting an abstracted “gist” of bodily state as

interpreted within the current environmental context (Barrett and Simmons, 2015; Kleckner
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Figure 1.1: An overview of interoceptive brain systems

This figure overviews the predictive integration of interoceptive information (e.g., as from the heart) and
exteroceptive information (e.g., within different visual contexts of a treadmill versus chair) within the insular
cortex. Created with Biorender.com.

et al., 2017).

1.7 The path forward: A contextual, systems-based analysis of interoception in autism

We have thus far highlighted sensory processing as a foundational part of autism and in-

teroception as a foundational sensory modality among sensory systems. Though there has

been a long history and varied approaches to understanding interoception, we propose sev-

eral features that must be considered to move this progress forward. The first is develop-

ment: our sensory processing patterns are established based on sensory experiences, and

any clinically relevant processing differences must be considered within a developmental
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lens. Further, we must use tools that account for the often subconscious, situational ways

that we process these stimuli. Thus, the study of interoceptive processing within this mul-

tisensory, contextual framework will fill gaps that were left by the study of this system in

attempted isolation.

To examine broader network features of interoception, we will study the properties of

interoceptive brain systems that reflect the scaffold of how we perceive and integrate inte-

roceptive information. In Chapter 2, we will examine structural morphology, which will

give us clues as to how the underlying cell circuits are arranged within the insula. This

in turn will inform how autistic compared to non-autistic individuals process interocep-

tive information along the gradient of detail within the insula. In Chapter 3, we will look

at communication patterns between the insula and other sensory brain areas, to examine

how bodily state information is processed relative to other environmental cues. Then, to

relate brain findings back to perceptual experiences, we will examine interoceptive pro-

cessing at the perceptual task level in Chapter 4, but by using a new generation of tasks

that measure interoception relative to other sensory information that might guide its inter-

pretation. Importantly, in each of these three chapters, we will consider how each of these

measures vary by age, giving insight into potential developmental patterns of interocep-

tion. Lastly, we will connect each of these approaches back to the behavioral experience,

analyzing dimensional relationships between these updated measures and reported daily

interoceptive experiences, anxiety, and broader autism-related behaviors. Taken together,

these approaches will extend beyond a theoretical framework for the interoceptive predic-

tive process and characterize these processes in autistic and non-autistic individuals. These

relationships may provide ideas for novel sensory-based supports for autistic individuals,

such as explicit teaching of internal and external integration if our hypotheses of broader

patterns are confirmed.
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CHAPTER 2

Cortical morphology in autism: Findings from a cortical shape-adaptive approach to

gyrification indexing

1

2.1 Introduction

Autism is increasingly recognized as a diverse spectrum of behavioral phenotypes, with sig-

nificant biological variability across individuals (e.g., Geschwind and Levitt, 2007; Jeste

and Geschwind, 2014; Mottron and Bzdok, 2020). Though individuals diagnosed with

autism show some common patterns of social and communicative challenges, repetitive

behaviors, and sensory processing (American Psychiatric Association, 2013), the high de-

gree of individual variability has made it particularly challenging to identify biological

mechanisms of autistic features. While there is evidence that autism-linked genes show

some converging effects on sensory systems (e.g., Gilman et al., 2011; Sestan and State,

2018), the resulting brain differences in autism that contribute to specific sensory process-

ing patterns remain poorly understood. As brain structure provides an intermediary en-

dophenotype between genetic and behavioral phenotypes, a more thorough understanding

of structural brain differences in autism may help bridge the link between biological and

behavioral profiles in autism. Identifying detailed patterns including the nature, spatial lo-

cation, and developmental timing of structural brain changes in autism may help dissociate

specific biological and environmental processes that contribute to each of these patterns.

This may be particularly helpful for understanding features of the autistic experience that

1This chapter is adapted from ”Cortical Morphology in Autism: Findings from a Cortical Shape-
Adaptive Approach to Local Gyrification Indexing” published in Cerebral Cortex, Volume 31, Issue
11, DOI: doi.org/10.1093/cercor/bhab151 and has been reproduced with the permission of the pub-
lisher and my co-authors: Ilwoo Lyu, Michelle Failla, Lisa E. Mash, Kacie Dunham, Jacob I. Feld-
man, Tiffany G. Woynaroski, Mark T. Wallace, Laura A. Barquero, Tin Q. Nguyen, Laurie E. Cut-
ting, Hakmook Kang, Bennett A. Landman, and Carissa J. Cascio. It may be found online at:
https://academic.oup.com/cercor/article/31/11/5188/6311002.
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are difficult to measure and self-report, such as challenges with perceiving and interpreting

bodily cues (i.e., interoception, Trevisan et al., 2021b). Since these cues often are pro-

cessed implicitly, the structural patterns of this brain system inform how these cues reach

conscious awareness and when this awareness (or lack thereof) may lead to challenges.

Previous studies of brain development in autism have identified consistent differences

in total brain volume in studies employing both longitudinal designs and cross-sectional

samples across the lifespan. These studies have suggested a trajectory of brain overgrowth

in early childhood followed by exaggerated volumetric decreases in adolescence and adult-

hood (e.g., Courchesne et al., 2007, 2001; Shen et al., 2013). Further, the degree of early

overgrowth has been related to autism-related behaviors in individuals as young as 12-

24 months old (The IBIS Network et al., 2017). Consistently identified areas of cortical

volumetric differences in autism at the brain lobe level include frontal and parietal lobes

(Carper, 2002; Schumann et al., 2010; Hazlett et al., 2011). More specific regions of vol-

umetric difference identified across large samples include lateral occipital cortex, medial

temporal gyrus, left superior temporal gyrus, and right parietal operculum (Nickl-Jockschat

et al., 2012; Riddle et al., 2017), which are each involved in primary and associative sen-

sory processing. Though these patterns of brain volume have illuminated broad properties

of cortical development in autism, ongoing research is focused on dissociating more spe-

cific properties of cortical volumetric changes in order to link them to brain function, and

thus, behavior.

Cortical structure can be captured on a more granular scale by measuring cortical thick-

ness, surface area, and degree of cortical folding (i.e., gyrification). These indices are

thought to closely reflect both shared and distinct aspects of early cortical development,

including early neuronal proliferation (Caviness et al., 1995), lateral neural progenitor cell

expansion (surface area), and radial progenitor cell expansion (cortical thickness; Rakic,

1995; Lui et al., 2011). In terms of resulting cortical architecture, the radial unit hypothesis

posits that increased cortical thickness reflects increased cell body size or count and that in-
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creased surface area reflects a greater number of cortical columns (Rakic, 1995). However,

these indices do not exclusively measure gray matter; for example, increased myelination

also results in decreased indices of cortical thickness (Natu et al., 2019) and relate closely

to gliogenesis as well (Rash et al., 2019). Though there are multiple theories regarding

cortical gyrification, most agree that the degree of gyrification reflects a complex inter-

play between the aforementioned cortical processes (i.e., scaling with increased cortical

surface area and inversely with increased thickness (Mota and Herculano-Houzel, 2015);

axonal tension (Essen, 1997); and cytoarchitectural features (Bayly et al., 2014; Ronan and

Fletcher, 2015). Lastly, increased gyrification indexed along a specific fold may occur in

multiple dimensions (e.g., either increased width or increased depth of that fold).

Thus, nuanced alterations in these structural indices may implicate specific features

both in local neuronal circuitry and in broader network organization. For example, in the

previously mentioned longitudinal work, early hyper-expansion of cortical surface area was

implicated as a more specific property contributing to brain overgrowth in individuals who

later received an autism diagnosis, which in turn points to lateral neural progenitor cell

expansion as a likely affected process (The IBIS Network et al., 2017). As gyrification in

particular reflects a combination of surface area and cortical thickness, which themselves

are relatively independent indices, a more detailed understanding of gyrification patterns in

autism may therefore help bridge the understanding between early developmental processes

and resulting differences in brain circuitry. Early studies of finer-grained cortical structure

in autism started to pinpoint differences in folding as indexed by sulcal depth (e.g., Hardan

et al., 2004; Nordahl et al., 2007). Studies of gyrification indices as a ratio of folded cortex

at whole-brain or brain lobe levels have provided further evidence that cortical folding

patterns do indeed differ in autism (Levitt, 2003; Jou et al., 2010; Bos et al., 2015).

To more precisely localize regions of gyrification differences, a local gyrification index

(LGI) was developed to measure the ratio of folded cortex in specific cortical patches, as

influenced by both the width and depth of sulci in that patch (Schaer et al., 2008). Studies
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of LGI in autism across childhood, adolescence, and adulthood suggest atypical trajec-

tories in autism relative to neurotypical controls, in particular for gyrification in frontal,

parietal, and temporal regions (e.g., Wallace et al., 2013; Schaer et al., 2013, 2015; Ecker

et al., 2014, 2016; Libero et al., 2014, 2019; Bos et al., 2015; Dierker et al., 2015; Yang

and Hofmann, 2016; Kohli et al., 2019a,b). A recent large-scale study has suggested that

heterogeneity in factors such as age, biological sex, intellectual quotient (IQ), and the de-

gree of autism-related behaviors may contribute to mixed morphological findings by region

and direction of change across diverse samples, including a trend of greater differences in

cortical thickness in autism at younger ages and several regions of sex-specific changes in

autism (MRC AIMS Consortium et al., 2020). Thus, additional studies with large samples

may further help identify morphological patterns across these varying features.

Though resolution is improved relative to whole-brain studies, common approaches to

local gyrification indexing may still blur findings across regions with distinct cytoarchi-

tecture, which may make these behavioral relationships harder to identify. For instance, a

widely used and established method to compute LGI employs a uniform spherical patch

of cortex within which the area ratio is measured. This approach, however, can result in

over-smoothing across functionally distinct regions (Power et al., 2011; Wig et al., 2014).

Given the relationship between cytoarchitecture and gyrification (Bayly et al., 2014; Ronan

and Fletcher, 2015), indexing gyrification with improved resolution may help clarify these

mixed findings and provide insights into the brain bases of behavioral features in autism.

Thus, in this study, we implement a new method of local gyrification indexing developed

by Lyu et al. (2018b) to better characterize differences in cortical morphology in autism.

To address the limited resolution of prior approaches, the approach of Lyu et al. (2018b)

uses a cortical folding pattern-aware patch rather than a sphere, which permits computa-

tion of LGI within single sulci/gyri and provides greater focal quantification of this index

across the cortex (Figure 1a). There is emerging evidence that, as intended, this approach

identifies regions of group differences that are more precisely localized to specific curves
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than the frequently used FreeSurfer approach (Płonka et al., 2020).

The approach of Lyu et al. (2018b) further addresses an important potential confound

influencing the interpretation of the LGI. As LGI defines the degree of cortical folding by

“area ratio”, LGI should have the same value across brains of different scales for a given

cortical shape. However, this does not hold in existing methods that use absolute patch size

(Figure 1b). Therefore, the adaptive approach automatically adjusts for individual brain

size, minimizing this confounding factor, which may be particularly relevant for autism

given the previously discussed differences in brain volume (e.g., Courchesne et al., 2007,

2001; Redcay and Courchesne, 2005; Shen et al., 2013; The IBIS Network et al., 2017).

In this study, we expand upon prior findings regarding gyrification in autism by using this

spatially precise, focal approach to local gyrification indexing. We also consider comple-

mentary indices of cortical thickness and sulcal depth, to differentiate patterns between the

multiple features that contribute to gyrification. We employ a data-driven approach in a

large sample spanning a broad age range to identify cortical features that may be common

across heterogeneous individuals with autism and, given the broad age range of our sample,

features that may vary by age. We also investigate the relationship between cortical indices

and combined social, communicative, and motor behaviors, to provide preliminary links

between autism-associated behavioral profiles and precise cortical structure.

Though we will analyze morphology across the whole brain, we will particularly fo-

cus on potential implications for interoceptive brain regions, including insular cortex and

anterior cingulate (Craig, 2002; Barrett and Simmons, 2015). The insular cortex is among

the deepest folds in the cortex, thus LGI and sulcal depth indices are especially high in this

area. Further, the insula shows some unique morphological features, as fetal developmental

studies suggest that this region defies physics-predicted patterns of gyrification; instead, the

rest of the cortex develops around the insula (Türe et al., 1999; Mallela et al., 2023). Thus,

examining the unique gyrification patterns of the insula with our refined LGI technique

will provide an interesting window into how interoceptive development compares in autis-
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Figure 2.1: Rationale for adaptive local gyrification indexing

Panel A: Different patch shapes (top) and corresponding gyrification index (bottom); conventional circular
patch (left) and our cortical folding-adaptive patch (right). Conventional methods use a large size with a
simple circular shape, resulting in moderate gyrification values across most of the cortex (bottom). Our novel
patch captures the amount of cortical folding within a sulcus and resulting gyrification index values more
focally represent cortical folds. To illustrate resulting differences, gyrification index is high within the circled
region computed using conventional approaches (in this instance, standard settings applied in Freesurfer),
but low using the adaptive patch approach. Panel B: Importance of patch size adjustment. By definition,
local gyrification index measures amount of folds as area ratio. The resulting ratio should be identical for
the same cortical folding patterns regardless of brain size. The patch size thus needs to be adjusted rather
than fixed, which otherwise yields different area ratio (see example above and conventional approaches).
Panel C: Influence of sulcal width and depth on gyrification index. The same degree of changes in local
gyrification index of different scenarios: half depth and double width. Local gyrification index measures
structural changes on both sulcal depth and width, which is implicit, i.e., the index is changed due to either
sulcal depth or width or both. Thus, sulcal depth and local gyrification index need to be considered together
to explicitly explain cortical fold differences.

tic and non-autistic individuals. These results will be interpreted within the framework of

cascading effects of sensory processing, particularly of interoception (Cascio et al., 2016;

Zoltowski et al., 2022).
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2.2 Methods

2.2.1 Participants

The data for this study were collected under multiple imaging cohorts focused on func-

tional and diffusion magnetic resonance imaging (MRI) conducted between 2007 and 2019.

Structural analyses have been previously published on subsets of this data (i.e., Huo et al.,

2016; Price et al., 2016; Aboud et al., 2019). The Vanderbilt University Medical Center In-

stitutional Review Board approved each individual study comprising this dataset. Informed

consent was obtained for each adult participant and by a parent or legal guardian of child

participants. Child participants additionally provided oral and/or written assent to proce-

dures. Participants completed one to four structural scan sessions, based on i) protocol for

each imaging cohort and ii) potential participation in multiple of these cohorts, since partic-

ipating in one of these studies was not an exclusionary criterion for participating in others.

Exclusionary criteria for participating in any of these imaging cohorts include histories of

epilepsy, traumatic brain injury, and any MRI contraindications as determined by MRI staff

technicians (such as implanted metal, severe claustrophobia, or medical conditions known

to interact with scanning, but see Supplemental Material for full possible list). Of the 835

scan sessions considered for inclusion in the study, sessions were excluded from analy-

ses based on failed quality assessment procedures (i.e., T1-weighted image was jittered

or cropped, results of automated surface reconstruction were jagged, or tissue boundaries

were not clearly matched to the volume, n = 121 scans) or missing age, diagnostic group,

or biological sex (n = 141 scans). Therefore, a total of n = 573 scans from n = 369 subjects

were included in final analyses. Age between repeated scans is summarized in Supplemen-

tal Table 1, but most commonly repeated scans occurred within 2 years of the initial visit.

Per diagnostic group, there were n = 115 diagnosed with autism (AUT, n = 136 scans) and

n = 254 neurotypical (NT, n = 437 scans) participants. For inclusion in the AUT group,

autism diagnoses were confirmed via research-reliable administration of the Autism Diag-

nostic Observation Scale, General or 2nd edition (ADOS-G or ADOS-2, Lord et al., 2000,
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2012), administered within 2 years of scan date, and judgment of a licensed clinician on the

research team who was experienced in evaluating persons with autism. Individuals were

excluded from the NT group if they had no prior diagnoses of autism or another psychi-

atric disorder, which was determined prior to MRI scanning (i.e., no additional scans were

excluded for this reason).

In addition to these factors for inclusion/exclusion, participant intellectual quotient (IQ)

was characterized across protocols. Participant demographics are summarized in Table 1.

Group comparisons on demographic features indicate our autistic group was slightly older

(Cohen’s d = 0.22), included a higher proportion of males than the neurotypical group

(Cohen’s d = 0.56), and had somewhat lower average IQ (d = -0.28 and -0.32 for non-

verbal and verbal IQ, respectively). Participant age and biological sex were covaried in

analyses; however, the approaches used to characterize IQ were too varied across protocols

to consider this a covariate for analyses. Out of 369 participants, n = 60 participants had

only non-verbal IQ (NVIQ) scores from Test of Nonverbal Intelligence (4th edition; Brown

et al., 2010) or Leiter International Performance Scale (3rd edition; Roid et al., 2013),

n = 103 participants had only full-scale IQ (FSIQ) scores from the 2-subtest Wechsler

Abbreviated Scale of Intelligence (WASI, 1st or 2nd edition; Wechsler, 1999, 2011), and n

= 148 participants had both NVIQ and FSIQ scores from the 4-subtest WASI, with n = 58

participants missing an IQ score.

Links with autism-associated features in the AUT group were explored using ADOS

total calibrated severity scores (CSS; Gotham et al., 2009 for Modules 1-3; Hus and Lord,

2014 for Module 4). These scores are derived from combined social, communicative, and

repetitive behaviors as observed during the ADOS and calibrated by age and administra-

tion module on a 1-10 scale, with 10 indicating the greatest degree of autism-associated

behaviors. Thus, they represent a broad index of autism-associated behaviors that can be

compared across individuals of different ages and verbal abilities. Eight individuals with

autism with missing CSS scores were excluded from these analyses. Of the 107 individ-
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Table 2.1: Participant characteristics by diagnostic group

AUT (total n = 115) NT (total n = 254)

n M (SD) Range n M (SD) Range d (p)
Age at Scan 115 14.97 (8.69) 5-54 254 13.13 (8.43) 5-43 0.22 (.03)
FSIQ 72 105.5 (17.3) 63-142 181 110.6 (15.2) 81-144 –0.32 (.02)
NVIQ 96 105.6 (21.7) 61-143 114 110.7 (15.0) 83-160 –0.28 (.05)
ADOS CSS 107 7.47 (1.95) 3-10 NA NA
Sex 88 male, 27 female 137 male, 117 female 0.56 (<.01)

Participant characteristics are summarized by count for categorical variables and mean, standard deviation
for continuous variables. Differences between groups are summarized by Cohen’s d. AUT: autism; NT:
neurotypical; FSIQ: full-scale intellectual quotient and NVIQ = non-verbal intellectual quotient as assessed
using either the Wechsler Abbreviated Scale of Intelligence 2- or 4-subtest (1st or 2nd edition), the Test of
Nonverbal Intelligence (4th edition) or Leiter International Performance Scale (3rd edition); ADOS: Autism
Diagnostic Observation Schedule, General or 2nd version; CSS: calibrated severity score.

uals included in these analyses, n = 21 had a repeated scan session, resulting in n = 128

total scans. Across the cohorts, the ADOS was re-administered after 1-2 years for chil-

dren and after 2-3 years for adults. Fifteen of the 21 repeated scans occurred within this

re-administration window. The six repeated scans that occurred outside this window had a

repeated ADOS score corresponding to the new scan.

2.2.2 Image acquisition

All images were acquired on one of two 3.0 Tesla Phillips Achieva MRI scanners with a

32-channel SENSE head coil. The participants in this study were pooled from seven differ-

ent imaging cohorts, which each had distinct acquisition parameters and/or were collected

under distinct study protocols. To control for effects of the differing protocols, acquisition

protocol type was included as a covariate in subsequent analyses.

Cohort one (n = 40 NT subjects (n = 48 scans) and n = 24 AUT subjects (n = 24 scans)).

Cohort one’s high-resolution T1-weighted anatomical images were acquired via sagittal

slices with 0.89 x 0.89 x 1.2 millimeter (mm) voxel resolution, TR = 8.7 milliseconds

(msec), TE = 4.6 msec, flip angle = 9o, and acquisition matrix = 288 x 288 x 142.

Cohort two (n = 38 NT subjects (n = 38 scans) and n = 32 AUT subjects (n = 32
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scans)). Cohort two’s high-resolution T1-weighted anatomical images were acquired via

sagittal slices with 1mm3 voxel resolution, TR = 9.0 msec, TE = 4.6 msec, flip angle = 8o,

and acquisition matrix = 256 x 256 x 170.

Cohort three (n = 9 NT subjects (n = 9 scans) and n = 13 AUT subjects (n = 13 scans)).

Cohort three’s high-resolution T1-weighted anatomical images were acquired via sagittal

slices with 1mm3 voxel resolution, TR = 7.9 msec, TE = 3.7 msec, flip angle = 7o, and

acquisition matrix = 256 x 256 x 170.

Cohort four (n = 21 NT subjects (n = 22 scans) and n = 20 AUT subjects (n = 20 scans))

and five (n = 69 NT subjects (n =76 scans) and n = 47 AUT subjects (n = 47 scans)). Cohort

four and five’s high-resolution T1-weighted anatomical images were acquired via sagittal

slices with 1mm3 voxel resolution, TR = 8.0 msec, TE = 3.7 msec, flip angle = 7o, and

acquisition matrix = 256 x 256 x 170.

