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Introduction: Emotion dysregulation is commonly reported among autistic
individuals. Prior work investigating the neurofunctional mechanisms of
emotion regulation (ER) in autistic adults has illustrated alterations in
dorsolateral prefrontal cortex (dIPFC) activity, as well as concurrent atypical
patterns of activation in subcortical regions related to affect during cognitive
reappraisal of social images. Whereas most research examining ER in autism
has focused on regulation of negative emotions, the effects of regulating
positive emotions has been generally understudied. This is surprising given
the relevance of positive motivational states to understanding circumscribed
interests (Cl) in autism.

Methods: Accordingly, the purpose of this study was to use fMRI with
simultaneous eye-tracking and pupillometry to investigate the neural
mechanisms of ER during passive viewing and cognitive reappraisal of a
standardized set of nonsocial images and personalized (self-selected) ClI
images.

Results: The autistic group demonstrated comparatively reduced modulation
of posterior cingulate cortex (PCC) activation during cognitive reappraisal of
Cl images compared to viewing of Cl, although no eye-tracking/pupillometry
differences emerged between-groups. Further, the autistic group
demonstrated increased PCC connectivity with left lateral occipital and right
supramarginal areas when engaging in cognitive reappraisal vs. viewing Cl.

Discussion: In autistic adults, Cl may be differentially modulated via PCC.
Considering the documented role of the PCC as a core hub of the default
mode network, we further postulate that ER of Cl could potentially be related
to self-referential cognition.

autism, nonsocial, circumscribed interests, emotion regulation, cognitive reappraisal
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Introduction

Emotion regulation (ER) processes involve modulation of
cognitive, behavioral, and physiological aspects of emotion
(Bargh and Williams, 2007; Rottenberg and Gross, 2007),
and are linked to specific cognitive strategies such as
reappraisal, acceptance, rumination, and avoidance (Aldao
et al, 2010). These cognitive strategies influence both the
valence and intensity of emotion (Ochsner et al., 2002), which
have in turn been associated with increasingly well-defined
patterns of brain activation, mainly (although not exclusively)
involving the dorsolateral prefrontal cortex (dIPFC; Ochsner
et al., 2002; Ochsner and Gross, 2005; McRae et al.,, 2012).
According to DSM-5 criteria, autism spectrum disorder is
characterized by two broad domains, which include difficulties
in social communication and interaction and restricted and
repetitive behaviors and interests (RRBI; American Psychiatric
Association, 2013). Although not a core diagnostic feature
of autism, difficulties in regulating emotions are frequently
reported clinically (Lecavalier, 2006; Totsika et al., 2011), and
have been linked to development of co-occurring internalizing
and externalizing difficulties (Mazefsky and White, 2014; Rieffe
et al,, 2014; White et al, 2014). In light of its potential
explanatory role in certain features of autism (i.e., physiological
arousal, affective differences, rigidity), emotion dysregulation
has been introduced as a general framework for understanding
observations of emotional reactivity and heightened emotional
responses to certain stimuli (Mazefsky et al, 2013; White
etal, 2014). Neuroimaging work has elucidated altered patterns
of prefrontal cortex activation in autistic individuals when
regulating emotional responses (Pitskel et al, 2014; Richey
et al, 2015). To date, most prior research examining the
nature of ER mechanisms in autism has focused mainly
on regulation of negative (i.e., disgust stimuli) and social
stimuli (Pitskel et al.,, 2014; Richey et al,, 2015), no work has
characterized the effects of regulating highly positive stimuli,
which is surprising given the relevance of this process to
core diagnostic features of autism such as high motivation
toward topics of intense fascination or “circumscribed interests”
(CI). Accordingly, the purpose of this study was to use fMRI
during simultaneous eye-tracking/pupillometry assessment to
characterize the neurofunctional mechanisms of ER during
cognitive reappraisal and passive viewing of personalized CI
images.