Cohort six (n = 71 NT subjects (n = 173 scans)) and seven (n = 37 NT subjects (n =

71 scans)). Cohort six and seven were collected with identical protocols, at the first and

second of the two scanners, respectively. These were acquired via sagittal slices with 1mm3

voxel resolution, TR = 7.975 msec, TE = 3.67 msec, flip angle = 7o, and acquisition matrix

256 x 256 x 170.

2.2.3 Imaging pre-processing

Cortical surface reconstruction and registration. T1-weighted images were segmented

using Multi Atlas segmentation (Asman and Landman, 2012), and the whole cortical sur-

face was reconstructed via the Multi-atlas Cortical Reconstruction Using Implicit Sur-

face Evolution (MaCRUISE) pipeline (Huo et al., 2016). The Multi-atlas Cortical Re-

construction Using Implicit Surface Evolution (MaCRUISE) pipeline is designed for cor-

tical surface reconstruction (Huo et al., 2016). The tool is based on the original CRUISE

pipeline that employs a level set approach to trace the tissue boundaries with fuzzy tis-

sue segmentation (Han et al., 2004). MaCRUISE extends the original CRUISE pipeline
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specifically by simultaneously updating tissue segmentation and cortical surface bound-

aries, which minimizes cortical surface reconstruction errors and boosts the accuracy of

volumetric tissue segmentation. We used the gray/CSF boundary (pial surface). The

pipeline has been previously validated on both control and patient datasets. Also, prior

findings show that CRUISE offers comparable or better reconstruction quality in both con-

trol and white matter pathology groups to FreeSurfer (Shiee et al., 2014; Huo et al., 2016).

See Huo et al. (2016) for more technical details. The software is publicly available at

https://github.com/MASILab/MaCRUISE.

Once cortical surfaces were reconstructed, spherical registration for cortical surface us-

ing hierarchical spherical deformation (HSD) was applied (Lyu et al., 2019). The shape

correspondence was then established via the registered spheres, and each surface was re-

sampled into the same number of vertices (# = 163,842) via icosahedral subdivision. Only

resampled surfaces were used for statistical shape analysis. Surface-related processing used

the originally reconstructed surfaces to avoid any potential loss of information from the re-

sampling process.

Cerebral hull. For LGI and sulcal depth, the cerebral hull surface (i.e., reference sur-

face for those metrics) is required. For this purpose, we first voxelized the cortical surfaces

to make a binary volume (Patil and Ravi, 2005), and then applied a three-dimensional mor-

phological closing operation to close sulci. We employed a sphere of 15 mm diameter as a

structural element of the morphological operation. We followed existing studies to choose

the size of the morphological operation in Schaer et al. (2008) andLyu et al. (2018b). Al-

though the size was experimentally determined on the adult brain (Schaer et al., 2008), the

size was sufficient to cover the main cortical sulci, and as discussed in Schaer et al. (2008),

50% increase or decrease in this diameter does not alter the gyrification index consequently.

Though our cohort includes young children, they do not exhibit more than 50% volumetric

difference from the adult brain, which, as noted by Schaer et al. (2008), can be still suffi-
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ciently covered by a sphere of 15 mm diameter for the cerebral hull creation. This results

in a cerebral hull in the volumetric space. Finally, we used a standard marching cube to

generate a cerebral hull surface by finding the largest connected component (Lorensen and

Cline, 1987).

2.2.4 Cortical morphological measures

Local gyrification index. The local gyrification index was computed as a proportion of

cortex within the cerebral fold compared to the hull surface. As described in Lyu et al.

(2018b), we first established a spatial correspondence between the cortical surface and

its hull by tracing streamlines in the Laplacian field of their intermediate volume via the

Runge-Kutta method (Lee et al., 2016). At the same time, we computed sulcal/gyral curves

along cortical folds for regional segmentation of sulcal fundi and gyral crowns (Lyu et al.,

2018a). From the regional segmentation, we computed an anisotropic velocity field mod-

eled by solving stationary Hamilton-Jacobi partial differential equations that propagate fast

in the parallel directions to sulcal/gyral curves, along which patch shape is adaptively deter-

mined (elongated along sulci/gyri). Finally, we computed an area ratio between the cortical

surface and its cerebral hull per each vertex within the adaptively elongated patch. We used

the same amount of anisotropy (η=0.2) for the patch size as proposed in Lyu et al. (2018b).

A non-scaled brain size could yield inconsistent results even for the same brain struc-

tures at different scales. Introducing an extra covariate (e.g., brain size) in a statistical

model is unnatural to handle scaling effects in LGI as the measure is defined by an area ra-

tio and introducing brain size (surface area) to normalize the measure could be misleading

because such post-normalization only adjusts the area on the outer hull while its corre-

sponding cortical regions in pial surface is not adjusted accordingly. For these reasons, we

normalized the kernel size first and find the corresponding area within the adjusted kernel

rather than directly adjusting the measures. This way guarantees that the resulting index is

consistent for the same shape patterns at different scales. We adapted a minimal patch size
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(316 mm2) that minimally covers the healthy adult cohort studied in Lyu et al. (2018b).

We then adjusted the patch size with respect to a surface area ratio between average surface

area in the adult cohort and that of individual participants in our cohorts.

The software used to compute LGI can be found at

https://hub.docker.com/r/ilwoolyu/cmorph, a Docker image that is a collection of surface

processing techniques developed by the authors, which as a part of its implementation, con-

tains a pre-compiled version of the source code available at

https://github.com/ilwoolyu/LocalGyrificationIndex; HSD, as used for surface registration

(Lyu et al., 2019), at https://github.com/ilwoolyu/HSD; and TRACE for computing the pro-

posed LGI by defining sulcal/gyral regions, at https://github.com/ilwoolyu/CurveExtraction.

Sulcal depth. As the interpretation of LGI as defined by area ratio alone cannot distin-

guish between sulcal depth and width changes given a constant area change (Figure 1c),

consideration of the sulcal depth index in addition to LGI helps distinguish between these

features. The sulcal depth measure was computed as the geodesic distance between the

pial cortical surface and its cerebral hull, as generated previously for local gyrification in-

dexing. Per each vertex, we computed the shortest distance between the cerebral hull to

its corresponding cortical surface as proposed in Lyu et al. (2018c). Briefly, we voxelized

both cortical surface and its hull and then defined intermediate volume between them as a

domain of the geodesics. We then solved the Eikonal equation with uniform speed in the

intermediate volume from the hull to the cortical surface. We finally projected volumetric

measures back onto the cortical surface for vertex-wise measurements. However, the re-

constructed cortical surfaces do not necessarily guarantee unique voxel-to-vertex matching

(normally, more than one vertex belongs to a single voxel) even if they perfectly trace the

cerebrospinal fluid (CSF) and gray-matter boundary. This potentially degenerates vertex-

to-voxel mapping without a voxel-wise resampling scheme. Therefore, the sulcal depth to

a given vertex was obtained by tri-linear resampling of the associated voxel for sub-voxel
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accuracy. Spatial smoothing was performed on the cortical surfaces with a standard Gaus-

sian kernel (full width at half maximum (FWHM) = 6 mm). For spatial smoothing, we

followed a conservative strategy to avoid overly smoothing the signals (to maximize sen-

sitivity) with a minimal kernel size as suggested by Han et al. (2006), unlike other studies

using more aggressive smoothing kernel size (FWHM=30 mm, Chung et al., 2005; Lerch

and Evans, 2005). As our approach focuses on surface representation, the voxel resolution

is independent of the processing except for the surface reconstruction. The structural im-

ages were isotropically interpolated to run the cortical surface reconstruction pipeline for

consistent results (Shiee et al., 2014; Huo et al., 2016).

Cortical thickness. Using the MaCRUISE pipeline, cortical thickness was obtained by

measuring distances between pial and white matter surfaces (Huo et al., 2016). Spatial

smoothing was performed on the cortical surfaces with a standard Gaussian kernel (FWHM

= 6 mm).

2.2.5 Statistical models

Mixed effects models were implemented using SurfStat and Worsley toolboxes (Worsley

et al. 2009) in MATLAB (MathWorks, Natick, MA). The code used to implement these

models can be found at

https://github.com/casciolab/CorticalMorphologyAutism2021. For each of the three struc-

tural indices of interest, we analyzed the following three models:

• Diagnostic (Dx) group model testing the effects of AUT versus NT status on average,

controlling for age, biological sex, and scanning protocol:

measure = (β0+b0)+β1Dx+β2Age+β3Sex+(β4+b1)Scanner+ε and evaluating

H0 : β1 = 0

• Age by diagnosis interaction model testing the degree to which the effect of di-

agnostic group varied according to age, controlling for biological sex and scan-
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ning protocol: measure = (β0 + b0)+β1Dx+β2Age+β3Dx ∗Age+β4Sex+(β5 +

b1)Scanner+ ε and evaluating H0 : β3 = 0

• Autism-related behaviors model (AUT group only) testing associations with broader

autism-related behaviors controlling for age, biological sex, and scanning protocol:

measure = (β0+b0)+β1Age+β2Sex+β3ADOS+(β4+b1)Scanner+ε and evalu-

ating H0 : β3 = 0

In each model,b0 and b1 represent subject-specific random intercept and random slope

for scanner effect on the dependent variable, respectively, and ε represents random error.

The first two models were assessed using the full cohort. Because participant age was

skewed in our sample such that a few older individuals may have highly influenced results,

we assessed influence for age by diagnosis interaction models by calculating Cook’s D

for models of age by diagnosis interactions on averaged indices in significant regions, and

reran final models without i) participants with extreme influence in a particular region and

contrast (i.e., D > 20% of F(4, 569) distribution, n=2 participants for sulcal depth model,

Age*NT > AGE*AUT contrast) and ii) participants with outlying influence in all contrasts

(n=1 participant). As only the AUT group received the ADOS and had calibrated severity

scores, the autism-related behaviors model only included scans from the n = 107 AUT

individuals with ADOS CSS scores. Statistical significance of parameters was corrected

for multiple comparisons using random field theory (RFT) at the level of 0.05 and cluster

threshold (raw p) = 0.01 (Hagler et al., 2006).

2.3 Results

A complete list of significant clusters per contrast for group differences, including the num-

ber of associated vertices and unstandardized coefficient estimate at the maximum vertex,

is contained in Table 2.
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2.3.1 Group differences for AUT >NT contrast

There were three clusters in which LGI was significantly higher in the AUT group com-

pared to the NT group on average, controlling for age, biological sex, and scan protocol:

one cluster localized to the right middle frontal gyrus, one localized to the right inferior

temporal gyrus, and one localized to the right middle occipital gyrus (Figure 2a, right

panel). To illustrate the correspondence between these indices, LGI is plotted in relation

to sulcal depth and cortical thickness for each of these clusters in Supplemental Figure 1.

Sulcal depth was significantly greater in AUT in two regions of spatial concordance with

gyrification changes, in the right middle frontal gyrus and right middle occipital gyrus.

Consistent with this spatial correspondence, Supplemental Figure 2 shows a particularly

high correspondence between LGI and sulcal depth in these two regions. Three additional

clusters in which sulcal depth was significantly greater in the AUT group were localized

to right precentral gyrus, right postcentral gyrus, and left medial orbital gyrus (Figure 2b,

right panel). The cortical thickness index was significantly greater on average in the AUT

group in clusters in right anterior insula, right anterior cingulate, right planum temporale/-

superior temporal gyrus, and six additional clusters in occipital and temporal areas (Figure

2c, left panel).

2.3.2 Group differences for NT >AUT contrast

Conversely, there were three clusters in which LGI was significantly lower in the AUT

group on average: bilateral clusters in central/parietal operculum areas (including the pos-

terior insula in the left hemisphere) and one cluster localized to the right precuneus (Figure

2a, left panel). There were seven clusters in which sulcal depth was significantly lower in

the AUT group, localized to a variety of sensory and motor regions, including sub-regions

of the precentral and postcentral gyri bilaterally, as well as the left fusiform gyrus and a

region in the right hemisphere spanning the planum polare, planum temporale, superior

temporal gyrus, and superior temporal gyrus (Figure 2b, left panel). There were three
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clusters in which cortical thickness was significantly lower in the AUT group on average:

one cluster localized to the left precentral gyrus, one cluster localized to the left postcentral

gyrus, and one cluster localized to the right superior parietal lobule (Figure 2c, right panel).

However, the sub-regions of the precentral and postcentral gyri that were significant for the

cortical thickness model were spatially distinct from the sub-regions that were significant

for the sulcal depth model.

2.3.3 Interacting effects of age and diagnostic group

A complete list of significant clusters per contrast for group by age interactions, including

the number of associated vertices and unstandardized coefficient estimate at the maximum

vertex, is contained in Table 3. On average across diagnostic groups, each of the cortical

metrics of interest to the present report decreased with age (Supplemental Figure 2 a-c).

The only cluster in which the AUT group showed significantly greater decreases in LGI

with increasing age relative to the NT group was localized to a right medial frontal cortex

region (Figure 3a, left panel). The AUT group showed significantly greater decreases in

sulcal depth with age relative to NT (Figure 3b, left panel) and greater increases in cortical

thickness with age relative to NT in a similar medial frontal region (Figure 3c, left panel),

consistent with expected correspondence between these indices.

For the sulcal depth index, there were multiple additional clusters of interacting find-

ings in either direction (i.e., where the AUT group showed either significantly greater or

significantly lesser decreases in sulcal depth than the NT group with increasing age, Figure

3b). Regions of significantly greater decreases in sulcal depth with age for AUT versus NT

included two clusters in the left middle and superior frontal gyri, and large bilateral regions

(i.e., more than 6 times the size of other significant regions) comprising multiple functional

regions between the Sylvian fissure and superior temporal gyrus. In addition to the right

medial frontal cluster, regions of significantly lesser decreases in sulcal depth with age for

AUT as compared to the NT group included clusters localized to the right precentral gyrus,
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Figure 2.2: Group differences in cortical surface metrics

Regions of significant group differences in local gyrification index (LGI, panel A), sulcal depth (SD, panel
B), and cortical thickness (CT, panel C) are shown, colored according to cluster p-value (bottom scale). Left
panels indicate regions of greater LGI, greater SD, and reduced CT (arranged by expected correspondence
between the indices) in the neurotypical (NT) group than autism (AUT) group, and vice versa in right panels,
at the p <0.05 level after correcting for multiple comparisons via random field theory. CT is presented
inversely from LGI and SD (i.e., as labeled, AUT >NT is on the left panel rather than right) due to its inverse
correspondence with these indices. Regions are labeled by corresponding structure.
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Table 2.2: Clusters of significant regions for group differences

Index Cluster Region # Vertices Max. Coeff.

AUT>NT
LGI 1 Right inferior temporal gyrus 361 0.558
LGI 2 Right middle occipital gyrus 489 0.531
LGI 3 Right middle frontal gyrus 658 0.473

SD 1 Right inferior / middle occipital gyrus 223 1.732
SD 2 Right middle frontal gyrus 352 1.662
SD 3 Right precentral gyrus 541 0.813
SD 4 Left medial orbital gyrus 83 0.599
SD 5 Right postcentral gyrus 140 0.492

CT 1 Right temporal pole 136 0.343
CT 2 Right lingual gyrus 87 0.307
CT 3 Left inferior occipital gyrus 85 0.275
CT 4 Left fusiform gyrus / occipital fusiform gyrus 109 0.274
CT 5 Right planum temporale / superior temporal gyrus 139 0.273
CT 6 Right anterior insula 106 0.242
CT 7 Left parietal operculum 160 0.236
CT 8 Right anterior cingulate gyrus 92 0.230
CT 9 Left superior temporal gyrus 132 0.206

NT>AUT

LGI 1
Left central/parietal operculum / posterior
insula / planum polare / transverse temporal gyrus

2632 1.234

LGI 2 Right central/parietal operculum 511 0.642
LGI 3 Right precuneus 403 0.290

SD 1 Left postcentral gyrus / precentral gyrus 363 1.612
SD 2 Left superior parietal lobule 416 1.281
SD 3 Right cuneus 214 1.236
SD 4 Left fusiform gyrus / lingual gyrus 468 1.121
SD 5 Left precentral gyrus 190 0.829
SD 6 Right precentral gyrus 306 0.813

SD 7
Right planum polare / planum temporale /
superior temporal gyrus / transverse
temporal gyrus

278 0.772

CT 1 Left precentral gyrus 81 0.206
CT 2 Left postcentral gyrus / precentral gyrus 155 0.184
CT 3 Right superior parietal lobule 79 0.184

By column: Morphological index, cluster number per contrast (in descending order by maximum coeffi-
cient), regions of cluster localization, number of vertices per cluster, and the maximum coefficient, i.e. the
unstandardized coefficient estimate of the diagnostic group term at the maximum vertex in each cluster. Di-
rection of contrast AUT>NT indicates measure is greater in AUT and vice versa. Significance was assessed
after correcting for multiple comparisons using random field theory at p < 0.05. Abbreviations: CT=cortical
thickness; LGI=local gyrification index; SD=sulcal depth, AUT=autism, NT=neurotypical.
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left lingual gyrus, right superior parietal lobule, and multiple subregions of the postcentral

gyrus, bilaterally.

There were also several clusters in which the AUT group showed significantly greater

decreases in cortical thickness with increasing age relative to the NT group, including clus-

ters in bilateral lingual gyri and in several frontal and limbic regions, as well as a cluster

comprising left angular gyrus/supramarginal gyrus (Figure 3c, right panel).

2.3.4 Regions of increased indices associating with greater autism-related behaviors

A complete list of significant clusters per contrast for ADOS CSS associations, including

the number of associated vertices and unstandardized coefficient estimate at the maximum

vertex, is contained in Table 4.

Both increased LGI and increased sulcal depth significantly covaried with greater ADOS

CSS scores (indicating a greater degree of autism-related behaviors) in sub-regions of the

left superior temporal gyrus (Figure 4a-b, left panels). There were no regions in which

increased cortical thickness significantly covaried with greater ADOS CSS scores.

2.3.5 Regions of decreased indices associating with great autism-related behaviors

There was one cluster in which decreased LGI significantly covaried with greater ADOS

CSS scores, localized to right anterior insula and orbital/frontal gyri (Figure 4a, right

panel). There were four clusters in which decreased sulcal depth significantly covaried

with greater ADOS CSS scores, including right middle temporal gyrus, left precentral and

postcentral gyrus, left superior parietal lobule/precuneus, and right anterior insula (Figure

4b, right panel). There were nine clusters in which decreased cortical thickness signifi-

cantly covaried with increased ADOS CSS scores, including frontal, parietal, and occipital

regions (Figure 4c, left panel).

Though scanner protocol and biological sex were not analyzed as outcomes of interest

in the current study, qualitative patterns of these variables per cortical index are visualized

in Supplemental Figure 3. The random effect of scanner protocol was low in most regions
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Figure 2.3: Significant regions of age by group interactions by cortical surface index

Regions of significant age by group differences in local gyrification index (LGI, panel A), sulcal depth (SD,
panel B), and cortical thickness (CT, panel C) are shown, colored according to cluster p-value (bottom scale).
Left panels indicate regions of greater slope with age in the NT group than AUT group for LGI, SD and
regions of greater slope with age in the AUT than NT group for CT and vice versa in the right panels, at the
p <0.05 level after correcting for multiple comparisons via random field theory. CT is presented inversely
from LGI and SD (i.e., as labeled, Age * AUT >Age * NT is on the left panel rather than right) due to its
inverse correspondence with these indices. Regions are labeled in Table 2.3. The inset on panel B displays
LGI by age and group, averaged within the indicated medial frontal cortex region. Points are colored by by
NT=neurotypical (turquoise) and AUT=autism (purple) group.
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Table 2.3: Clusters of significant regions for group by age interactions

Index Cluster Region # Vertices Max. Coeff.

Contrast: Age*AUT>Age*NT
LGI n/a
SD 1 Right superior parietal lobule 248 0.142
SD 2 Left lingual gyrus 149 0.137
SD 3 Left postcentral gyrus 227 0.130
SD 4 Right precentral gyrus medial segment 120 0.090
SD 5 Right postcentral gyrus / precentral gyrus 146 0.063
SD 6 Left postcentral gyrus / precuneus 166 0.057
CT 1 Right medial frontal cortex 131 0.032

Contrast: Age*NT>Age*AUT

LGI 1
Right anterior cingulate gyrus / medial frontal
cortex / superior frontal gyrus medial segment

390 0.031

SD 1
Left precuneus / postcentral gyrus /
superior parietal lobule

359 0.186

SD 2 Left middle frontal gyrus / precentral gyrus 291 0.170

SD 3

Left posterior/anterior insula, central/frontal/
parietal operculum, lateral/posterior orbital gyrus,
orbital/triangular part of the inferior frontal
gyrus / planum polare / planum temporale /
temporal pole / transverse temporal gyrus

6394 0.163

SD 4

Right posterior/anterior insula,
central/frontal/parietal operculum,
opercular part of the inferior frontal gyrus /
planum polare / planum temporale /
temporal pole / transverse temporal gyrus

6125 0.156

SD 5 Left superior frontal gyrus 159 0.148

SD 6
Right medial frontal cortex /
superior frontal gyrus medial segment

129 0.127

SD 7 Right lingual gyrus 222 0.122
CT 1 Left middle cingulate gyrus 66 0.040
CT 2 Right triangular part of the inferior frontal gyrus 82 0.032
CT 3 Right lingual gyrus 100 0.029
CT 4 Left lingual gyrus 72 0.028
CT 5 Right posterior insula / planum polare 243 0.028
CT 6 Left superior occipital gyrus 74 0.025
CT 7 Left angular gyrus / supramarginal gyrus 99 0.023

By column: Morphological index, cluster number per contrast (in descending order by maximum coeffi-
cient), regions of cluster localization, number of vertices per cluster, and the maximum coefficient, i.e.
the unstandardized coefficient estimate for the age by diagnostic group term of the maximum vertex in
each cluster. Direction of contrast Age*AUT>Age*NT indicates slope with age is greater in AUT and
vice versa. Significance was assessed after correcting for multiple comparisons using random field the-
ory at p<0.05. Abbreviations: CT=cortical thickness; LGI=local gyrification index; SD=sulcal depth,
AUT=autism, NT=neurotypical.
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(i.e., r <0.2).

2.4 Discussion

This study analyzed cortical morphology in autism using a newly developed approach

which quantifies LGI adaptively in relation to specific sulci/gyri and further analyzed the

complementary indices of sulcal depth and cortical thickness. Overall, these findings add

to the extant literature in that they suggest a complex pattern of cortical morphological

differences in autism, with higher confidence in the localization of these regions due to

our adaptive approach to local gyrification indexing. Further, by including indices of local

gyrification, sulcal depth, and cortical thickness, we provide findings that begin to disentan-

gle specific, more granular dimensions of morphological changes associated with autism.

Lastly, by applying these indices in a large sample and considering effects of age and

autism-related behaviors, we provide findings that inform how cortical structure in autism

may vary with development and behavior.

This approach identified a number of sensory, associative, limbic, and frontal regions

in which one or more of these indices differed in autistic participants compared to neu-

rotypical participants. In many of these regions, gyrification increases corresponded with

expected increases in sulcal depth, whereas regions of gyrification decreases were spatially

distinct from sulcal depth decreases. This suggests that increases on these indices may be

explained by a common mechanism, whereas there may be distinct factors contributing to

gyrification versus sulcal depth decreases. On the other hand, regions of group differences

in cortical thickness did not spatially overlap with regions of group differences in LGI,

though one region showed the expected inverse correspondence between these two indices

in analyses of age.

Analyses of age-specific effects revealed several regions in which group differences

depended on age, predominantly in frontal and/or limbic regions such as anterior insula,

anterior cingulate, and orbitofrontal cortex, though these findings are within the context
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Figure 2.4: Significant regions of association with ADOS CSS by cortical index

Regions of significant associations with autism-related behaviors for local gyrification index (LGI, panel A),
sulcal depth (SD, panel B), and cortical thickness (CT, panel C) are shown, colored according to cluster
p-value (bottom scale). Left panels indicate regions of positive associations (i.e., increased index value cor-
responds with greater symptomatology) for LGI, SD and negative associations (i.e., decreased index value
corresponds with greater symptomatology) for CT (arranged by expected correspondence between the in-
dices) and vice versa in the right panels, at the p <0.05 level after correcting for multiple comparisons via
random field theory. CT is presented inversely from LGI and SD (i.e., as labeled, ADOS- is on the left panel
rather than right) due to its inverse correspondence with these indices. Regions are labeled by corresponding
structure. The inset on panel C displays sulcal depth (in mm) by ADOS CSS, averaged within the indicated
middle/superior temporal gyrus region.

37



Table 2.4: Clusters of regions significantly associated with ADOS CSS

Index Cluster Region # Vertices Max. Coeff.

ADOS+

LGI 1
Left planum polare / superior temporal gyrus /
transverse temporal gyrus

598 0.276

SD 1
Left planum polare / superior temporal gyrus /
temporal pole

284 0.462

CT n/a
ADOS-

LGI 1

Right posterior, anterior insula / entorhinal area /
frontal operculum / lateral, posterior orbital
gyrus / orbital, triangular part of the inferior
frontal gyrus / planum polare

2564 0.422

SD 1 Right middle temporal gyrus 911 0.879

SD 2
Left precuneus / postcentral gyrus /

superior parietal lobule
283 0.579

SD 3 Right anterior insula, frontal operculum 354 0.294
SD 4 Left precentral / postcentral gyrus 232 0.184

CT 1 Right opercular part of the inferior frontal gyrus 80 0.116
CT 2 Left calcarine cortex 78 0.113
CT 3 Left postcentral, precentral gyrus medial segment 137 0.110
CT 4 Right inferior occipital gyrus 69 0.107
CT 5 Right cuneus 82 0.103
CT 6 Right posterior cingulate gyrus / precuneus 111 0.100
CT 7 Left middle frontal gyrus / superior frontal gyrus 175 0.088

CT 8
Right postcentral, postcentral gyrus
medial segment

186 0.085

CT 9 Right postcentral gyrus / precentral gyrus 145 0.072

By column: Morphological index, cluster number per contrast (in ascending order by maximum coefficient),
regions of cluster localization, number of vertices per cluster, and the maximum coefficient, i.e. the unstan-
dardized coefficient estimate for the ADOS term at the maximum vertex in each cluster. Direction of contrast
ADOS+ indicates correspondence such that increased index corresponded with greater autism-related behav-
iors and ADOS- indicating inverse correspondence with index such that decreased index corresponded with
greater behaviors. Significance was assessed after correcting for multiple comparisons using random field
theory at p<0.05. Abbreviations: CT=cortical thickness; LGI=local gyrification index; SD=sulcal depth,
AUT=autism, NT=neurotypical, ADOS=Autism Diagnostic Observation Schedule, General or 2nd version.
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of having a wide sample age range but denser data at younger ages. On the other hand,

analyses of autism-related behaviors identified several regions in which morphological in-

dices covaried with autism-related behaviors, predominantly in sensory and motor regions

such as temporal gyri, somatosensory cortex, and motor cortex. The pattern of structural

changes in auditory, visual, somatosensory, and motor regions are largely congruent with

previously reported structural changes in sensory processing regions in autism (Ecker et al.,

2014; Libero et al., 2014; Yang and Hofmann, 2016; Kohli et al., 2019a; Libero et al., 2019;

MRC AIMS Consortium et al., 2020). Our results extend prior findings linking cortical in-

dices in temporal regions to autism-related behaviors (Libero et al., 2019; MRC AIMS

Consortium et al., 2020) by identifying several additional sensory regions in which struc-

tural patterns with autism-related behaviors, including primary interoceptive, somatosen-

sory, and visual cortices. Further, there were several regions of overlap between age and

behavioral analyses such that morphological patterns in these regions of overlap depended

on both age and autism-related behaviors.

2.4.1 Sensory region morphology in autism: Support for a developmental cascade

Temporal gyri. We found a multiple group differences in cortical indices in temporal

areas related to auditory, language, and multisensory processing, including consistent rela-

tionships across indices with autism-related behaviors in the middle and superior temporal

gyrus. Two recent studies have found correlations between enhanced gyrification in sub-

sets of the temporal gyri and social traits in autism, although in the smaller study of 3-5

year olds this correlation did not survive correction for multiple comparisons (Libero et al.,

2019; MRC AIMS Consortium et al., 2020). Our present results complement and extend

these findings, providing evidence for the structural brain features that may underlie multi-

sensory processing differences in autism.

Occipital cortex. Regions of association with autism-related behaviors in occipital cor-
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tex included one region in which decreased cortical thickness significantly correlated with

greater autism-related behaviors localized to inferior occipital cortex. There was also a

superior occipital clusters of significant association between decreased sulcal depth with

greater autism-related behaviors. These structural changes, as spread across different areas

of the visual processing stream, may relate more broadly to evidence for enhanced visual

feature processing in autism relative to global integration (Behrmann et al., 2006; Baum

et al., 2015).

Somatosensory and motor cortices. In primary motor cortex along the precentral gyrus,

both significant group differences in structural indices and relations between such indices

and autism-related behaviors were spatially similar to those seen in somatosensory cortex,

often in overlapping regions between the two gyri. This concordance emphasizes close

relationships between tactile and motor development. Cortical thickness and sulcal depth

within somatosensory cortex also covaried by autism-related behaviors. Differences in tac-

tile reactivity in autism are commonly reported and these findings are further consistent

with prior studies that suggest dimensional relationships between measures of somatosen-

sory function and autism behaviors (Cascio et al., 2012b, 2015; Foss-Feig et al., 2012).

Sensory associative regions. Consistent with some prior accounts, we also found mor-

phological changes in associative parietal regions, including the superior parietal lobule

and precuneus (Wallace et al., 2013). Findings in these regions both significantly inter-

acted with age and autism-related behaviors, further emphasizing potential differences in

sensory association in autism and the relation of structure in these regions to complex social

and communicative skills such as theory of mind, as precuneus activation has previously

been linked to theory of mind processing in individuals with autism (Dufour et al., 2013).

Together, these concordant patterns of sensory region morphology in autism suggest

first, that there might be some common biology shaping sensory processing patterns in
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autism across the different sensory systems. Second, these changes may cascade onto

each other; e.g., altered processing in unimodal sensory region may impact the signals that

get sent to associative sensory regions. Third, morphology in many primary and associa-

tive sensory areas related to complex autism-related behaviors, such as social cognition,

preference for routines, and interests. This provides further support for the developmen-

tal cascades model, such that primary processing of sensory cues may cascade onto these

higher-order skills (Cascio et al., 2016).

2.4.2 Implications for interoceptive brain networks: Cortical morphological changes

in autism depend on both autism behaviors and developmental timing

Primary interoceptive perception. Gyrification was decreased in autism in the poste-

rior insula and parietal/central operculum regions, which are involved in basic and asso-

ciative sensory processing, particularly of interoceptive stimuli (Craig, 2002). Further,

patterns of cortical thickness in these areas interacted with age such that individuals with

autism showed greater declines with age than individuals with typical development. Func-

tional MRI analyses have found relationships between posterior insula response with age

and social traits in autism (Failla et al., 2020), consistent with the present structural find-

ings. These findings implicate the primary perception of interoceptive cues as altered in

autism, perhaps increasingly so across development. Apparent decreases in cortical thick-

ness may be associated with increased myelination (Natu et al., 2019), and the finding that

gyrification was also decreased rather than increased (as these vary inversely; (Mota and

Herculano-Houzel, 2015)) might point towards myelination as well. This would be consis-

tent with predictive coding theories of autism that suggest heightened primary perception

of sensations (Pellicano and Burr, 2012).

Interoceptive planning and associations. The anterior cingulate and anterior insular cor-

tices are considered to be part of the salience network (Seeley et al., 2007; Menon and
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Uddin, 2010). This account is consistent with the Embodied Predictive Interoception Cod-

ing (EPIC) model, in which these areas are considered hubs for predicting and planning

responses to bodily needs, informed by current environmental sensations (Barrett and Sim-

mons, 2015). In both accounts, these regions process broad environmental stimuli and

determine its relationship to the bodily self. Structural differences within the anterior cin-

gulate have been identified in several prior studies involving individuals with autism (Ecker

et al., 2014; Yang and Hofmann, 2016; Kohli et al., 2019a; Laidi et al., 2019) and decreased

insular and orbitofrontal gyrification has been found in adults with autism, correlating with

executive functioning ratings (ages 40-61; Kohli et al., 2019b). In our sample, we found

increased cortical thickness in autism in both of the anterior insula and anterior cingulate,

which may relate to either increased cell bodies or decreased myelination (Rakic, 1995;

Natu et al., 2019). Decreased myelination in particular may relate to prior findings of al-

tered structural and functional salience network connectivity in autism, which has been

suggested as a particularly distinguishing feature of autism that relates to both sensory re-

activity and socioemotional processing (Uddin et al., 2013; Abbott et al., 2016; Green et al.,

2016; Chen et al., 2017).

Findings across insular cortex. The finding that spanned the largest number of vertices,

and corresponding functional regions, was a significant interaction between sulcal depth

and age bilaterally in large areas between the superior temporal gyrus and Sylvian fissure,

such that sulcal depth in these areas was particularly decreased in older individuals with

autism relative to NT adults. The size of the significant clusters suggest that a broader

structural shift rather than local cellular circuitry may be contributing to increasing differ-

ences in these areas with age, which may impact function in the many comprising regions.

Insular cortex is a prominent component of this broad region; thus, this evidence sug-

gests that functional organization of primary and associative interoceptive regions develop

differently in autism. Yamada et al. (2016) found an overall reduced number of data-derived
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subregions along the insular cortex in autism when analyzing the homogeneity of the func-

tional MRI signal, which is consistent with these structural findings.

Further, one of only two clusters in which LGI significantly covaried with autism-

related behaviors spanned both posterior and anterior insula. In this area, decreased gyri-

fication related to greater autism-related behaviors. This provides some evidence to distin-

guish interoceptive processing in autism from other sensations, in which relationships to

autism-associated behaviors were only observed in cortical thickness or sulcal depth. The

underlying cellular differences in which these interoceptive regions co-vary with autism-

related behaviors may occur across a broader range of features, such as cell body size,

count, and myelination. The other cluster in which LGI covaried with autism-related be-

haviors, localized to superior temporal gyrus, showed a positive rather than negative re-

lationship. This suggests that there may be a balance between how internal and external

sensory processing may contribute to the overall autism phenotype. Potentially, tipping

this balance (i.e., too strong or too weak of associations formed for how we use environ-

mental sensations to contextualize our internal stimuli) might lead to a greater number of

autism-related challenges.

2.4.3 Limitations

Our approach to local gyrification indexing addresses several limitations in prior approaches,

and as mentioned there is emerging evidence that, as intended, this approach identifies re-

gions of group differences that are more precisely localized to specific curves than the

frequently used FreeSurfer approach (Płonka et al., 2020). However, we are limited when

comparing this approach to studies using FreeSurfer or similar packages, given that all MRI

approaches simply estimate “true” gyrification. Additionally, we are limited in a thresh-

olded whole-brain when trying to thoroughly understand cortical structure in a specific

region, as sub-threshold trends may also inform the underlying structure. Thus, region-of-

interest studies are needed to confirm the exact relation between indices in a given region
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and thus to clarify to a greater extent what the underlying neural features in autism may be.

Though both age and biological sex are accounted for in our models, our groups did

differ somewhat on these factors, and there are several additional considerations based on

demographic factors that may also inform future research. Given that this project spanned

multiple distinct cohorts, IQ measures were not standardized across protocols and so were

not included as a covariate in analyses; thus, the identified group differences in IQ may

account for some of the between-group regions of differences. As our sample includes a

greater proportion of young males (i.e., under 10 years old) and generally IQ within aver-

age ranges, additional research is necessary to ascertain a more thorough characterization

of changes in older individuals and persons with below average IQ. Additionally, we have

accounted for linear effects of age in our modeling, but not non-linear terms. This is sup-

ported as an adequate control by our data distribution (see Supplemental Figure 2), and

the largest recent study to date supports linear effects as the best model fit across a broad

age range (see model comparisons in MRC AIMS Consortium et al., 2020). However,

non-linear trajectories may be particularly important to consider for certain developmen-

tal windows (e.g., 1.5-5 years; Schumann et al., 2010); as such, non-linear trends may be

promising for future studies to explore. Finally, though our study identifies several regions

in which changes in these indices interact with age, it is limited by its cross-sectional de-

sign in understanding developmental trajectories, as these effects have been inferred across

individuals. Further, though our work presents some broad patterns across our wide age

range, these patterns may qualitatively differ at different developmental points. Thus, lon-

gitudinal studies using our adaptive approach to gyrification are thus a highly promising

area of future research, with the potential to facilitate our efforts to more fully understand

cortical developmental trajectories in autism.

While our findings contribute to a broader understanding of cortical morphology in in-

dividuals with autism, relations between these cortical indices and individual variability

in autism-related behaviors and related domains such as language, IQ, and co-occurring
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conditions are further areas to explore. As the ADOS CSS was only collected on our AUT

group, one possible direction for future research to explore is the extent to which the iden-

tified structure-behavior relationships generalize to autism-related behaviors in the general

population or whether they are specific to those who have received a diagnosis. Addition-

ally, the ADOS CSS represents a broad measure of autism-related behaviors; thus, precise

relations between structural indices and finer-grained behavioral measures of symptom do-

mains may further elucidate the relation between brain structure and behavior in autism.

2.4.4 Conclusions

The results of this study have extended prior findings of cortical structure in autism to

identify patterns of morphological differences with improved spatial resolution. Over-

all patterns of differences suggested complex cortical patterns that varied with age and

autism-related behaviors in several sensory, limbic, and frontoparietal regions in persons

with autism relative to neurotypical controls. Many of these identified structural changes

were in interoceptive network regions, including one of the only clusters in which local

gyrification correlated with autism-related behaviors. These results provide support for

sensory cascade models of autism and inform ways in which interoceptive processing in

autism may be distinct from neurotypical development. Future work may further examine

the associations between these structural changes and other behavioral outcomes in indi-

viduals with autism, such as reported interoceptive experiences. This will provide greater

insights into how the prominent structural alterations in sensory and broader regions relate

to phenotypic variation in autism.
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CHAPTER 3

Insular connectivity in autistic and non-autistic development

3.1 Introduction

The sensory perception of cues signaling biological needs (i.e., interoception) presents an

interesting paradox: these are the most crucial cues for our survival, yet we are often un-

aware of them (Ainley et al., 2016; Allen et al., 2022; Barrett and Simmons, 2015; Craig,

2002; Kleckner et al., 2017; Paulus and Stein, 2006). Barrett and Simmons (2015) pro-

pose how efficient design of the neural circuits for interoception may explain this paradox.

These circuits perform the crucial role of meeting the body’s needs efficiently by continu-

ally anticipating those needs based on past experiences and current state. Communication

between interoceptive cortex in the posterior insula and limbic regions such as the anterior

insula and dorsal amygdala underlies the continual comparison of predicted with actual

bodily needs (Barrett and Simmons, 2015; Paulus and Stein, 2006). In this model, success-

fully predicted physiological changes may not rise to the level of conscious awareness, but

unpredicted changes require conscious awareness for two important purposes: to meet the

body’s newly-perceived need and to learn from current circumstances to predict this need

in the future. Thus, the brain systems that underlie the prediction of interoceptive sensa-

tions may reveal more about altered interoceptive experiences than awareness measures on

their own.

Fundamentally, our expectations for our bodily states are learned across the course of

development. Starting in infancy, our caregivers help us meet our bodily needs, forming a

basis for how social cues shape our interoceptive expectations (Atzil et al., 2018; Zoltowski

et al., 2022). Other contextual cues may thus become associated with fulfilled needs over

later development as we gradually become independent in maintaining homeostasis. There

is indeed evidence that developmental differences may influence the relationship between
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interoception, emotional awareness, and mental health (Trevisan et al., 2019), including for

individuals on the autism spectrum. Thus, considering the development of interoceptive

brain systems in autistic and non-autistic individuals may be especially important to un-

derstand the mixed interoceptive challenges reported by autistic individuals (DuBois et al.,

2016; Failla et al., 2020; Fiene and Brownlow, 2015; Garfinkel et al., 2016; Palser et al.,

2018; Quadt et al., 2021; Trevisan et al., 2021b; Williams et al., 2022).

The development of different aspects of interoception may be revealed by examining

the specialized subregions along the insular cortex that coordinate to process, predict, and

contextualize bodily sensations (Craig, 2008; Farb et al., 2013). Cytoarchitectural analysis

of insular cortex reveals eight distinct subregions as divided by number of cortical lay-

ers (granularity) and location relative to the long, short, and accessory insular gyri (Craig,

2008; Farb et al., 2013). These are commonly grouped into three major subdivisions that

each map to a broader function: the posterior, middle, and anterior insula (Figure 1). The

posterior insula receives inputs from subcortical regions about bodily sensations and these

cell circuits involve the greatest number of cortical layers (dorsal and ventral granular in

the 8-division model), which allows this area to process detailed information about bodily

signals. The middle insula has a medium number of cortical layers (“dysgranular”) and re-

ceives diverse multimodal sensory inputs which may then be associated with interoceptive

cues. Ultimately, information that reaches the anterior insula reflects an abstracted “gist”

of bodily state as interpreted within the current environmental context and is processed at

the broadest level of cell circuitry, reflected in its agranular (i.e., least layered) structure

(Barrett and Simmons, 2015; Kleckner et al., 2017).