Cognitive reappraisal is one of several ER strategies
involving changes in the way one interprets a stimulus in
order to modify its affective impact (Gross, 1998). Prior
research has identified cognitive reappraisal as a particularly
adaptive ER strategy, insofar as it has been specifically
related to better psychological health (Hopp et al, 2011),
overall well-being (Haga et al, 2009), and negatively linked
to psychopathology (Aldao and Nolen-Hoeksema, 2010).
Conversely, passive ER strategies (e.g., avoidance, rumination)
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have been linked with increased psychopathology (Aldao
and Dixon-Gordon, 2014), and increased correlates of stress
(Lewis et al, 2018). When examining the landscape of ER
strategies in autistic samples, research in primarily child and
adolescent samples has found that compared to neurotypical
peers, autistic individuals reported and demonstrated less use of
adaptive ER strategies, i.e., cognitive reappraisal and problem-
solving strategies (Samson et al, 2012, 2015a,b,c). Further,
autistic individuals have been found to frequently rely on
maladaptive ER strategies, i.e., avoidance, emotion suppression,
and rumination as compared to non-autistic peers (Jahromi
et al,, 2012; Mazefsky et al,, 2014; Patel et al., 2017; Charlton
et al, 2019). Thus, cognitive reappraisal appears to be an
ER strategy that is particularly adaptive and also generally
underutilized by autistic people. Additionally, it has been
posited that core autistic traits may uniquely interact with
ER (Mazefsky et al,, 2012; Nuske et al., 2013). Previous work
has frequently found associations between ER difficulties and
autistic traits (Samson et al., 2014; Berkovits et al., 2017), with
the strongest associations to RRBI (Samson et al., 2014; Greenlee
et al., 2021; Martinez-Gonzélez et al., 2021).

Specific RRBI facets such as hand-flapping, body rocking,
ritualistic and self-injurious behaviors are theorized as emotion
regulation strategies (Gabriels et al., 2013; Samson et al., 2015¢;
Kapp et al,, 2019). Within the RRBI domain a particularly
understudied core feature that may have specific linkage to ER is
circumscribed interests (CI), defined as intense preoccupations
or fascinations of a specific focus or topic, which can be
interfering in nature (Turner-Brown et al, 2011). Recent
work in autistic adults has also highlighted that engaging in
CI may be an emotion regulation strategy that can prevent
negative outcomes (Grove et al, 2018; Raymaker et al., 2020;
Higgins et al, 2021; Mantzalas et al, 2022a,b). Thus, links
between increased engagement in CI and greater internalizing
difficulties may be in part related to increased use of CI as
an emotion regulation strategy (Grove et al.,, 2018). Previous
work examining CI has used personalized CI images, as well
as nonsocial object images (Sasson et al,, 2008), which are
preferred by autistic people over social images and considered
a proxy for CI. This work has demonstrated that CI are
highly salient and rewarding for autistic individuals (Sasson
et al., 2008; Dichter et al., 2012; Kohls et al., 2013, 2018).
Additionally, the hyper-motivational significance of CI may
disproportionately engage and deplete finite cognitive resources
making it difficult to flexibly shift and adaptively respond to
other information (Mazefsky et al.,, 2012; White et al,, 2014;
Richey et al,, 2015). CI further appear to comprise certain
characteristics that make them distinct from preferred interests
in neurotypical peers; for example parents of autistic youth
rated their children’s interests with higher intensity vs. typically-
developing controls (i.e., more interfering, time-consuming,
higher degree of resistance when interrupted; Anthony et al,
2013). Further, Sasson et al. (2012) found that autistic adults
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reported higher affective ratings toward common nonsocial
object images than neurotypical adults, suggesting a systematic
difference in motivational patterns based on the social vs.
nonsocial nature of environmental stimuli. Similarly, autistic
adults have reported higher intrinsic motivation toward their
interests compared to neurotypical adults (Grove et al,, 2016).
These self- and parent-reported measures of interests in autistic
people converge with atypical behavioral patterns noted in the
context of CI information (i.e., increased attention, saliency of
CI). Despite the intensity of CI, and its potential to impact ER,
neural patterns of ER with regard to preferred interests have yet
to be examined.

Neural mechanisms of motivation and ER are tightly
intertwined, sharing common activation and co-activation
patterns (Brandl et al, 2019). Discrepant hypo- and hyper-
motivational tendencies toward social and CI information in
autism, as posited by the motivation hypothesis (Chevallier
et al, 2012; Dichter et al., 2012; Clements et al., 2018),
may be related to ER abilities, such that affect toward such
information may be difficult to regulate through prefrontally
situated systems. This notion is consistent with work that
has established that motivation toward social and nonsocial
incentives in autistic people moderated the impact of autistic
traits on emotional health outcomes (Han et al, 2019).
Thus, the motivational tendencies and substrates that underlie
autistic traits (c.f., the motivation hypothesis; Clements et al,,
2018, 2022; Dichter, 2018) may add to the neurobiological
vulnerabilities that potentiate ER differences for autism (White
et al., 2014; Richey et al., 2015; Cai et al., 2018).