There also may be interesting patterns to consider based on laterality of interoceptive

system development. Typically, the laterality of external sensory systems reflects the side

of the body from which sensory information originates. However, interoceptive signals

tend to originate from common (and often centralized) organs like the heart or lungs, but

may be lateralized for distinct purposes. The most prominent model of insular lateraliza-
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Figure 3.1: Correspondence of detailed and major subregions of the human insula

Subregions of the human insula are shown for both detailed (8-subregion) and major (posterior, middle, ante-
rior) categorizations. The figure legend shows corresponding granularity (granular, dysgranular, or agranular)
of each subregion.

tion comes from Craig (2005, 2008, 2002) neuroanatomic work establishing interoceptive

pathways that the right insula specializes in sympathetic nervous system control and the

left insula specializes in parasympathetic nervous system control. Evidence for this model

comes from differential insular activation when stimulating the vagus nerve (Narayanan

et al., 2002) and differential autonomic response patterns when stimulating the left ver-

sus right insula in neurosurgery patients (Oppenheimer et al., 1992). Thus, differentiating

between right and left insula development may inform the relationships between interocep-

tion, stress, and anxiety.

Of the three major insular subregions, the anterior insula has been the best studied in

autism (Di Martino et al., 2014; Uddin, 2015; Uddin and Menon, 2009). This region has

received attention as it is considered part of the salience network for dynamically allocat-

ing attention towards environmental stimuli that are deemed most relevant to the bodily

self (Uddin and Menon, 2009), consistent with its status as a high-level hub of the inte-

roceptive network (Klapwijk et al., 2017). Uddin (2015) reviews prominent differences

in anterior insular connectivity in autism, though findings in terms of specific regions of

differences have been heterogeneous between samples. Considering development is key to
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finding patterns within this heterogeneity (Nomi et al., 2019; Uddin et al., 2013). In gen-

eral neurodevelopment, connectivity patterns vary across the lifespan such that the num-

ber of functional connections is increasing across childhood but prunes (i.e., selectively

decreases) towards specialized communication patterns starting in adolescence and con-

tinuing throughout adulthood (Hua and Smith, 2004; Innocenti and Price, 2005; Katz and

Shatz, 1996). Nomi et al. (2019) model for anterior insular connectivity in autism is that

aggregate findings suggest a shift from hyper- connected in childhood to hypo- connected

in adolescence and adulthood. Mechanistically, this would suggest that anterior insular

connections are pruned more readily in autism compared to neurotypical development.

These anterior insula findings suggest differences in autistic individuals in how the

“gist” of bodily information is constructed and developed. However, less is known about

how communication patterns of primary interoceptive cortex in the posterior insula develop

and whether that pattern diverges in autism. Whereas processing in the anterior insula re-

flects an abstracted sense of bodily state, processing in the posterior insula reflects internal

(bodily) signals that may or may not rise to the level of conscious awareness. Thus, these

patterns may reveal insights about the subconscious parts of interoceptive processing that

have been difficult to otherwise study. Failla et al. (2017) have found that altered anterior

insula connectivity in autism may be related to posterior insular processing, specifically

pinpointing differences in the white matter connecting the posterior to anterior insula in

autistic compared to non-autistic individuals. As a complement to this structural approach,

measuring functional communication patterns of the posterior insula may broaden our un-

derstanding of how the insula coordinates with a variety of regions to adaptively tune inte-

roceptive awareness.

Studies thus far of posterior insular (PI) functional connectivity in autism have mostly

been completed in smaller adolescent samples. Findings included reduced PI connectivity

with somatosensory areas in one autistic sample (Ebisch et al., 2011) and with visual, inte-

grative, and striatal areas in another (Francis et al., 2019). Xu et al. (2018) analyzed con-

49



nectivity using an 8 subregion model and did not find significant connectivity differences in

either their hypergranular or dorsal granular insula seed regions, which most closely align

with the PI seeds used in other studies. Though Francis et al. (2019) combined left and right

seeds, Ebisch et al. (2011) found differential pattern strength by insula seed hemisphere.

Though both left and right insula seeds showed reduced connectivity with somatosensory

areas, they found that a greater number of somatosensory subregions were hypo-connected

to the left posterior insula than to the right. These differences are interesting to consider

within models of insular specialization for sympathetic (right) versus parasympathetic (left)

specialization (Craig, 2005, 2008, 2002). Potentially, Ebisch et al. (2011) findings suggest

that autistic individuals may maintain a greater number of sympathetic processing connec-

tions relative to neurotypical individuals, as compared to parasympathetic.

Further, developmental patterns of connectivity differences have only been examined

in a limited subset of these studies. These may be especially relevant to consider, given

patterns of anterior insula connectivity with age (Nomi et al., 2019; Uddin et al., 2013)

and other known developmental changes in surrounding limbic regions (Gabard-Durnam

et al., 2014). Francis et al. (2019) found that in all three regions with which the autistic

group showed reduced posterior insular connectivity (fusiform, putamen, and intraparietal

lobule), connectivity within the autistic group increased with age, narrowing the difference

between autistic and neurotypical samples at older ages. This mirrors patterns found in

other behavioral (Feldman et al., 2018) and neural (Dunham et al., 2023) studies of multi-

sensory processing in autism.

However, before we can understand how posterior insula development diverges in autism,

we must better understand its typical development. Thus, in this sample we examine age-

related trends in posterior insula connectivity across our autistic and non-autistic samples.

We will also examine dimensional relationships with self-reported body awareness. To be-

gin to understand patterns in autism, we will further examine group-based differences in

PI connectivity in autistic versus neurotypical individuals, independent of age. Though we
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are underpowered to address age-specific group differences in the current sample, these

findings will provide important background on how posterior insula connectivity develops

across individuals, to compare with autistic development in the future.

3.2 Methods

3.2.1 Participants

Participants included in full-sample analyses were n = 59 autistic individuals (AUT, ages

7-54) and n = 71 non-autistic individuals (N-AUT, ages 7-53). Individuals were included

in the autism group if diagnoses were confirmed by a licensed clinical psychologist, via

the Autism Diagnostic Observation Schedule, General or Second Edition (ADOS-G or

ADOS-2, Lord et al., 2000, 2012 and clinical judgment. Individuals were recruited across

multiple functional magnetic resonance imaging (fMRI) cohorts, which include prior re-

ports of functional results (Failla et al., 2020). All participants assented/consented to study

participation and all parent studies were approved by the Vanderbilt University Institutional

Review Board.

Individuals were excluded from participating in the parent MRI studies if intellectual

quotient (IQ) was below 70 or contraindications to MRI scanning were present (see Sup-

plemental Information), with final decisions made by staff MRI technicians. Of an initial n

= 68 autistic and n = 79 non-autistic individuals who completed scanning procedures, n =

9 autistic and n = 8 non-autistic participants were excluded due to failed quality assurance,

defined below for structural (n = 2 AUT, n = 3 N-AUT excluded) and functional (n = 7

AUT, n = 5 N-AUT excluded) preprocessing steps.

Participants were included in interoceptive self-report analyses if they had completed

the Body Perception Questionnaire (BPQ; Porges, 1993). This is a questionnaire designed

to measure reported awareness of bodily sensations in everyday contexts, and comprises

subscales for “Body Awareness” and “Autonomic Reactivity”. The “Body Awareness”

subscale was analyzed.
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Table 3.1: Participant characteristics by diagnostic group

Group n
Age Sex Motion BPQ

(years) (% female) mFD DVARS n Awareness

N-AUT 71
20.2

(7-53) 28.2%
0.185

(0.08-0.36)
1.99

(1.19-2.94) 24
2.87

(1.77-3.46)

AUT 59
16.9

(7-54) 28.8%
0.196

(0.09-0.37)
1.92

(1.46-2.54) 32
2.75

(1.12-4.42)
p 0.06 0.94 0.36 0.23 0.49

Characteristics per group are summarized as mean, range for continuous variables and percentage (%) for
categorical variables. No participant characteristics (age, gender, head motion) significantly differed between
the groups, though the autistic participants were somewhat younger on average. Abbreviations: N-AUT:
non-autistic, AUT: autistic, n: included sample size, mFD: median framewise displacement (millimeters),
DVARS: derivative of temporal variance, BPQ: Body Perception Questionnaire (Porges, 1993)

Figure 3.2: Distribution of sample ages by diagnostic group

Histograms of participant age per group (Autistic versus Non-Autistic) are plotted, as number of participants
(y-axis) per five-year age groups (x-axis). Autistic group is in orange and non-autistic group is in teal.
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3.2.2 Image Collection

Anatomical and resting state functional images were acquired via one of three protocols:

Protocol 1 (n = 27 autistic, n = 24 non-autistic):

• High-resolution T1-weighted anatomical images were acquired via sagittal slices

with 1mm3 voxel resolution, TR = 9.0 msec, TE = 4.6 msec, flip angle = 8o, and

acquisition matrix = 256 x 256 x 170.

• Resting state images were acquired using an echo planar imaging (EPI) sequence (3

mm3 isotropic voxels, TR = 2s, flip angle 90) for approximately 6min 46s duration

(203 volumes).

Protocol 2 (n = 29 autistic, n = 36 non-autistic) and Protocol 3 (n = 3 autistic, n = 11

non-autistic):

• High-resolution T1-weighted anatomical images were acquired via sagittal slices

with 1mm3 voxel resolution, TR = 8.0 msec, TE = 3.7 msec, flip angle = 7o, and

acquisition matrix = 256 x 256 x 170.

• Resting state images were acquired using an echo planar imaging (EPI) sequence

(3x3x4 mm voxels, TR = 2s, flip angle 79, and acquisition matrix 80 x 80 x 28) for

approximately 6min 46s duration (203 volumes).

Though Protocols 2 and 3 had identical acquisition parameters, these were considered

separate covariates in all analyses due to differences in the preceding task (interoception

task or special interests task), per parent study design.

Since some participants completed multiple of these protocols, the total number of rest-

ing state runs ranged between 1-7, though the median was 1 resting state run. Participants

completed between 1-3 anatomical scans at each study visit. For analyses, the functional

scan with lowest average motion (median framewise displacement) out of any study visit

and the highest quality structural scan at that same visit (determined via visual inspection,

53



with Computational Anatomy Toolbox (CAT) output considered when inconclusive, see

below) were chosen for analysis. Thus, a total of one structural and one functional run

were analyzed per participant.

3.2.3 MRI Preprocessing

Neuroimage data storage and processing took place on the Vanderbilt University Institute

of Imaging Science Center for Computational Imaging XNAT (Harrigan et al., 2016; Huo

et al., 2018). The processing pipelines are available through github

(https://github.com/baxpr/connprep; https://github.com/baxpr/conncalc).

Structural preprocessing. T1-weighted anatomical images were preprocessed using the

CAT12 extension to Statistical Parametric Mapping (SPM, version 12) software (Gaser

et al., 2022). Anatomical images were skull stripped and normalized to MNI space. Qual-

ity assurance measures at this stage included the overall rated image quality (IQR) value,

computed as part of the CAT12 toolbox and representing a quality measure across signal

noise and bias. These numbers range from 0-100 and are interpreted on a letter grade scale

(Gaser et al., 2022). Participants with IQR <70 were excluded from further analyses (n

= 2 AUT, n = 1 N-AUT). Additionally, original structural images and MNI-normalized

structural images were visually examined for quality by two trained raters, resulting in 2

exclusions for artifacts (both N-AUT).

Functional preprocessing. For each functional run, head motion realignment was com-

pleted using a two-stage SPM procedure with six head motion parameters. These motion

parameters and their first derivates were also included as nuisance regressors in subsequent

analyses. Functional images were co-registered to structural images using a rigid body

transform and then normalized to MNI space using the previously computed CAT12 trans-

form. Additional steps taken to reduce noise in the fMRI signal include bandpass filtering
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(between 0.01 and 0.10 Hz), COMPCOR, and mean gray matter signal regression (Parkes

et al., 2018).

Quality assurance for functional preprocessing included two criteria for determining

acceptable levels of motion/noise due to motion. Framewise displacement (FD) and deriva-

tive of temporal variance (DVARS) were calculated. Individuals were excluded for either

high average motion (FD >0.5mm, n = 3 AUT) or a high number of volumes with extreme

motion (FD >1mm and DVARS ¿ 5%, n = 3 AUT) or both (n = 3 N-AUT). The quality

of co-registration between structural and functional images was also visually examined by

two trained raters, resulting in 3 additional exclusions (n = 1 AUT, n = 2 N-AUT).

3.2.4 Statistical Analysis

Left and right posterior insula seed regions of interest (ROIs) were defined following pro-

tocols used previously in Failla et al. (2017) and following Farb et al. (2013) cytoarchi-

tectonic subdivisions among the insular gyri. The posterior seed maps onto the posterior

long gyrus of the insula. Whole brain seed-based connectivity was analyzed with the left

and right posterior insula ROIs, respectively, as seeds. In the first analytic stage, correspon-

dence between each voxel and the average posterior insular seed signals were computed,

resulting in a Z map per individual scan.

In the second analytic stage, individual predictors were used to assess the correspon-

dence with connectivity strength. The covariates used in this analysis were: group, age,

protocol, motion (median FD), and biological sex. Two different models were run to assess

different potential terms of age, with other covariates kept constant: linear associations

(t test for Age) and non-linear associations (F test for Age+Age2). However, there was

only one region in which age associations were significant for nonlinear effects that was

not identified with the linear term; thus, age-related findings are primarily presented from

the results of the linear model. Lastly, a model to assess interoceptive self-report was run

using the BPQ Awareness subscale scores, in the subset of participants (n = 56) that had
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completed this measure. Threshold-free cluster enhancement (TFCE) was implemented

to determine significant clusters per predictor, using n = 5000 permutations and a family-

wise error rate of p <0.1 to detect significant clusters. A voxel threshold of k >5 voxels

was further applied to increase result interpretability. (Note, see Appendix 1: Chapter 3

supplement for a comparison of age-related clusters identified with a false discovery rate

threshold of p <0.05. Ultimately, these approaches converged on similar regions with dif-

fering stringency).

3.3 Results

3.3.1 Findings by age: Combined sample

For the left posterior insula seed, there was one cluster of significantly increased linear

associations with age, though this area was predominantly within the white matter (Table

2, Figure 2). There were several more areas of significantly decreased linear associations

with age. The most prominent, in terms of both voxel size and significance, was within

contralateral (right) thalamus, in which a cluster of k = 292 voxels was identified (pFWE =

0.016). The remaining identified areas included the middle and anterior insula, ipsilateral

thalamus, caudate, putamen, frontal operculum, and inferior frontal gyrus, pars opercularis.

There was one additional region identified as showing a nonlinear association with age, of

k = 15 voxels in the precentral gyrus (MNIpeak = 0, -16, 72, TFCE = 5040, pFWE = 0.045).

For the right posterior insula seed, there were numerous clusters of significantly in-

creased linear associations with age. The most prominent was in the ipsilateral (right)

precuneus, in which a cluster of k = 209 voxels was identified (pFWE = 0.036). Most of

the other regions identified were also in associative sensory regions spanning both hemi-

spheres, including left precuneus, right supplementary motor cortex, posterior cingulate

gyrus, right supracalcarine cortex, and left lateral occipital cortex. There were also numer-

ous clusters of significantly decreased associations with age. Similarly to the left hemi-

sphere, these were prominently in the putamen and thalamus, though all identified clusters
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were ipsilateral. Cortical areas included two visual areas, occipital pole and lingual gyrus.

For the right posterior insula seed, there were no new regions of association identified via

the nonlinear term of age.

3.3.2 Differences in posterior insula connectivity by group

The only group-specific findings were identified for the left posterior insula seed, not the

right seed (Figure 3, Table 2). There was one cluster within the left lateral occipital gyrus

that was associated with increased connectivity in the AUT group compared to the N-AUT

group.

3.3.3 Relationships with bodily awareness

The most prominent cluster relating to increased BPQ awareness scores was the same for

both the left and right posterior insula seeds, localized to right lateral occipital cortex (both

peaks at 28, -62, 32; k = 78 voxels, pFWE = 0.033 left seed and k = 35 voxels, pFWE

= 0.041 right seed). A couple other smaller clusters in neighboring and mirrored areas

were identified, including the left and right angular gyrus for the left seed and left superior

parietal lobule for the right seed.

However, the left posterior insula seed showed many more areas of association with

decreased bodily awareness scores. The largest of these was in the right mid insula (k = 63,

pFWE = 0.030). The other areas identified included several frontal/prefrontal areas, specif-

ically the anterior cingulate, precentral gyrus, supplementary motor cortex, and middle

frontal gyrus. There were also a few temporal areas identified, including the temporal pole

and primary auditory cortex. For the right posterior insula seed, there were no significant

relationships identified with decreased bodily awareness.
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Figure 3.3: Posterior insula connectivity by age

Significant clusters in which posterior insula functional connectivity increases (red) and decreases (blue) with
age are shown (using threshold-free cluster enhancement, pFWE < 0.10). Increasing connectivity with age
is shown in areas including precuneus, supplementary motor cortex, and posterior cingulate. Decreasing
connectivity with age is shown in areas including the thalamus, insula, and putamen. Color intensity varies
by seed hemisphere as shown in figure legend. Images are shown in radiological convention.
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Table 3.2: Summary of significant clusters for full sample linear age model

Term Seed # Voxels Location MNIpeak TFCE pFWE

Age+ L 14 White matter (L) -24, -44, 26 464.34 0.057
R 209 Precuneus (R) 4, -44, 50 491.62 0.036

39 Precuneus (L) -16, -54, 18 485.69 0.040
19 Precuneus / lingual gyrus 0, -54, 8 453.63 0.066
36 Precuneus (L) -14, -64, 18 449.73 0.070
20 Precuneus (L) -4, -72, 34 447.20 0.073
5 Precuneus (L) -10, -78, 38 436.37 0.086
5 Precuneus (L) -4, -44, 48 430.91 0.093
19 Supp. motor cortex (R) 2, -10, 72 465.92 0.054
6 Posterior cingulate (R) 10, -46, 22 434.66 0.088
5 White matter (L) -24, -42, 26 434.54 0.088

Age- L 292 Thalamus (R) 8, -18, 2 536.69 0.016
19 Thalamus (R) 18, -10, 12 450.68 0.064
10 Thalamus (L) -18, -14, 18 433.54 0.084
14 Thalamus (L) -12, -22, 10 435.29 0.082
67 Insula (Anterior, R) 30, 10, 14 486.53 0.036
19 Insula (Mid-Anterior, L) -32, 14, 6 453.26 0.062
10 Insula (Mid, R) 38, 4, 4 432.35 0.086
36 Frontal operculum (R) 42, 10, 12 470.62 0.047
39 Caudate (R) 14, 4, 8 450.02 0.065
20 Putamen (R) 26, -2, 4 440.24 0.076
9 Putamen (L) -24, 4, 8 435.11 0.082

5
Inferior frontal gyrus,
pars opercularis (R) 46, 14, 14 427.63 0.093

R 255 Putamen (R) 26, -6, 8 578.57 0.010
45 Occipital pole (V1, L) -8, -96, -2 469.13 0.052

AUT >
N-AUT L 62 Lateral occipital (L) -12, -62, 58 520.57 0.017

R n/a
AUT <
N-AUT L n/a

R n/a

Model: Age + Group + Biological Sex + Motion + Protocol. Entries are grouped by location and then ordered
by peak TFCE. Locations were assigned as the top match using the Harvard-Oxford Cortical and Subcortical
Atlases. If a second match differed by less than 5% probability, this area was included as well. Other columns
include the number of voxels (#) per cluster and for the peak cluster, the corresponding MNI coordinates
(MNIpeak), threshold-free cluster enhancement score, and family-wise error p-value. Abbreviations: AUT =
autism; N-AUT: non-autism, Supp. = Supplementary, Age+ = increasing term of age; Age- = decreasing term
of age
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Table 3.3: Summary of significant clusters for BPQ model

Term Seed # Voxels Location MNIpeak TFCE pFWE

BPQ+ L 78 Lateral occipital (R) 28, -62, 32 600.84 0.033
R 35 Lateral occipital (R) 28, -62, 32 516.62 0.041

5 Lateral occipital (R) 26, -66, 44 462.34 0.089
BPQ- L 63 Insula (Mid, R) 42, 4, -4 596.24 0.030

28 White matter (R) 22, -24, 30 557.44 0.053
18 White matter (R) 22, -10, 36 556.55 0.054
24 White matter (L) -16, 2, 34 551.77 0.058

17
Supp. motor cortex;
Anterior cingulate (R) 14, 6, 40 554.86 0.055

7 Anterior cingulate (R) 6, 12, 36 526.09 0.084
25 Precentral gyrus (L) -54, 6, 8 554.79 0.055
10 Precentral gyrus (L) -30, -10, 42 536.68 0.072
10 Temporal pole (R) 50, 14, -16 544.21 0.064
16 Temporal pole (R) 60, 6, -2 533.14 0.076

11
Frontal operculum,
temporal pole (R) 48, 16, -6 521.25 0.090

25 Paracingulate gyrus (L) -6, 18, 38 537.10 0.071

Model: Age + Group + Biological Sex + Motion + Protocol + BPQ. Locations were assigned as the top
match using the Harvard-Oxford Cortical and Subcortical Atlases. If a second match differed by less than
5% probability, this area was included as well. Other columns include the number of voxels (#) per cluster
and for the peak cluster, the corresponding MNI coordinates (MNIpeak), threshold-free cluster enhancement
score, and family-wise error p-value. Abbreviations: BPQ+ = increasing BPQ term, BPQ- = decreasing BPQ
term, Supp. = Supplementary
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Figure 3.4: Differences in posterior insula connectivity by group

Differences in posterior insula functional connectivity by group were limited to one cluster, between left
posterior insula and left lateral occipital cortex, shown here in orange. Functional connectivity with this
region was increased in the autistic compared to non-autistic group (using threshold-free cluster enhancement,
pFWE < 0.10). Images are shown in radiological convention.

3.4 Discussion

3.4.1 General development of posterior insula connectivity

When looking at age-related connectivity patterns combined across groups, a few com-

mon themes emerged. There were more clusters of decreasing than increasing posterior

insula (PI) connectivity with age, driven by the left PI seed. This is consistent with our

sample including adolescents and adults whose brains have undergone widespread pruning

of cortical connections (Hua and Smith, 2004; Innocenti and Price, 2005; Katz and Shatz,

1996). The specific areas of decreases are also consistent with a developmental perspec-

tive on interoceptive learning (Ainley et al., 2016; Barrett and Simmons, 2015). In both

hemispheres, the areas of decreases were generally other insula subregions or sub-cortical

regions, including thalamus, striatum, and brainstem. This would imply that, over time,

our interoceptive perception becomes a less direct representation of our bodily signals as

conveyed in these subcortical regions. Ideally, this may reflect adaptive learning: our ex-
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Figure 3.5: Posterior insula connectivity by bodily awareness

Significant clusters in which posterior insula functional connectivity increases (red) and decreases (blue) with
bodily awareness as measured by the BPQ (Porges, 1993) are shown (using threshold-free cluster enhance-
ment, pFWE < 0.10). Increasing connectivity with BPQ scores is shown in right lateral occipital cortex.
Decreasing connectivity with BPQ scores is shown in areas including mid-insula, white matter, anterior cin-
gulate, precentral gyrus, and temporal pole. Color intensity varies by seed hemisphere as shown in figure
legend. Images are shown in radiological convention.

62



pectations for these signals become well-tuned and thus less conscious effort is required

to process and respond to homeostatic needs. Cardiovagal autonomic control has been

shown to increase in efficiency from childhood to early adulthood (Lénárd et al., 2005),

which may enable less effortful monitoring of these signals. Further, interoceptive task

findings support an increasing distinction between baseline processing and intentional pro-

cessing of cardiac signals with age (Failla et al., 2020). Failla et al. (2020) found that adults

showed greater increases in insula responsiveness from baseline during heartbeat counting,

but achieved similar accuracy levels as did children (i.e., this enhanced processing did not

correspond to better performance). This would suggest that heartbeats may be processed

in adults when needed (e.g., when explicitly asked by an experimenter to do so or during

abnormal heart rhythms), but fewer neural resources are engaged towards each heartbeat

during baseline, non-critical conditions.

Patterns of connectivity with the right posterior insula showed clues as to what types of

associations may be used to refine our interoceptive models over time as we age. Particu-

larly, there were several significant clusters that increased with age between right posterior

insula and posterior parietal cortex, covering broad multimodal areas. This is in line with

how we might expect the cues we use to interpret our bodily needs to become increas-

ingly integrated among our multiple senses over time. Particularly, the strongest findings

were in the right and left precuneus, which has been proposed to be involved in visuospa-

tial imagery and consciousness (e.g., Cavanna and Trimble, 2006; Wenderoth et al., 2005).

This might reflect that the actions required to maintain homeostasis into adulthood involve

increasingly complex actions and advanced planning, such as seeking a job to buy food.

Further, interoception may be processed increasingly within an abstracted sense of self

identity (Palmer and Tsakiris, 2018).

The one cluster identified in which connectivity with the left posterior insula seed in-

creased with age was localized to areas of broad white matter. Though right insula included

more cortical connections, there was one mirroring white hemisphere region as well. Gore
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et al. (2019) have found evidence that functional connectivity identified in white matter

does reflect neural activity as conveyed along specific pathways. The areas connected by

these exact tracts requires advanced modeling to approximate (Gore et al., 2019). However,

the posterior white matter locations we identified could conceivably link towards multi-

modal sensory areas, strengthening an increasingly integrated sense of interoception as we

age.

Similar to Ebisch et al. (2011) findings for diagnostic group differences, our findings

for connectivity by age suggest qualitatively similar patterns between the hemispheres,

but of varying strength and number of regions. The right posterior insula showed a bal-

ance of increasing and decreasing connections with age, with an overall greater number of

connections that increased with age. On the other hand, the left posterior insula showed

predominantly decreasing connectivity with age. This suggests that cortical pruning may

occur more readily for parasympathetic than sympathetic nervous system regulation, with

a greater level of baseline processing maintained for sympathetic regulation. Correspond-

ingly, the right posterior insula was the only insula subregion in Failla et al. (2020) that did

not show increasing responsiveness with age during heartbeat counting. Thus, cues relative

to sympathetic activation might require more ongoing maintenance than for parasympa-

thetic activation. This makes sense from a survival standpoint, given the critical nature of

threat response.

3.4.2 Autistic differences in posterior insula connectivity

Group differences in insular connectivity were localized to just the left posterior insula

seed, identifying one main cluster in left lateral occipital cortex. Unlike findings in prior

samples (Ebisch et al., 2011; Francis et al., 2019), connectivity was increased with these ar-

eas in our autistic compared to non-autistic group. Though we were limited by sample size

in exploring age-dependent differences in posterior insula connectivity, the relatively older

age of our sample (e.g., extending past adolescence into middle adulthood) may contribute
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to the directionality of these findings. For example, Francis et al. (2019) found increas-

ing posterior insula connectivity with age in their areas of initially decreased connectivity.

Thus, it is possible that in autistic individuals, the posterior insula might show the opposite

developmental pattern from the anterior insula (Nomi et al., 2019), shifting from hypo-

connected to hyper- connected. Particularly, our finding suggests that left PI connectivity

is increased in autism in an area related to mental imagery, especially processing speed and

time estimation (Forn et al., 2013; Sack et al., 2002). Craig (2009) notes the essential role

of the insula in time perception, as linked to the cardiac cycle. Thus, increased connectiv-

ity between these areas in the autistic group might suggest that self-referential processing,

particularly as related to the self in time, may be especially grounded in interoceptive pro-

cessing in autistic individuals. Otherwise, these generally null findings by group further

call into question whether findings of reduced interoceptive accuracy in autism might be

more nuanced than common behavioral measures, such as heartbeat counting accuracy,

suggest (Williams et al., 2022).

3.4.3 Relationship with bodily awareness

We identified several regions in which posterior insular connectivity covaried with either

enhanced or reduced self-reported body awareness. For both our right and left posterior

insula seeds, trends with increased bodily awareness were found with coinciding lateral

occipital cortex clusters. This lateral occipital region is in a similar, though not identi-

cal, area as the self-referential parietal areas that showed increasing connectivity with age

(e.g., Cavanna and Trimble, 2006). Potentially, this may suggest that individuals who more

closely relate interoception with their sense of self perceive these cues more readily. Fur-

ther, the correspondence of the same region as identified with the right and left insula seed

may relate to the specific subscale that we used. Though there are other scales that better

differentiate sympathetic versus parasympathetic nervous system functioning, the “Aware-

ness” subscale we used is the most general subscale of everyday awareness across both
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types of sensations (Porges, 1993). Thus, this lateral occipital region may be an interesting

area related to generalized awareness of bodily sensations and less specific to context or

threat response.

On the other hand, the areas related to reduced body awareness were in key interocep-

tive network regions, including the mid/anterior insula and anterior cingulate. Several of

these findings were in white matter regions as well, which is interesting to consider relative

to recent findings that support the role of glial cells for efficient interoceptive processing

(Fabbri et al., 2023). The negative relationship between body awareness and connectiv-

ity in these areas is surprising, however, since one might hypothesize increasing connec-

tivity within the insular network to relate to increased awareness. Previously, enhanced

within-interoceptive network connectivity was found to relate to individuals’ attunement

with their stress responses, measured by the concordance between galvanic skin response

and reported stress levels (Kleckner et al., 2017). Notable for interpreting these findings,

however, is that the BPQ “Awareness” subscale does not clearly map onto the extent to

which this awareness is adaptive. Specifically, the BPQ Awareness subscale reflects re-

ported frequency and strength of a broad number of interoceptive sensations, without a fo-

cus on the interpretation that individuals are assigning to these sensations. Therefore, these

findings might highlight the distinction between efficiency of interoceptive processing and

awareness. In everyday situations, individuals with strong within-interoceptive network

connectivity may meet their needs readily, bringing fewer of these signals to enough aware-

ness to remember and report. However, individuals who relate these signals to a broader

sense of self (e.g., via parietal cortex connections) may report greater general awareness of

these signals.

Revisiting autistic group patterns with the dimensional relationship between body pro-

cessing and neural connectivity in mind, one reason for limited group differences might

be the broad range of scores seen in the autistic compared to non-autistic group. Autistic

participants showed extreme scores at both ends of the scale, including enhanced and re-
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duced awareness. Thus, it may be likely that autistic individuals group towards both ends

of these neural processing profiles, rather than showing a uniform profile of differences

from neurotypical processing. Further, the consideration of adaptive interoceptive process-

ing relative to different body awareness levels may be ripe for future studies to explore

as well. For example, Paulus and Stein (2006) and Ainley et al. (2016) suggest increased

awareness of bodily sensations in anxious individuals because of less flexibly tuned expec-

tations for these signals. Whereas, interoceptive awareness as developed from mindfulness

interventions may have more beneficial purposes (Walsh et al., 2019). Thus, these findings

represent a start in understanding how neural communication with interoceptive regions

leads to bodily awareness, but further work is needed to understand when these differences

reach clinical significance.

3.4.4 Limitations

Though our overall sample allowed us to look at broader trends in posterior insula connec-

tivity by age as compared to prior work (Ebisch et al., 2011; Francis et al., 2019), we were

underpowered in this sample to understand differential trends in autistic versus non-autistic

development. Ideally, even larger samples may be able to better address the differences

rather than cross-diagnostic trends.

Another limitation is that it is unclear whether our sample reflects how interoceptive

processing diverges in individuals with the greatest challenges in interpreting and respond-

ing to their bodily needs, since the BPQ does not clearly map onto this construct. There

have been recent efforts to create measures that delineate the different aspects of intero-

ceptive experiences, including more clearly defined problems and challenges (Fiene et al.,

2018). Future work may therefore aim to relate these neural pathways to indices of adaptive

versus maladaptive interoceptive processing.

Lastly, autistic heterogeneity may have masked some potential findings due to large

individual variability. Notably, the range of the autistic group’s BPQ scores was much
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wider than the non-autistic group. Thus, subgrouping might be a useful approach to better

understand the link between interoceptive brain systems and interoceptive experiences for

autistic individuals whose self-reports are either much higher or lower than non-autistic

individuals.

3.4.5 Conclusion

These findings extend the existing literature of how posterior insula connectivity changes

over development. In general, our findings support theories for how our expectations for

these signals better tuned and increasingly multimodal over the course of development. The

connections that were best maintained with age also seemed to be those that were most re-

lated to increased bodily awareness. However, within-interoceptive network connections,

especially with subcortical sensorimotor regions, were shown to be decreased with both

age and body awareness. This especially highlights that adaptive interoceptive processing

may indeed involve effective tuning out of certain interoceptive sensations. Identified dif-

ferences between the autistic and non-autistic groups were minimal, but those that were

found were both localized to left posterior insula rather than right and may specifically re-

late to sense of time. Thus, our findings suggest that distinctions between parasympathetic

and sympathetic processing may be especially relevant to consider when understanding

interoceptive processing development in autism.
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CHAPTER 4

Perceiving the self in context

4.1 Introduction

Though many of our biological signals (heartbeats, breathing, autonomic changes) are pro-

cessed implicitly, the ability to perceive and respond to unexpected changes in these signals

is crucial for well-being (Craig, 2002; Kleckner et al., 2017; Quadt et al., 2018; Tsakiris and

Critchley, 2016). However, it has been far from straightforward to measure adaptive func-

tioning in this system. Descriptive theories point towards interoceptive concerns broadly

in physical and mental health conditions, such as anxious individuals showing increased

sensitivity towards bodily changes (Domschke et al., 2010; Paulus and Stein, 2006) and

depressed individuals experiencing reduced capacity to address their bodily needs (Barrett

et al., 2016). Autistic individuals report a variety of interoceptive concerns, providing state-

ments such as “The best way I can describe this to health professionals is that I receive a

signal from somewhere I’m not exactly sure, and I have difficulties interpreting what they

might mean” or “I’m super sensitive to little changes in how my body feels” (Trevisan

et al., 2021b). Though these descriptions are illustrative, their correspondence to specific

aspects of interoceptive system functioning remains elusive. Without a clear index of how,

exactly, interoceptive information is being processed differently in individuals who experi-

ence interoceptive concerns, supporting these individuals involves substantial guesswork.

Ideally, we might hope to have objective interoceptive tests that map the relationship

between stimulus levels and perceptual responses, akin to eye exams or hearing tests, that

may be used in clinical practice. These types of tasks can be extremely useful in linking

specific nervous system features and behavioral concerns, while being quick and easy to

administer. However, there is a major roadblock towards developing these tests compared

to other sensory systems: the practical and ethical concerns of manipulating stimulus levels
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for stimuli occurring within the body, compared to how we may systematically alter stimuli

like lights or tones that occur outside of the body. Researchers have worked on develop-

ing indices of interoceptive processing within this limited experimental control (Brener

and Ring, 2016). Unfortunately, the interoceptive indices that have been studied thus far

have yet to clearly differentiate individuals who do versus do not experience interoceptive

concerns (Adams et al., 2022a; Williams et al., 2022; DuBois et al., 2016).

Most interoceptive indices have been developed for heartbeat perception, using scores

from one of two paradigms: i) heartbeat counting (Dale and Anderson, 1978; Schandry,

1981)and ii) two-alternative forced choice (2AFC) heartbeat discrimination (Whitehead

et al., 1977). In heartbeat counting paradigms, individuals are instructed to count the num-

ber of beats they perceive between starting and stopping the trial, and this number is com-

pared to the recorded beats using electrocardiogram (EKG) or pulse oximetry. In 2AFC

heartbeat discrimination tasks, individuals are presented with a series of sensory stimuli in

another modality (vision or hearing), using one condition synchronous to their heartbeats

and one condition asynchronous from their own beats. They are then asked to determine

which is which (Whitehead et al., 1977). Though conceptually simple, these tasks have

proven difficult for participants to complete. In heartbeat discrimination tasks, many par-

ticipants perform at chance, limiting the ability to address individual or group differences

(Brener and Ring, 2016). In heartbeat counting tasks, this results in many non-interoceptive

factors explaining variation in task performance, including working memory, processing

speed, knowledge about expected heart rates, and task instructions (e.g., whether one is in-

structed to report beats they think they might have perceived or are certain they perceived;

Desmedt et al., 2018). Further, these tasks do not show particularly high correspondence

with each other, with only 4.4% shared variance (Hickman et al., 2020). Thus, the utility of

these tasks as a measure of adaptive interoceptive processing has been deeply questioned.

Further, our understanding of interoceptive perception in autism thus far has primar-

ily been built on these heartbeat counting and 2AFC heartbeat discrimination tasks, which
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have so far led to a deficit model of interoceptive accuracy in autism (Garfinkel et al.,

2016; Palser et al., 2018). Meta-analyzed findings do suggest a true effect of reduced

heartbeat counting in autism, though equivalent heartbeat discrimination (Williams et al.,

2022). However, there are other known findings that might explain autistic differences in

heartbeat counting as not specific to interoception. A greater tendency towards underesti-

mated heartbeats in autism may be readily explained by other well-replicated findings: i)

higher average heart rates in autism (Bal et al., 2010; Hollocks et al., 2014; Ming et al.,

2005; Watson et al., 2012), ii) slower processing speeds (Zapparrata et al., 2022) and dif-

ferences in working memory (Wang et al., 2017), and iii) a general tendency towards more

cautious perceptual decision-making (Quinde-Zlibut et al., 2020). As the general utility

of these tasks has been questioned, so has a strong need to extend our understanding of

interoceptive perception in autism beyond these two tasks.

Researchers have therefore re-evaluated the conscious detection of interoceptive sig-

nals in terms of their ecological relevance to the individual (Ainley et al., 2016; Allen

et al., 2022; Barrett et al., 2016; Trevisan et al., 2021a). Stimuli such as heartbeats and

respiration are typically regular and predictable; if they remain within homeostatic ranges,

it may be more adaptive to tune these signals out, conserving neural energy (Ainley et al.,

2016; Barrett and Simmons, 2015). Thus, focus has begun to shift from measuring de-

tection of interoceptive stimuli towards developing measures that reflect the models one

uses to filter and respond to these signals, i.e. interoceptive prediction and tuning. From

a mathematical standpoint, this is well-described by Bayesian models (Ainley et al., 2016;

Barrett and Simmons, 2015; Huang and Rao, 2011). Bayesian modeling provides a way

to estimate sensory expectations based on prior experience (priors) and the updated re-

sponse to incoming signals, particularly when these diverge from expectations (posteriors).

However, estimating prior and posterior distributions necessitates comparison of least two

experimental conditions: baseline and altered. Thus, putting this in practice requires fac-

ing the challenges of manipulating signals that occur within the participant. Approaches
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include medical interventions or targeted manipulations, such as instructing individuals to

hold their breath. Khalsa et al. (2009, 2016) and Smith et al. (2020) have started these

studies, providing tangible evidence that comparing experimental conditions reveals inte-

roceptive tuning differences in anxiety and depression that were not apparent when using

a single experimental condition. However, their difficult and/or invasive nature warrants

caution in adapting these for participants with developmental differences or physical health

concerns.

A less invasive alternative may be to study the perception of interoceptive signals rel-

ative to environmental cues that contextualize their interpretation, such as perceiving and

interpreting a heart rate change in a gym versus home environment. Focusing on this con-

textualization lends several additional benefits. It may be understood as a type of multi-

sensory integration, from which there is a rich literature to draw upon (Calvert et al., 2004;

Murray and Wallace, 2012), and these types of paradigms have been especially informa-

tive about autistic sensory processing (Baum et al., 2015; Feldman et al., 2018). Multiple

facets of integration may be measured by multisensory tasks, as integration occurs across

time, spatial location, and signal strength (Rohe and Noppeney, 2016). These properties

make up the three major principles of multisensory integration, such that two stimuli are

especially likely to be integrated if they occur close together in time (temporal principle)

and/or space (spatial principle). The last principle, termed inverse effectiveness, describes

how integration is particularly used to boost the comprehension of weaker stimuli, whereas

may be less necessary when signals are strong enough to be readily perceived on their own.

One’s exact parameters for integration are learned over time from one’s environment (Stein

and Rowland, 2011; Wallace and Stein, 1997). For example, individuals might learn in

early language development how closely speakers’ voices tend to align with their mouth

movements and perceive language accordingly.

Revisiting the interoceptive literature within a multisensory framework reveals further

potential for task design. Though 2AFC heartbeat discrimination has been predominantly
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considered an interoceptive task, extensions of this task that include a greater number of

conditions may serve to reduce the confounds in this task design and align it with com-

mon multisensory temporal integration measures. Typically, the stimuli in the synchronous

condition are presented 200 milliseconds (ms) after each beat to account for the delay in-

herent in transducing the signal and propagating it from baroreceptors in cardiac and/or

vascular tissue to primary interoceptive cortex. The stimuli in the asynchronous condition

are presented 500 ms after each beat, well after this process has occurred. Inherent in the

2AFC design is an assumption that 200 ms is universally the ideal offset for perceived

synchrony, which disregards individual variability, including variability in signal strength

and the distance of these receptors from the brain (Brener and Kluvitse, 1988; Ring and

Brener, 1992). For individuals who may maximally perceive their heartbeats sooner or

later than the 200ms condition, a psychometric curve which incorporates multiple offsets

can better distinguish interoception from chance performance (Schneider et al., 1998). This

approach is known in psychophysics as the method of constant stimuli. Brener and Ring

(2016) have noted the advantage of the method of constant stimuli to precisely locate the

temporal sensation of the heartbeat relative to a visual stimulus and review strong evidence

for validity of this task in neurotypical participants. Using this multi-interval task version

in autistic compared to non-autistic participants allows examination of multiple cardiocep-

tion features beyond accuracy, as we may examine differences in location of peak heartbeat

sensation and/or in precision of cardiovisual integration.

Further, several additional paradigms have recently been developed to measure the

types of complex integration that individuals may use in their daily lives. Legrand et al.

(2022) have developed a measure of heart rate discrimination from an external stimulus,

based on the idea that heart rate may be a more robust index of health than beat-to-beat

changes. Though beats are a necessary component of rates, this type of task involves hi-

erarchical integration over longer time scales to track relative rates. Another type of task

has been developed by Walsh et al. (2019) in a study of the sensory effects of mindfulness

73



interventions. This task assesses whether controlled breathing improved one’s ability to

detect subtler changes in visual stimuli, which they found occurred more prominently after

the mindfulness training had been completed (Walsh et al., 2019). These tasks may provide

a meaningful complement to those from multi-interval heartbeat discrimination.

Prior multisensory studies in other modalities provide a basis for the patterns by di-

agnostic group that we might expect to see in these tasks. Autistic individuals generally

show wider temporal integration compared to non-autistic populations (Baum et al., 2015;

Feldman et al., 2018). Noel et al. (2018) have provided initial evidence that this extends

to cardiovisual integration, as they found that autistic individuals showed more diffuse

binding between cardiac and visual stimuli than non-autistic individuals when analyzed

retroactively (thus, the visual stimuli did not directly mirror participants’ cardiac rhythms).

Additionally, autistic individuals show less susceptibility to multisensory illusions than

neurotypical peers, suggesting a greater tendency to segregate information between sen-

sory sources (Baum et al., 2015; Feldman et al., 2018). Further, multisensory findings for

auditory and visual stimuli suggest increasing autistic versus non-autistic group differences

for stimuli of increasing complexity (such as speech versus tones; Feldman et al., 2018),

which may be particularly interesting to examine in regards to heart beats versus heart rate.

Lastly, the prior literature suggests that multisensory differences between autistic and non-

autistic groups may lessen with age (Feldman et al., 2018). Therefore, in this study, we

analyzed interoceptive-exteroceptive perceptual integration in autistic versus non-autistic

individuals across varying ages and across tasks of varying complexity.

4.2 Methods

4.2.1 Participants

Our sample included n = 42 adult (25 non-autistic, 17 autistic) and n = 21 youth (10 non-

autistic, 11 autistic) participants. Study procedures were approved by the Vanderbilt In-

stitutional Review Board, under protocol #191677. All individuals or their primary care-
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Table 4.1: Participant characteristics by diagnostic group

Group
Total

(valid)
Gender

(% male)
Age

(% years)
Interoception

(ISQ)
Anxiety

(SCARED)
Heart rate

(bpm)

Non-autistic 35 (19) 35% 25.6 37.2 0.39 74.7
Autistic 28 (14) 62% 23.2 58.9 0.76 81.7

Sample sizes are summarized per group of total participants (i.e., included in at least one task analysis) and
participants with valid parameters on all three tasks (included in composite task analyses). Characteristics
of the total sample per group are summarized as percent for categorical variables and mean for continuous
variables. Since the number of items on the SCA(A)RED varies between children and adults, these scores
have been rescaled by the total number of items.

givers gave informed consent for study participation; any individuals who were not primary

medical decision makers (i.e., ineligible to consent) provided informed assent for partici-

pation. For either group, individuals between the ages of 8-60 were eligible to participate.

Individuals were included in the autistic group if a prior or new autism diagnosis was con-

firmed using research-reliable administration of the Autism Diagnostic Observation Scale-

2 (ADOS-2; Lord et al., 2012) and clinical judgment of a licensed clinical psychologist

specializing in autism. Exclusion criteria for both groups included factors that could limit

the completion and interpretation of perceptual tasks; specifically, uncorrected sensory im-

pairments unrelated to autism (e.g., vision or hearing loss), atypical cardiac rhythms (e.g.,

arrhythmias or premature contractions), a full-scale intellectual quotient score (IQ) <70, or

genetic, psychiatric, or neurologic conditions (other than ADHD, depression, or anxiety).

Lastly, individuals were excluded from either group if an autism diagnosis was inconclu-

sive per the study clinician (though, participants who were evaluated for autism but did not

receive a diagnosis were eligible for the non-autistic group).

Participants were also excluded from subsets of analyses if their task parameters were

not in interpretable ranges (see Tasks for a description of these criteria per task). This led

to a total of n = 33 (19 non-autistic, 14 autistic) participants included in joint analyses of

all three tasks.
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Figure 4.1: Anxiety levels by age and diagnostic groups

Total anxiety scores using the SCAARED self-report (adults, 18+) and SCARED self-report (youth, ages 8-
17 years) are shown in box plots by diagnostic group. The autistic group is shown in orange and non-autistic
group is shown in teal. In red, the scores above which anxiety levels are concerned a clinical concern are
labeled for each age group.

4.2.2 Questionnaire measures

Participants completed self- and/or parent- report surveys to characterize their interoceptive

processing experiences and anxiety levels. Interoceptive challenges were measured using

the Interoception Sensory Questionnaire (ISQ; Fiene et al., 2018) a 20-item questionnaire

that is interpreted as bodily state confusion related to interoceptive hypo- awareness. This

measure was designed specifically for autistic populations. Anxiety was measured using

three different scales. The Anxiety Scale for Children-ASD (ASC-ASD; Rodgers et al.,

2016) and Anxiety Scale for Adults-ASD (ASA-ASD; Rodgers et al., 2020) were used to

measure aspects of anxiety that may be specific to autism, as these have been specifically

developed and validated for use in autistic individuals. The SCA(A)RED Child (Birmaher

et al., 1997) and Adult (Angulo et al., 2017)) were used to measure typical presentations of

anxiety, as these questionnaires are derived closely from Diagnostic and Statistical Manual

(DSM; American Psychiatric Association, 2013) criteria for anxiety disorders. The State-

Trait Anxiety Inventory (STAI; Spielberger, 1983) was also used to measure state anxiety

levels at the time of the study visit. Since the number of items on the ASC/A-ASD and
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SCA(A)RED vary between children and adults, these scores have been rescaled by the

total number of items.

4.2.3 Tasks

Participants completed three perceptual tasks to characterize different aspects of interoceptive-

exteroceptive integration.

Method of constant stimuli (MCS) heartbeat discrimination task. The goal of this task

is to determine how precisely individuals perceive visual cues relative to their heartbeats.

This task was adapted from Yates et al. (1985). In this task, a trial consists of a series of

6 flashes presented in the center of a screen at one of 7 intervals of offset (0, 100, 200,

300, 400, 500, 600 milliseconds (ms)) from the R wave, as measured by electrocardiogram

(EKG). On each trial, participants are asked to judge whether the stimuli occur at the same

time (synchronous) or different time (asynchronous) as their heartbeat. The adult version

of the task includes 25 presentations per offset condition. A shortened version for children

includes 15 presentations per offset condition.

We analyzed this task by fitting a Gaussian curve to the proportion of synchronous rat-

ings per offset condition, resulting in three parameters: temporal location of heartbeat sen-

sation (the peak of the curve, i.e. which offset was perceived as most synchronous), percep-

tual strength (the proportion of trials in which participants reported synchrony at this peak

offset), and temporal binding window (TBW, defined here as the width of the full curve at

50% of its peak). The TBW indicates the variation in offsets over which participants still

tended to rate these stimuli as generally occurring at the same time. Though the first two

parameters (location and perceptual strength) help characterize different aspects of percep-

tion, we focused on binding window width as our measure of interoceptive-exteroceptive

integration.

Participants with valid curve parameters were defined as having location of heartbeat

sensation >0 ms, perceptual strength <1.1 (i.e., reporting near 100% of trials as syn-
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Figure 4.2: Design of method of constant stimuli (MCS) heartbeat discrimination task

The experimental design (left) and analytic parameters (right) of the method of constant stimuli (MCS) heart-
beat discrimination task are shown. In this task, participants judge the simultaneity between their heartbeats
and visual stimuli of varying offsets. The three resulting parameters from this task are: temporal location of
heartbeat sensation (which offset from the heartbeat was perceived as most synchronous), perceptual strength
(the proportion of trials in which participants reported synchrony at this peak offset), and temporal binding
window (TBW, defined here as the width of the full curve at 50% of its peak).

chronous at their peak offset) and binding window width <1000 ms. Parameter values out-

side these ranges reflected poor curve fits that were extrapolated far beyond the experimen-

tal offsets (e.g., erroneously suggesting that synchronous perception occurred anywhere

from seconds to minutes after one’s R wave). Participants with invalid MCS parameters (n

= 9 autistic and n = 14 non-autistic) were excluded from further MCS task analyses, though

participant characteristics (group, age, gender, interoception/anxiety, heart rate, blood pres-

sure, and number of trials) were compared between participants with and without valid task

parameters. This left n = 40 (n = 20 autistic and n = 20 non-autistic) participants analyzed

for the MCS task.

Heart rate discrimination task (HRD). This task was developed by Legrand et al. (2022).

The goal of this task is to determine the precision with which individuals can identify their

heart rate, relative to the rate of auditory tones. In this task, a trial consists of first, a

5 second window in which participants are asked to pay attention to their heart. In the

next phase, the participant hears a series of tones and are asked whether these are faster

or slower than their heart rate. A staircase procedure is completed, starting with bigger

rate differences, and then providing smaller differences until the smallest difference the
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Figure 4.3: Design of heart rate discrimination task

The experimental design (left) and analytic parameters (right) of Legrand et al.’s (2022) heart rate discrimina-
tion task are shown. In this task, a staircase procedure is completed to determine the precision (larger slopes
( β ) = less precise) with which participants can discriminate their heart rate from a series of auditory tones.
Components of this figure have been reproduced with permission from Legrand et al. (2022).

participant can reliably detect between their heart rate and tones is determined. An addi-

tional, exteroceptive condition of this experiment is included for comparison. This task is

designed equivalently to the interoceptive version, but instead of an initial heart rate phase,

participants are presented with two series of auditory tones and asked to discern whether

the second series are slower or faster than the first.

The parameters resulting from this task include a subjective heart rate estimate (i.e., the

rate at which participants are equally likely to say the tones were faster or slower than their

heart rate) and the slope of heart rate estimation, indicating the degree to which partici-

pants’ discriminative judgments change in response to each increment in tone rate. Larger

values correspond to decreased precision, since these indicate that a greater difference in

presented tone rate is required for the participants to perceive a change. There were no

participants with outlying or uninterpretable parameters on this task; however, a total of

n = 7 autistic and n = 2 non-autistic participants were excluded due to task incompletion,

leaving a total of n = 54 participants in our analyzed sample. Task incompletion was due

to auditory sensitivities, issues with task pacing, and/or general time constraints.

Respiration integration task (RIT). This task was developed by Walsh et al. (2019). The

purpose of this task is to measure the specific ability to integrate interoceptive information
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and map it to visual information, controlling for visual ability alone. In this task, a circle

is presented at the center a screen; the circle expands and contracts rhythmically. On each

trial, participants view 2 cycles of expansion and contraction, the reference and the target.

The reference circle always expands and contracts at a constant rate, and the rate of the

target is varied. After each pair of stimuli, participants indicate whether the target is faster

or slower than the reference. A staircase procedure is used to titrate the difficulty and con-

verge on a threshold (just noticeable difference (JND), the smallest difference in speed that

participants can reliably discern). The task is completed in 3 phases. First, participants use

vision alone to perform the task. Once this threshold is established, participants spend 60

seconds practicing matching their breathing to the movement of the circle as it pulses at

the reference frequency. Afterwards, in the integration period, participants repeat the task

while matching their breathing to the expansion and contraction of the sphere.

A respiratory integration score is calculated by using a linear model to predict breath

condition thresholds from visual alone thresholds; thus, adjusting empirically for factors

such as practice effects. The residuals of this model are then considered the respiratory

integration score. Negative residual values indicate that an individual was better (i.e., dis-

cerned smaller differences in speed) in the breath condition than predicted from their visual

score, reflecting increased integration. Positive residual values indicate that an individual

was worse in the breath condition than predicted from their visual score, indicated de-

creased integration. In some cases, the staircase does not converge or converges on extreme

values, often in cases of participant inattention. Parameters on this task were considered

invalid if scores on either condition were extreme outliers (i.e., more than 4 standard devi-

ations above the average). A total of n = 2 non-autistic and n = 2 autistic participants were

excluded from RIT task analysis due to an outlying score or task incompletion, leaving n =

59 participants analyzed.
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Figure 4.4: Design of respiration integration task

The experimental design (left) and analytic parameters (right) of Walsh et al.’s (2019) respiration integration
task are shown. In this task, participants complete two rounds of a visual speed discrimination task, with and
without matched breathing. This task results in a respiratory integration score reflecting the degree to which
participants improved their visual speed judgments (lower scores) when using matched breathing.

4.3 Single task analysis

To examine how perceptual patterns on each of these tasks relate to individual characteris-

tics, we analyzed a linear regression model with terms of group, age, and gender for each

of our three outcome parameters (MCS: binding window width, HRD: interoception slope,

RIT: threshold change in breath condition). For the two cardiac tasks, we also covaried for

perceptual patterns by heart rate, as collected before task performance. To further describe

the evidence for each of these terms, we calculated inclusion Bayes factors (BFinclusion) for

each of these terms as compared to the full model. These values are interpreted as a ratio of

the evidence for including (numerator) or excluding (denominator) the given term based on

the strength of its contributions to the model, with values > 1 favoring including the term

and values < 1 favoring excluding the term.

4.4 Combined task analysis

We further aimed to combine the information gained from each of these measures into a

composite score reflecting generalized interoceptive-exteroceptive integration. To do this,

we completed a principal components decomposition on our three parameters of interest: i)

MCS: binding window width, ii) HRD: heart rate discrimination precision, and iii) RIT: res-

piratory integration score. Individuals’ scores on the components from this decomposition
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were compared between diagnostic groups and with self-reported interoceptive challenges.

Correlations between interoceptive confusion as reported by the ISQ and our two trait

measures of total anxiety (ASC/A-ASD total and SCA(A)RED total) were assessed to de-

termine whether these should be analyzed as distinctive versus overlapping constructs.

Since these correlations were quite high (ISQ and ASC/A-ASD: r = 0.68 and ISQ and

SCA(A)RED: r = 0.70), we focus on presenting the results between task parameters and

the ISQ, as these reflect a proximal report of interoceptive behavioral experiences.

4.5 Results

4.5.1 Single task results

Method of constant stimuli task. Of the 63 total study participants, 40 (63%) had MCS

parameters within interpretable, valid ranges. This number is slightly above findings re-

viewed in Brener and Ring (2016) of around 50% of the population perceiving their heart-

beat above chance, with the highest numbers coming from similar multi-interval tasks. No

participant demographic characteristics (age, gender, diagnostic group) differed between

participants with valid versus invalid task parameters. Individuals with stronger cardiac

signals (i.e., faster heart rate and higher blood pressure) were more likely to have valid

task parameters; these three effects were each statistically significant (See Table 2). Ad-

ditionally, though not significant, state anxiety (STAI) ratings were somewhat higher in

participants with valid parameters. Surprisingly, individual who reported greater intero-

ceptive challenges were more likely to have valid task parameters, though this effect was

not significant either.

Among the participants with valid parameters, model results showed that no terms

significantly corresponded with cardiovisual binding window width. The term with the

strongest evidence was increased heart rate with narrower widths (BFinclusion = 1.04). Con-

trary to our hypotheses, the term for group showed narrower widths in autistic participants

than in non-autistic participants (Figure 5A), though with substantial variability such that
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Table 4.2: Method of constant stimuli parameter validity by participant characteristics

Number
(AUT, N-AUT)

Gender
(% male)

Age
(years) ISQ STAI

Blood pressure
(Sys./Dias.)

Heart rate
(bpm)

Invalid 9, 14 52% 25.2 42.2 28.6 109.2 / 64.9 72.6
Valid 20, 20 45% 24.2 48.0 32.6 118.8 / 73.4 80.7

p 0.41 0.59 0.77 0.45 0.08 0.04*/0.007* 0.005*

Characteristics of participants categorized as having valid versus invalid MCS parameters. These are sum-
marized as percent for categorical variables (gender) and mean for continuous variables (age, interoceptive
hypo-awareness as measured by the ISQ, state anxiety as measured by the STAI). Characteristics that signif-
icantly differed between those with valid and invalid parameters are marked with an asterisk.

Table 4.3: Method of constant stimuli binding window width by participant characteristics

Estimate Std. Error t p BFinclusion

(Intercept) 860.64
AUT >N-AUT -7.77 54.05 -0.14 0.89 0.47
Age -0.67 1.92 -0.35 0.73 0.45
Heart rate -3.98 2.60 -1.53 0.14 1.04
Male >Other -33.16 57.70 -0.58 0.57 0.47

Regression table for the model of heartbeat discrimination by group, age, heart rate, and gender. Columns
include unstandardized slope estimate (ms), standard error, t, p and Bayes inclusion factor. No terms showed
significant correspondence with cardiovisual binding width at p <0.05..

the evidence for this effect was weak (BFinclusion = 0.47). The term for gender was a similar

size as diagnostic group, showing narrower widths for males than female or non-binary

participants (BFinclusion = 0.47). There was the least evidence to support any relationship

between binding window width and age (BFinclusion = 0.45).

Though binding window width varied independently from the other two parameters

(temporal location of heartbeat sensation: r = 0.15 and perceptual strength: r = -0.34),

there was one significant relationship between these two parameters with participant fea-

tures. Specifically, individuals with higher heart rates had a moderate tendency to perceive

synchrony sooner (r = -0.55, Figure 5B).
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Figure 4.5: Method of constant stimuli heartbeat discrimination parameters

In panel A, raincloud plots of cardiovisual binding window width (ms) by are shown by group. In panel B, a
scatter plot of the temporal location of peak heartbeat sensation (ms) by heart rate (bpm) is shown. For both
plots, group is color coded as autistic (AUT) = orange; non-autistic (N-AUT) = teal.

Heart rate discrimination task. For the n = 54 participants who completed this task,

model results showed that age was a strongly significant predictor of heart rate estimation

slope, such that older individuals showed greater precision (t = -4.99, p < 0.001, BFinclusion

= 1690, Figure 6B). Heart rate secondarily predicted slope estimates, with individuals

showing increased precision with increased heart rate (t = -2.02, p = 0.049, BFinclusion =

1.05). There was not evidence suggesting group differences, though the estimates were

towards decreased precision in the autistic compared to non-autistic group (t = 1.07, p =

0.29, BFinclusion = 0.35, Figure 6A). There was the least evidence to support any differences

in heart rate discrimination by gender (BFinclusion = 0.28).

Heart rate discrimination slope estimates only weakly correlated with slope estimates

from the tone rate discrimination task (r = 0.30); thus, findings were equivalent with and

without adjusting for tone rate slope.

Respiration integration task. Of the n = 59 participants analyzed, groups did not sig-
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Table 4.4: Heart rate discrimination slope by participant characteristics

Estimate Std. Error t p BFinclusion

(Intercept) 27.83
AUT >N-AUT 1.47 1.37 1.07 0.29 0.35
Age -0.24 0.05 -4.99 0.00* 1690
Heart rate -0.12 0.06 -2.02 0.049* 1.05
Male >Other -0.70 1.27 -0.55 0.59 0.28

Regression table for the model of heart rate discrimination by group, age, heart rate, and gender. Columns
include unstandardized slope estimate (bpm), standard error, t, p and Bayes inclusion factor. Age and heart
rate both showed significant associations with heart rate discrimination scores at p <0.05.

Figure 4.6: Heart rate discrimination by group and age

In panel A, raincloud plots of heart rate discrimination slope (β , larger = less precise) are shown by group.
In panel B, a scatter plot of heart rate discrimination by age (years) is shown. For both plots, group is color
coded as autistic (AUT) = orange; non-autistic (N-AUT) = teal.

85



Table 4.5: Respiration integration score by participant characteristics

Estimate Std. Error t p BFinclusion

(Intercept) 0.21
AUT >N-AUT -0.21 0.08 -2.68 0.0097* 3.37
Age -0.01 0.00 -2.31 0.025* 2.62
Male >Other 0.10 0.08 1.32 0.193 0.63

Regression table for the model of respiration integration score (breath condition: threshold change) by group,
age, and gender. Columns include unstandardized slope estimate (change in threshold), standard error, t, p
and Bayes inclusion factor. Age and group showed significant associations with respiration integration scores
at p <0.05.

nificantly differ for initial visual discrimination scores, though there was a trend towards

less precise initial scores in the autistic group (mAUT = 0.74, mN-AUT = 0.61, p = 0.15).

Model results showed that the two groups significantly differed in respiration integration as

indexed by improvement in the breath condition (t = -2.68, p = 0.0097, BFinclusion = 3.37,

Figure 7A). The autistic group showed greater integrative tendencies than the non-autistic

group, i.e., a lower JND in the breath condition than predicted from the visual. Older indi-

viduals also showed greater integrative tendencies (t = -2.31, p = 0.025, BFinclusion = 2.62,

Figure 7B). Gender did not significantly correspond with integrative tendencies (BFinclusion

= 0.63).

4.5.2 Patterns between tasks

Heartbeat discrimination and heart rate discrimination showed a positive correlation (r2 =

0.13), though neither task substantially correlated with respiration integration (r2 = 0.005

for MCS and r2 = 0.07 for HRD, see Figure 8).

The principal components derived from these three measures reflected these relation-

ships accordingly, as about half of individual variation (49%) was explained by a first com-

ponent loading strongly with all three tasks (method of constant stimuli: -0.57; heart rate

discrimination: -0.68; and respiration integration task: -0.46). Further, distinctive variation
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Figure 4.7: Respiratory integration scores by group and age

In panel A, raincloud plots of respiratory integration scores (i.e., the change in thresholds between breath and
visual only conditions, lower = better in matched breathing condition) are shown by group. In panel B, a
scatter plot of respiratory integration scores by age (years) is shown. For both plots, group is color coded as
autistic (AUT) = orange; non-autistic (N-AUT) = teal.

in the respiration integration task was primarily reflected in the second component (res-

piration loading -0.81), which explained 31% of individual variation. A last component

reflected idiosyncratic integration with the heart rate integration task, such that individu-

als showed a similar pattern between heartbeat (loading: -0.57) and respiration (loading:

-0.38) integration but opposing pattern with heart rate discrimination (loading: 0.73).

4.5.3 Relationships with interoceptive confusion

No single task parameter significantly correlated with interoceptive confusion as measured

by ISQ scores (MCS width: r = 0.01, HRD slope: r = 0.16, RIT integration score: r =

0.14). Using the principal components decomposition scores, however, a group-specific

relationship between combined task parameters and interoceptive confusion emerges. In

a model testing the association between group, generalized integration scores (principal

component 1, PC1), and their interaction term, the interaction term was the main significant

predictor (t = -2.66, p = 0.01, BFinclusion = 2.84). The term of group and the generalized

integration score alone did not show significant relationships with interoceptive difficulties,
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Table 4.6: Principal component decomposition of interoceptive-exteroceptive measures

Task: index
Component 1:

Combined
Component 2:
Diverging RIT

Component 3:
Diverging HRD

MCS: width -0.57 0.59 -0.57
HRD: slope -0.68 0.05 0.73
RIT: breath threshold change -0.46 -0.81 -0.38
% variance 49% 31% 19%

Rows 1-3 show the loading scores of each interoceptive-exteroceptive index (heartbeat discrimination: width,
heart rate discrimination: slope, and respiration integration: breath threshold change) with the three derived
principal components. The absolute value of these loading scores reflects the strength to which the given pa-
rameter contributes to that component. Their directionality (positive or negative) reflects whether parameters
are co-varying in the same or opposing directions from each other. Values occur on a -1 to 1 scale. The last
row indicates the variance in participant data explained by each component.

Figure 4.8: Interoceptive-exteroceptive index correspondence

Correlation plots between method of constant stimuli: width (ms), heart rate discrimination: slope (bpm),
and respiration integration: breath integration score (residual) interoceptive-exteroceptive indices. Autistic
individuals are plotted in orange, non-autistic individuals are plotted in teal. Lines of best fit across all
participants are plotted and corresponding r-squared values are summarized.
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Table 4.7: Interoceptive hypo- awareness as predicted by principal component scores and
group

Estimate Std. Error t p BFinclusion

Intercept 52.2
AUT >N-AUT 13.6 8.8 1.55 0.11 1.51
General integration (PC1) 9.3 5.6 1.65 0.13 0.91
Group x PC1 -19.3 7.2 -2.66 0.01* 2.84

Regression table for the model of interoceptive hypo-awareness (ISQ; Fiene et al., 2018) with general
interoceptive-exteroceptive integration scores (PC1, first principal component derived from heartbeat dis-
crimination width, heart rate discrimination slope, and respiratory integration score measures) by group. The
term of the interaction effect of group and interoceptive-exteroceptive integration scores was significant at p
<0.05.

though there was evidence to support greater interoceptive confusion in the autistic than

non-autistic group (AUT >N-AUT: BFinclusion = 1.51). Shown in Figure 9, these patterns

were similar when analyzed in regard to anxiety levels as measured by the SCA(A)RED

total.

4.6 Discussion

This study is the first to characterize interoceptive-exteroceptive integration across multi-

ple psychophysical measures and further, to compare autistic and non-autistic populations.

Our measures included both cardiac and respiratory integration, measured in both youth

and adults. Our findings help build a taxonomy of interoceptive-exteroceptive integration

compares among the different tasks and provide evidence for how development occurs

along this taxonomy. Some, but not all, of these tasks differed by diagnostic group. Fur-

ther, there are several implications for how heightened cardiac signaling and anxiety may

specifically impact interoception in autistic compared to non-autistic populations.

4.6.1 Towards a taxonomy of interoceptive-exteroceptive integration

In accordance with emerging findings in interoception research (Crucianelli et al., 2022),

we found that one’s interoceptive-exteroceptive integration precision may not be a single
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Figure 4.9: Interaction effects of combined interoceptive-exteroceptive scores, group, inte-
roceptive confusion and anxiety

For both panels, the x-axis reflects individual scores on the first principal component of our three
interoceptive-exteroceptive indices (Intero-Extero PC1), reflecting generalized integration. Positive scores
= precise integration and negative scores = imprecise integration. The degree to which heart rate, heartbeat,
and respiration indices is reflected in each component is scaled to the size of the axis text. On the left panel,
the correspondence between principal component scores and interoceptive confusion as measured by the ISQ
is shown. On the right panel, the correspondence between principal component scores and total anxiety as
measured by the SCA(A)RED (re-scaled by number of items) is shown. Individuals and trend lines are coded
by group, with orange = autistic and teal = non-autistic.
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trait across all possible combinations of stimuli and task design. The two measures of over-

lapping stimuli (i.e., cardiac) and constructs (temporal integration, at beat versus rate levels)

showed a moderate correlation within participants. Unfortunately, the method of constant

stimuli task showed some similar limitations as prior heartbeat-focused task designs, as

around a third of the participants had uninterpretable task parameters (Brener and Ring,

2016). Fortunately, however, the moderate shared variance (13%) between heartbeat and

heart rate integration tasks provides information beyond these limitations. This estimate is

thus far higher than the estimated concordance between 2AFC heartbeat discrimination and

heartbeat counting tasks of 4.4% shared variance (Hickman et al., 2020), though has yet to

be estimated in as large of a sample as those two prior tasks. This provides support initial

support that an interoceptive tuning framework, describing one’s integration parameters

along a possible continuum, more cohesively describes varying task performance than an

interoceptive accuracy-focused framework. Further, frameworks that only describe 2AFC

and HBC tasks as interoceptive accuracy measures do not meaningfully explain the large

diverging variance between the two, including the many confounds. On the other hand, the

diverging variance in beat-based and rate-based integration may occur in ways that relate to

their relational hierarchy, as beats are a necessary component of rates but one’s focus may

shift between these levels of resolution. One possibility is a developmental shift, such that

some individuals who shift their focus to rate-based processing may do so at the expense

of tracking beat-based patterns with external stimuli. Another possibility is that heart rate

variability, which we did not derive in this study but is an important direction of future

work, differentially influences the priors placed on heartbeats versus heart rates such that

individuals may vary from each other in whether beats or rates are providing more stable

information. Altogether, the heart rate discrimination task provides strong concurrent ev-

idence about individuals who integrate their heartbeats in an interpretable manner and a

promising path towards understanding those who cannot.

On the other hand, the respiratory integration task, measuring both a different intero-

91



ceptive stimulus and a different multisensory principle, showed minimal correlations with

either of the two cardiac tasks. One difference with the prior two tasks is that, as the inverse

effectiveness principle suggests, the ability for interoceptive input to improve visual speed

discrimination is more prominent in those who are worse initially. Thus, this relationship

with initial visual ability may represent one source of diverging variance between individ-

uals. Also, unlike the other two tasks, this task requires visuo-visceromotor integration

from the participant to match their breathing to the circles before being able to receive a

boost from this added signal. Thus, the effectiveness of this breath control might be one

area in which participants’ abilities diverge from the passive cardiac perceptual conditions.

This lastly also may relate to individuals’ varied life experiences, since activities such as

musical training may especially build rhythmic breath control skills.

Nevertheless, the principal component analysis findings suggest a meaningful extent to

which all three of these tasks tap into a common construct, including respiration integra-

tion. Thus, it does appear that some participants have general trends in their interoceptive-

exteroceptive integration across all tasks (e.g., all precise or all broad) whereas others show

patterns that are specific to interoceptive modality or specific task demands. This might

have meaningful implications for intervention work involving interoception. Previously,

these types of cardiac (Quadt et al., 2021) and respiration (Walsh et al., 2019) tasks have

been used in separate studies of interventions for anxiety. Based on our three-factor find-

ings, it might be desirable to administer several of these tasks to get a balanced profile of

someone’s interoceptive-exteroceptive processing and tailor potential interventions to this

profile.

4.6.2 Developmental progression of interoceptive-exteroceptive integration

There has not been a strong prior literature of how interoceptive task parameters vary by

age. When meta-analyzed for heartbeat counting and discrimination, the evidence did not

suggest that individuals improved by age (Williams et al., 2022). Mash et al. (2017) found
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an interaction between age and IQ for heartbeat counting scores, such that the degree to

which IQ confounds heartbeat counting may contribute to the patterns that do exist for

age. Thus, this study builds upon the literature to show how multiple different types of

interoceptive-exteroceptive indices change from childhood to adulthood.

Of our three paradigms, heart rate discrimination and respiration integration both sig-

nificantly improved with age. This effect was especially striking for heart rate discrimina-

tion, with an inclusion Bayes Factor of 1690. Notably, both tasks seemed to improve with

age equivalently across our groups, contrary to prior audiovisual findings (Feldman et al.,

2018). However, MCS heartbeat discrimination varied independently of age. In terms of

cardiac processing, this provides further support for a developmental progression between

these levels, suggesting that at some point, processing of heart beats gets aggregated into a

sense of rate. Individuals may then contextualize their internal functioning relative to this

sense of rate, without further refinement of beat-based integration. Notably, the youngest

age in our sample is eight years. Though there is necessarily some developmental period

in which lower-level cardiac integration gets tuned, is likely that the critical period to tune

heartbeat-based integration parameters occurs younger than this age. On the other hand,

we found that rate-based integration is still being refined into adolescence and adulthood.

The other task in which improvements were shown by age was the respiration integra-

tion task. This is also a more complex task than heartbeat integration, including cyclical

skills between using visual cues to guide breathing and then using those breathing cues

to guide rate detection. Given this level of complexity, it makes sense that the ability to

complete this complex cycle would continue to improve into adulthood. Like heart rate

discrimination, there are examples of how this type of skill may be used in everyday cir-

cumstances in older individuals. Musical training is one example, but driving is an example

in which visual speed discrimination may be critical for survival. It would be an interest-

ing extension of this paradigm to study the extent to which individuals naturally tune their

breathing in this type of critical sensory discernment paradigm. Thus, our findings suggest
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that interoceptive-exteroceptive integration does not uniformly refine with age but refines

in accordance with task complexity and ecological utility.

4.6.3 Interoceptive-exteroceptive integration in autism: The role of physiology

Reported interoceptive confusion was highly elevated in our autistic compared to non-

autistic participants, which is consistent with prior qualitative reports (Trevisan et al.,

2021b) and further suggests that interoception does differ somehow between autistic and

non-autistic individuals. However, individual task findings don’t suggest that the degree

of interoceptive confusion in autism is best explained by group-level perceptual differ-

ences. Based on other multisensory integration findings in autism, we hypothesized that

our autistic group would show broader integration patterns between interoceptive and ex-

teroceptive stimuli. Further, we hypothesized that they would perform relatively better in

unimodal than multimodal conditions. We did not find significant evidence that this is the

case. Rather, our one significant group finding was in the opposite direction: better perfor-

mance in multimodal visual-breath condition than in a unimodal visual condition. How-

ever, several aspects of our results provide evidence as to why interoceptive-exteroceptive

integration in autism as measured via these three tasks may show different patterns than

hypothesized based on other sensory modalities.

First, respiration integration findings were significant in the opposite direction of our

hypotheses. One consideration is that the ability to improve in the breath condition de-

pends on initial visual performance. Our results suggest that the autistic group does show

somewhat less precise initial visual performance compared to the non-autistic group, which

may contribute to some of these findings. Detailed visual processing has been supported

as a perceptual strength in autism; however, processing of visual motion especially as an

abstracted sense of speed, which must be held in working memory for the next trial, may

be considerably more challenging for autistic individuals thus may especially benefit from

an added stimulus (Robertson and Baron-Cohen, 2017). In Chapter 3, we found enhanced
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links in autistic compared to non-autistic individuals between interoceptive cortex and vi-

sual areas that process time and motion, providing a neural mechanism via which this

enhanced breathing effect may occur. The degree of voluntary control that one has over

their breathing may also explain why this integration is especially helpful for autistic par-

ticipants. Given an experience of increased sensory uncertainty of the external world (Pel-

licano and Burr, 2012), such percepts that are under conscious control may be especially

grounding to autistic individuals.

Second, both of our cardiac task findings suggest that diagnostic group on its own is not

a meaningful differentiator of perceptual reports, but instead that the divergence in average

heart rate by group contributes to different experiences. Autistic individuals on average

have higher resting heart rates than neurotypical individuals (Bal et al., 2010; Hollocks

et al., 2014; Ming et al., 2005; Watson et al., 2012), which was replicated in our sample.

Across our sample, higher heart rates corresponded with a strong tendency to perceive

heartbeats more quickly and a moderate tendency to integrate both beats and rates more

precisely. The tendency for individuals with higher heart rates to perceive beats sooner has

previously been shown by Ring and Brener (1992), which they note is in line with general

tendencies to perceive stronger stimuli sooner, though it has not been well accounted for

in the modern interoceptive literature (Brener and Ring, 2016). Further, the potential for

these heart rate effects to impact how we understand interoception in autistic individuals

has not been widely discussed. Thus, our insignificant group differences may represent

a trade-off between a general broader tendency in integrating multisensory stimuli versus

the demands of tracking a relatively faster cardiac signal. Notably, elevated heart rates

in autism are proposed to relate to a variety of features, including anxiety, psychotropic

medication use, the degree of sensorimotor challenges, and physical activity levels, which

may all interact (Hollocks et al., 2014; Thapa et al., 2021). Thus, future work may examine

whether each of these factors mediate cardiac interoception in distinct ways and what the

according impacts may be for autistic individuals.
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4.6.4 Interoceptive confusion: Composite findings

When composite patterns across our three tasks were considered, self-reported interocep-

tive confusion did seem to relate to our generalized measure of interoceptive-exteroceptive

integration. Further, this relationship significantly diverged in autistic versus non-autistic

individuals. In non-autistic individuals, this relationship went in the expected direction:

individuals who report being less aware of their interoceptive sensations (and more con-

fused) showed broader patterns of interoceptive-exteroceptive integration. However, the

direction of this relationship for autistic individuals is not initially intuitive, since we found

that individuals who report the greatest interoceptive confusion show narrower integration

between internal and external cues across all our paradigms.

The unexpected direction of this relationship in autism is reminiscent of findings from

Simon and Corbett (2013) who found that autistic children’s self-reported anxiety lev-

els corresponded substantially less with their measured cortisol than for their non-autistic

peers. This may represent the distinction between low-level sensory integration and high-

level contextual interpretation of how interoceptive stimuli relate to bodily needs, which

there is some evidence to suggest diverges in autism (Garfinkel et al., 2016; Palser et al.,

2018). At a neural level, autistic individuals show altered structural connectivity in posterior-

anterior insula tracts in autism, along which the transition from sensation to interpretation

occurs (Failla et al., 2017). Though diverging perception and behavioral reports of inte-

roception in autism were initially categorized as reduced meta-awareness (Garfinkel et al.,

2016; Palser et al., 2018), our selection of tasks as aligned with a predictive coding frame-

work more clearly delineate interoception as another example in which autistic individuals

may be perceiving the “trees” at expense of the “forest” (Pellicano and Burr, 2012). Paulus

and Stein (2006) provide an initial framework for how enhanced cardioception in anxious

individuals may impede rather than aid effective interpretation of bodily needs. Our re-

sults suggest that this effect may be exaggerated in autistic individuals, particularly given

combined influences of high heart rates, high anxiety, and a general tendency towards sen-
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sory overload. Though respiration integration was the lowest contributor to the general

component, there are a couple reasons why it may trend with the other two tasks towards

increased anxiety in autism. One possibility is that individuals who show greater difficulty

in the initial visual condition may have more rigid exteroceptive sensory priors, leading to

intolerance of uncertainty and thus anxiety. Another possibility, since we have not con-

trolled for intervention history, is that some of the most anxious autistic participants may

have already completed mindfulness interventions. Thus, examining interoception-related

intervention history is one meaningful future direction to further unpack these findings.

Importantly, the identified autism-specific relationships between interoceptive percep-

tion, reported interoceptive confusion, and anxiety do suggest that interoceptive interven-

tions may be especially helpful for autistic individuals. However, the goal of these inter-

ventions may be slightly reframed from prior work (Quadt et al., 2021). Instead of the

framework of correcting an interoceptive deficit, it may be especially helpful for autistic

individuals to receive support in interpreting the bigger picture from their wealth of internal

signals. Further, it may be especially calming to leverage signals they can control such as

breathing, as in mindfulness settings (Walsh et al., 2019).

4.6.5 Limitations

Though the composite findings from these tasks have begun to predict interoceptive be-

havioral reports, the limitation remains that none of these tasks are a strong predictor of

reported interoceptive confusion alone. Though we have made progress in analyzing pat-

terns across the three measures combined, one major limitation with the combined sample

size is poor heartbeat discrimination curve fits for two-fifths of our sample. We have ex-

plored alternative curve fitting options (see Appendex: Chapter 4 Supplement), but without

evidence for improved parameter interpretability. However, principal component analysis

findings do not necessarily support dropping this task entirely, since this contributed to an

understanding of interoceptive confusion as reported by the ISQ. Thus, we continue to aim
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for sufficient sample sizes to account for this degree of data loss.

As mentioned, for cardiac tasks, it is challenging to differentiate the effects of anxiety

on performance from simply elevating cardiac signaling (faster heart rates) versus broader

rewiring of interoceptive circuits. One promising direction of future research may be from

longitudinal or test-retest designs that enable utilization of the Bayesian framework for

truly analyzing these same tasks across different interoceptive contexts.

Another limitation is that we have not yet addressed potential contributions of IQ to task

performance, which has been shown to be related to heartbeat counting scores (Desmedt

et al., 2018). While we can make the case that none of these tasks have the same degree

of working memory load as the heartbeat counting task, it will still be important to test

directly. However, since we had predominantly null or improved findings in autism, we

can still note that a tendency towards working memory differences and slower processing

speeds in autism (Zapparrata et al., 2022; Wang et al., 2017) do not provide a compelling

alternative explanation for this pattern of findings.

Additionally, patterns observed by age are cross-sectional in this design. Though we

hypothesize for these effects to occur within individuals, e.g., in response to environmental

stressors, longitudinal designs are also needed to test these hypotheses.

4.6.6 Conclusions

Overall, this study characterizes both shared and distinctive aspects of interoceptive-exteroceptive

integration across stimuli (cardiac and respiratory) and integrative complexity. Our find-

ings suggest that complex, but not simple, integration is increasingly refined into adulthood.

Further, a composite measure across all tasks showed group-specific relationships with in-

teroceptive confusion and anxiety. These results suggest that interoceptive integration may

be a perceptual strength in autism, supporting the utility of interventions that contextualize

the meaning of interoceptive sensations among the potential wealth of signals.
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CHAPTER 5

Discussion

5.1 The road taken: A contextual, systems-based analysis of interoception in autism

In this dissertation, we used multiple complementary approaches to understand how the

sense of interoception develops from childhood to adulthood and how this relates to the

types of interoceptive challenges commonly experienced by autistic individuals. These ap-

proaches were designed to bridge the gap between the limited prior perceptual literature

and emerging predictive coding frameworks of interoception (Ainley et al., 2016; Allen

et al., 2022; Barrett and Simmons, 2015), which account for the efficiency of filtering some

of these signals from our awareness. First, we examined the properties of interoceptive

brain systems, which informs how we process information beyond our conscious aware-

ness. In Chapter 2, we examined the structure of interoceptive brain regions in autistic and

non-autistic individuals, which gives information about the organization of cell circuits

that perform the detailed computations that give rise to interoceptive awareness. In Chap-

ter 3, we analyzed communication between primary interoceptive regions with the rest of

the brain, which informs the type of broader external cues that are being integrated with

our sense of interoception. Then in Chapter 4, to link these findings back to behavior and

perceptual experiences, we analyzed interoception using a new generation of interoceptive

perceptual tasks that links the study of interoception with the multisensory literature. Us-

ing these approaches, we found evidence supporting developmental trends in interoception

across our groups. We found some surprising ways in which the groups differed. Lastly,

we found several ways to account for individual features in understanding interoception

and supporting individuals who experience interoceptive challenges.
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5.2 The combined picture: interoceptive development

5.2.1 What we learned: The development of interoceptive efficiency

Though existing interoceptive frameworks provide hypotheses about how interoception

might develop (Barrett and Simmons, 2015; Palmer and Tsakiris, 2018), there is little em-

pirical evidence to describe how this occurs in practice. Heartbeat counting has been the

most thoroughly tested across a wide age range, but the improvements with age that one

might expect for any skill have been mysteriously unsupported for this task (Williams et al.,

2022; Mash et al., 2017). In Chapters 3 and 4, we provide evidence for how interoceptive

perception develops instead: not as a progression of single stimulus detection, but a re-

finement of the time, planning, and levels of complexity required to address bodily needs.

In Chapter 3, we found that with age, primary interoceptive cortex becomes less tightly

coupled with subcortical regions providing internal receptor input and more tightly cou-

pled with cortical motor imagery regions involved in broader self-reflection and planning.

In Chapter 4, we found that the integration parameters of heartbeat-based integration were

stable with age, but integration across a broader, heart rate-focused time scale continued

to refine into adulthood. These findings provide concrete examples of how our sense of

interoception evolves to serve us as we grow and take increasing responsibility for our own

homeostatic regulation within a complex world (Zoltowski et al., 2022; Atzil et al., 2018;

Fotopoulou et al., 2022).

Most prominently, our results inform how to developmentally tailor studies of inte-

roceptive processing and how this may lead to interoceptive issues. Findings from both

Chapter 3 and Chapter 4 suggest a developmental progression between tuning “in” to indi-

vidual interoceptive stimuli (most notably heartbeats) and tuning “out” towards a broader

picture of what these stimuli mean for health within the environment. Thus, the emerging

literature of improved heartbeat perception paradigms (Fittipaldi et al., 2020; Körmendi

et al., 2022) may particularly aid in understanding childhood interoception beyond what

we have studied here. Further, our findings of correspondence between heartbeat and heart
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rate integration paradigms do suggest that some initial focus towards heartbeat integration

may be a stepping stone towards adaptive heart rate integration. However, our findings also

suggest that sometime around adolescence, it may be more appropriate to shift experimen-

tal focus to gestalt interoceptive measures, including heart rate and respiration integration,

rather than lower-level perception such as identifying individual heartbeats.

5.2.2 Future directions I: A younger understanding of interoceptive development

A particular remaining gap in the understanding of interoceptive system development is

the understanding of how this system is tuned before ages seven or eight. Given the es-

pecially early development of the interoceptive brain system (Jönsson et al., 2018), it is

hypothesized that critical tuning of the foundations of this system occurs during earliest

life. Researchers have surmounted some of the challenges of completing magnetic reso-

nance imaging (MRI) with infants and young children (The IBIS Network et al., 2017),

so future work may extend similar structural and resting state approaches as completed

here towards these younger samples. For the specific understanding of temporal heartbeat

integration, another promising measure is the heartbeat evoked potential (HEP, Park and

Blanke, 2019) as derived from electroencephalogram (EEG). Studies have supported the

consistent identification of an evoked potential shortly following the R peak of the heart-

beat as measured during tasks (Al et al., 2020; Banellis and Cruse, 2020; Marshall et al.,

2017) and at rest (Dirlich et al, 1997), which correlates with behavioral interoception mea-

sures (Fittipaldi et al., 2020). This measure has greatly aided our understanding of both the

temporal location and variability of the heartbeat sensation. Thus, the possibility of col-

lecting resting HEPs in infants may give important information about the earliest temporal

properties of heartbeat perception and integration.
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5.3 Group comparisons

5.3.1 Revising a deficit model of interoception in autism

Our comparisons of interoceptive-exteroceptive integration between our two diagnostic

groups first and foremost challenge the budding deficits model of interoception in autism

(Williams et al., 2022; Garfinkel et al., 2016). Based primarily from findings of reduced

heartbeat counting accuracy in autism, the literature has hypothesized a general tendency

towards reduced interoception in autism that extends into reduced emotional awareness

(Trevisan et al., 2019). Questionnaire and qualitative report findings certainly make this

seem like a possibility, though the qualitative reports suggest there is not a single autis-

tic phenotype of interoception (Trevisan et al., 2021b). As described in Chapter 4, the

heartbeat counting task has substantial limitations that call into question a framework built

solely on these findings (Desmedt et al., 2018). Though meta-analyzed findings do sug-

gest a true difference in autism (Williams et al., 2022), there are other known findings

that might explain these differences as not necessarily driven by interoceptive differences

specifically, such as IQ (Desmedt et al., 2018; Williams et al., 2022), heart rate differences

(Bal et al., 2010; Hollocks et al., 2014; Ming et al., 2005; Watson et al., 2012), and per-

ceptual decision-making tendencies (Quinde-Zlibut et al., 2020). Thus, the results of our

analyses via approaches that reduce these confounds suggest much greater nuance as to

how interoception differs in autism.

In Chapter 4, we did find a much higher level in our autistic than non-autistic group of

reported interoceptive confusion as measured by the Interoception Sensory Questionnaire

(ISQ, Fiene et al., 2018). However, neither of the significant differences we observed by

group in Chapter 3 or Chapter 4 suggest that a deficit in primary interoceptive perception

explains this reported confusion. Instead, our only significant group findings suggested

potential areas of enhanced interoceptive-exteroceptive integration in the autistic compared

to non-autistic groups. In Chapter 3, we found increased connectivity in autism between

the posterior insula and lateral occipital cortex, in areas related to mental imagery and
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processing speed (Forn et al., 2013; Sack et al., 2002). In Chapter 4, we found increased

respiration integration improvement in autism, such that matched breathing helped with

processing of relative visual rates. These findings combine to suggest that some areas of

interoceptive-exteroceptive integration may be a relative strength in autism, particularly

with certain types of visual processing.

However, in the one sample in which we were powered to look at age by group interac-

tions, we found evidence for diverging insular structural trends such that sulcal depth in this

region decreased with age more prominently in autistic than non-autistic individuals. First,

these findings suggest that there might be some tradeoff between how autistic interoceptive

processing develops within the insular gradient, compared to integrating interoception with

information from other sensory sources. Though it is not yet clear how to map this accel-

erated sulcal depth decrease with strengths or weaknesses in interoception, these findings

do suggest the potential for some interoceptive weaknesses in autism as well as interocep-

tive strengths. Thus, the ability to extend our connectivity and perceptual approaches into

large enough samples to examine age-specific group differences would aid in integrating

the information from these complementary approaches into a development-specific model

of interoception in autism.

As proposed by Pellicano and Burr (2012), Bayesian theories of autism have suggested

that autistic individuals rely less on their past experience to interpret current sensations

than non-autistic individuals do. The proposed consequences are that autistic individuals

process sensory information more veridically than non-autistic individuals (e.g., seeing the

trees), but with a cost in terms of efficient interpretation (e.g., missing the forest). What our

findings do indeed point towards is that interoception in autism may reflect Bayesian differ-

ences in sensory processing (Pellicano and Burr, 2012; Palmer et al., 2017). Specifically,

the contrast between perceptual integration (as equal or better) and interoceptive inter-

pretation (as greatly reduced) is consistent with hypothesized patterns from this Bayesian

framework (Pellicano, 2013). However, the group trends compared to other multisensory

103



findings were surprising. Based on prior multisensory studies, we had hypothesized that

even at the lowest levels (i.e., beat-based integration) we would see wider, broader tem-

poral binding windows in autism that would further diverge with increasing complexity

(Feldman et al., 2018). This leads us to consider that interoception may diverge from other

common sensory trends in autistic individuals.

5.3.2 Future directions II: Linking sensory systems via the middle insula

Our findings thus far have built up a greater understanding of posterior insula-mediated in-

teroceptive processing in autistic and non-autistic development. Further, there is a broader

extant literature on anterior insula processing in autism and resulting relationships with

self-focused and emotional processing (Uddin, 2011; Uddin et al., 2017; Uddin and Menon,

2009). However, between these two regions is the middle insula, situated at the very heart

of interoceptive-exteroceptive integration. Though this region is generally characterized

as blending interoception with multimodal processing, early studies showed that this area

receives very quick and direct sensory inputs that circumvent the usual primary to associa-

tive pathways, including auditory and visual inputs (Mesulam and Mufson, 1982). Further,

one functional homogeneity study of the insula found evidence that this area is expanded

in autistic compared to non-autistic individuals (Yamada et al., 2016). Last, the middle

insula in rodents shows specific links between motor cortex and the bed nucleus of the stria

terminalis (BNST, a key anxiety region; Avery et al., 2016) during anxiety-related escape

attempts (Luchsinger et al., 2021). Together, these findings suggest that the middle insula

might be an especially important structure for understanding autistic interoceptive pro-

cessing. Further, this region may provide specific links to how exteroceptive sensitivities,

interoceptive processing, and anxiety levels in autism relate to each other.

5.3.3 Future directions III: Extending the Bayesian framework

First, we were limited to examine age-specific differences in autism in two of our three

studies, so extending these samples will also help build the profile describing whether,
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how, and when interoception diverges in autism. Other resources exist that may help com-

plete some of these purposes as well, such as the Autism Brain Image Database Exchange

(ABIDE) I (Di Martino et al., 2014) and II (Di Martino et al., 2017) samples that may

provide an important opportunity to replicate our resting state findings, with appropriate

caution in interpreting site-based variability. Second, test-retest and longitudinal designs

may especially help with understanding how interoceptive models develop over time and

adapt to different situations. Though we may be limited in using some invasive approaches

to alter interoception (Khalsa et al., 2016), the increasing creativity in interoceptive task

design suggests that there may be some future avenues by which we may look at differen-

tial interoceptive processing in different situations. Interoceptive processing before, during,

and after physical activity may be one set of conditions that is especially relevant to health

and wellbeing.

5.4 Towards dimensionality: A consideration of differential autistic features

5.4.1 The role of differential autism behaviors and anxiety

Individual variability is also a complicated part of understanding sensory processing in

autism, since different autistic individuals may show hypo- or hyper- responsiveness to the

same type of sensory stimulus (Ausderau et al., 2016; Chen et al., 2022a). We examined di-

mensional relationships with participant characteristics in each chapter to understand some

of this variability. One feature we considered was the overall level of autism-related be-

haviors, since we hypothesized that due to its developmental primacy, our interoceptive

measures may show cascading relationships with both social (Atzil et al., 2018) and senso-

rimotor domains of autism (Park and Tallon-Baudry, 2014; Tallon-Baudry et al., 2018). In

addition, we were especially interested in the relationship between interoception and anx-

iety. Researchers have hypothesized that altered tuning of our interoceptive system may

correspond to a pervasive sense of bodily threat (Paulus and Stein, 2006; Domschke et al.,

2010; Ainley et al., 2016; Barrett and Simmons, 2015), though this has been thus far hard to
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characterize in practice (Adams et al., 2022a). Thus, our results augment this prior literature

by finding unique interactions between our diagnostic groups, interoceptive-exteroceptive

integration, and anxiety that further a dimensional understanding.

Consistent with autistic heterogeneity, we did observe substantial variability in both our

perceptual and behavioral report measures of interoception in autism, such that there were

few clear trends of differences between our autistic and non-autistic groups. However, we

did find several dimensional relationships with participant characteristics. In Chapter 2,

we found that local gyrification in the insula significantly covaried with autism-related be-

haviors, as measured by the Autism Diagnostic Observation Schedule, Calibrated Severity

Score (ADOS CSS, (Gotham et al., 2009)). This finding supports a link between intero-

ception and behavioral features across the broader social-communicative and sensorimotor

domains of autism. Further, in Chapter 4, we found that resting heart rate was a consis-

tent predictor of cardioception indices rather than group; thus, attention to factors such as

arousal levels, medications, and activity levels that influence heart rate is one important

piece of understanding interoception in autism. We also found a strong correlation be-

tween total anxiety levels and interoceptive confusion, as measured by the ISQ, supporting

a relationship between interoception and anxiety. However, our groups strikingly differed

in how interoceptive-exteroceptive integrative tendencies as generalized across our three

tasks related to both interoceptive confusion and anxiety. Particularly, we found that the

most anxious autistic individuals have the hardest time interpreting their interoceptive sen-

sations, even while showing particularly high integrative tendencies. Thus, our results point

towards something other than perceptual deficits explaining this sense of bodily confusion

in autism and that there may indeed be unique interoception-anxiety links in autism.

Together, our identified links between interoception, autism-related behaviors, and anx-

iety suggest that interoceptive processing covaries dimensionally with other areas of chal-

lenges for autistic individuals. Though this is consistent with models that predict cascading

effects of sensory differences (Cascio et al., 2016), these effects become difficult to disen-
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tangle when it comes to supporting individuals. Our findings are correlative and thus do

not confirm whether greater interoceptive challenges cause greater social, sensorimotor, or

anxiety-related challenges or vice versa. It is quite possible that both may contribute to

each other, in a vicious cycle.

5.4.2 Future directions IV: Generalizing across cognitive ability

Prior heartbeat counting research has also highlighted that the cognitive demands involved

in completing common interoceptive tasks introduce a confound in clinical populations

with cognitive differences, including autism (Desmedt et al., 2018); testing the relation-

ships between IQ and our interoceptive-exteroceptive measures will be one future direc-

tion. In addition, the biased inclusion of autistic individuals without intellectual disability

in many autism research studies (Russell et al., 2019) has severely limited the ability to

understand interoceptive differences in this subset of the autistic population. Including this

population in interoception research will broaden this understanding. Though our mul-

tifaceted approach has helped us understand interoception in autism beyond some of the

heartbeat counting limitations, these tasks still require a certain level of receptive and ex-

pressive language to complete. Thus, reducing the language levels required in interoception

paradigms, including options such as the HEP (Park and Blanke, 2019), so that we can bet-

ter understand how interoceptive processing intersects with cognitive differences is one

very important extension of this work.

5.4.3 How we can help: Towards a new generation of interoceptive supports

Though some of our understanding of how interoception varies between individuals re-

mains to be filled by these future gaps, these results provide hope that we can ultimately

support individuals who struggle with interoceptive processing. Prior findings do sug-

gest interoceptive-focused interventions, such as cardioception interventions (Quadt et al.,

2021) and mindfulness interventions (Hattfield et al., 2023) result in reduced anxiety and

enhanced calmness for autistic individuals. In particular, our findings in Chapter 4 of en-
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hanced respiration integration in autism are consistent with the promising effects of mind-

fulness interventions in this population. Our findings suggest that two of the directions that

may enhance these current efforts are i) revising a deficit perspective, as discussed above

and ii) efforts towards personalization.

Our findings implicate some practical approaches for personalizing interoceptive in-

terventions to unique individuals’ needs. First, our findings by age suggest that the pro-

gressing complexity of interoceptive processing with age is one consideration for design-

ing optimal intervention approaches. Further, the principal component analysis findings in

Chapter 4 suggest that one useful approach is to administer several types of interoceptive-

exteroceptive tasks to get a balanced profile of an individual’s interoceptive-exteroceptive

processing. This can then be used to tailor intervention goals between the possible types

of tasks and stimuli. For example, the component scores of cardiac- versus respiration-

focused integration could be compared in advising a cardioception-specific or mindfulness

based approach. These findings start to provide some ideas for how to personalize an ap-

proach to interoceptive challenges, but our future directions provide even more avenues by

which these ideas may be extended.

5.5 Final conclusions

In this dissertation, we built a deeper understanding of how interoception is developed

and tuned along a gradient of complexity at the neural and perceptual levels. We found

only a few areas in which interoceptive-exteroceptive integration, or its neural correlates,

differed in autism as a whole. Further, these average differences generally pointed to-

wards areas of potential integrative strengths in autism, suggesting a need to revise models

considering primary interoception to be a deficit in autism. Importantly, our findings sug-

gests that interactions between autism and individual characteristics (age, the degree of

autism-related behaviors, physiology, and anxiety levels) may explain more about intero-

ceptive integration and tuing than diagnosis alone. Specifically, our findings suggest that
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interoceptive-exteroceptive integration in autism may vary dimensionally with other fea-

tures or challenges in autism, including the general degree of autism-related behaviors and

total anxiety levels. These findings provide ideas for how to personalize a new generation

of interoceptive supports for individuals who experience interoceptive challenges.
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APPENDIX 1

Supplemental information

.1 MRI scanning criteria
Across all cohorts, each participant was asked by MRI technicians during the study screen-
ing phase (i.e., prior to scans being scheduled) whether any of the following criteria was
applicable to him/her. Endorsing any of the following conditions without a previous suc-
cessful MRI scan would cause the MRI technicians to cancel the scan. Possible conditions:

• Alcohol or substance abuse

• Injury by metallic object or foreign body

• History of asthma, allergic reaction, respiratory disease, or reaction to a contrast
medium or dye used for an MRI, CT, or X-ray examination

• Anemia or any disease(s) that affects your blood, a history of renal (kidney) disease,
renal (kidney) failure, renal (kidney) transplant, high blood pressure (hypertension),
liver (hepatic) disease, a history of diabetes, or seizures

• Antipsychotics, mood stabilizers, or noradrenergic-acting medications

• Aneurysm clip(s)

• Cardiac pacemaker

• Implanted cardioverter defibrillator (ICD)

• Electronic implant or device

• Magnetically-activated implant or device

• Neurostimulation system

• Spinal cord stimulator

• Internal electrodes or wires

• Bone growth/bone fusion stimulator

• Cochlear, otologic, or other ear implant

• Insulin or other infusion pump

• Implanted drug infusion device

• Any type of prosthesis (eye, penile, etc.)

• Heart valve prosthesis
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• Eyelid spring or wire

• Artificial or prosthetic limb

• Metallic stent, filter, or coil

• Shunt (spinal or intraventricular)

• Vascular access port and/or catheter

• Radiation seeds or implants

• Swan-Ganz or thermodilution catheter

• Medication patch (Nicotine, Nitroglycerine)

• Any metallic fragment or foreign body

• Wire mesh implant

• Tissue expander (e.g., breast)

• Surgical staples, clips, or metallic sutures

• Joint replacement (hip, knee, etc.)

• Bone/joint pin, screw, nail, wire, plate, etc.

• IUD, diaphragm, or pessary

• Dentures or partial plates

• Tattoo or permanent makeup above the waist

• Body piercing jewelry (that cannot be removed)

• Hearing aid (Remove before entering the room)

• Other implant

• Breathing problem or motion disorder

• Claustrophobia

• Prior problems during MRI or CT procedure
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.2 Chapter 2 supplement

Table 1: Summary of repeated MRI scans

AUT (n = 21 repeated scans
from n = 19 individuals)

NT (n = 183 repeated scans
from n = 113 individuals)

Minimum age difference 0 0
Mean age difference 2 2

Maximum age difference 8 8

Summary of age difference between repeated scans per diagnostic group, with the age difference given as the
value of age at the latest scan point minus age at earliest scan point, rounded to the nearest year.
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Figure 1: Plot of covariation between cortical indices for clusters in which local gyrification
was significantly greater in the autistic than neurotypical group (AUT >NT)

For each of the three significant clusters identified, a box plot is provided for the distribution of LGI, aver-
aged across vertices within this region, by group. Additionally, unadjusted cortical indices (i.e., raw) averaged
across vertices within each cluster are plotted, to illustrate correspondence of sulcal depth and cortical thick-
ness, respectively, with LGI. The latter two clusters show closer correspondence between these indices than
the first, which is consistent with similar clusters showing significantly greater sulcal depth in the autistic than
neurotypical group (see Figure 2, panel B). Indices: local gyrification index (LGI), sulcal depth in mm, and
cortical thickness in mm. Gray region indicates 95% confidence interval. Points are colored by participants
group, with NT=neurotypical (turquoise) and AUT=autism (purple).
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Figure 2: Plot of cortical indices by age, adjusted for diagnosis, biological sex, and scan
protocol

Standardized cortical indices averaged across cortical regions (y-axis) when adjusting for diagnosis, biolog-
ical sex, participant, and scan protocol are plotted against participant age at scan. All three indices show
negative trends with age. Panel A = local gyrification index (LGI), panel B = sulcal depth in mm, and panel C
= cortical thickness in mm. Gray region indicates 95% confidence interval. Points are colored by participants
group, with NT=neurotypical (turquoise) and AUT=autism (purple).
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Figure 3: Morphological indices by scan protocol and biological sex

Plot of model terms for cohort scan protocol and biological sex terms. Panel A displays the random effects
correlation of the protocol term by index, across brain regions. Panel B displays the average difference in
index for males >females (M-F) by index, across brain regions. Note. Values in panel B are plotted on -2 to
2 scale, but relative scale of these differences differs by index (e.g., sulcal depth occurs on 0-30 scale whereas
LGI occurs on 1-15 scale).
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.3 Chapter 3 supplement

Figure 4: A comparison of FWE and FDR Approaches for posterior insula connectivity by
age

Significant clusters in which posterior insula functional connectivity increases (red) and decreases (blue) with
age are shown (using threshold-free cluster enhancement, pFWE < 0.10 versus pFDR < 0.05). Color intensity
varies by multiple corrections approach as shown in figure legend. Clusters corresponding to the right seed
are shown on the left and left seed are shown on the right. Images are shown in radiological convention.
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.4 Chapter 4 supplement

Figure 5: A comparison of Gaussian and Sine curve fits for an example participant with invalid method of
constant stimuli (MCS) parameters

Comparison between a Gaussian curve fit (top panel) and sine wave fit (bottom panel) for one of the
participants who was excluded from method of constant stimuli (MCS) task analysis due to invalid
curve fit. The sine and Gaussian fits are both outliers. Note that approximately 55% of participants
had a valid curve fit using the sine fit approach compared to 63% using the Gaussian approach.
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