There is a growing literature examining the role of affect,
reward, and attention toward nonsocial object information
(i.e., trains, computers) in autism using physiological, eye
tracking, and behavioral performance patterns with recent work
extending this to personalized CI. Studies using eye tracking
have found that autistic individuals preferentially attend to
nonsocial objects vs. social images compared to neurotypical
individuals (Sasson et al., 2008, 2011). Additionally, one study
found that autistic children tended to perform similarly to
matched typically-developing children in visual attention to
faces in the context of object images, but when faces were in the
context of Cl-related images, they attended to faces significantly
less than typically-developing children (Sasson and Touchstone,
2014). Moreover, autistic adults demonstrate greater arousal, as
evidenced by greater pupil size and blink rate, toward nonsocial
object images compared to neurotypical adults (Traynor et al,,
2019). Recent work by Bos et al. (2019) found that personalized
interest cues altered behavioral inhibition within a go/no-go
task for autistic children vs. typically-developing children, such
that autistic children made more mistakes when personalized
interests were used as cues. Altogether, there is evidence
to suggest that nonsocial object and CI information may
alter attentional and arousal mechanisms for autism, further
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suggesting that affect toward hyper-motivational information
may impact ER mechanisms in autistic people.

Heightened arousal and attention patterns toward nonsocial
object and CI information in autism have been linked to neural
alterations of brain regions associated with salience and reward
(Langen et al,, 2011a,b; Yerys, 2015). Specifically, two studies
have found increased activation in regions associated with
reward during incentive delay tasks with interest cues in autistic
individuals compared to neurotypical individuals (Dichter et al.,
2012; Kohls et al, 2013). Moreover, compared to typically-
developing children, autistic children demonstrated greater
activation of regions associated with the salience network
(Cascio et al, 2014) and areas of visual expertise (Foss-Feig
et al,, 2016) when viewing personalized interest images vs.
other’s interest images. Further, emerging work with resting state
functional connectivity in networks associated with cognitive
control, reward, and salience have been found to index RRBL
For example, increased RRBI was associated with increased
connectivity of the salience network and imbalance between
limbic vs. cognitive and motor circuitry (Uddin et al., 2013;
Abbott et al., 2018). Thus, the prefrontal-dependent inhibitory
systems that relate to altered attention, affect, and reward toward
CI may impact ER mechanisms.

Despite growing literature implicating altered prefrontal
mechanisms with ER in autism (Mazefsky et al.,, 2013, 2020;
White et al., 2014; Richey et al., 2015; Cai et al., 2018), only two
fMRI studies have examined neural mechanisms of cognitive
reappraisal in autistic people. The cognitive reappraisal task
has been used to examine ER, in this task participants are
instructed to upregulate (“Think Positive”) or downregulate
(“Think Negative”) their affect toward neutral or emotionally-
valenced stimuli (Pitskel et al, 2014; Richey et al, 2015).
These studies found that compared to neurotypical individuals,
autistic individuals demonstrated decreased ability in regulating
limbic (i.e., amygdala, insula) reactivity via prefrontally-situated
systems when engaging in cognitive reappraisal conditions vs.
natural viewing toward social (Richey et al,, 2015) and disgust
(Pitskel et al., 2014) images. Although ER mechanisms have
been examined for generally hypo-motivational stimuli, it is
not known as to whether these same ER mechanisms are
implicated in regulating hyper-motivational stimuli (i.e., CI and
nonsocial object images) in autism, and further if personalized
CI uniquely effect ER mechanisms as compared to nonsocial
object information.

In order to investigate the role of ER in hyper-motivational
contexts in autism, this study examined mechanisms of
cognitive reappraisal in the context of personalized CI and
nonsocial object images. To examine ER, participants completed
a cognitive reappraisal task while viewing personalized CI
images compared to nonsocial objects (i.e., trains, computers)
during simultaneous eye-tracking, pupillometry and fMRI data
collection. We hypothesized the following: (1) consistent with
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cognitive reappraisal literature, the autistic group would show
diminished dorsolateral prefrontal cortex (dIPFC) activation
during ER of both nonsocial and CI stimuli compared to the
neurotypical group, (2) consistent with reward literature, the
autistic group would demonstrate greater activation in striatal
areas before regulating their thoughts during passive viewing
of their personalized CI compared to when viewing nonsocial
object stimuli, (3) behavioral reports of RRBI would be related to
neural activation of striatal regions when viewing and regulating
thoughts about personalized CI in the autistic group, and (4)
behavioral responses (i.e., self-report, eye-tracking and pupillary
metrics) would show greater motivation and preference toward
CI objects compared to nonsocial objects in the autistic group
vs. neurotypical group.

Materials and methods

Participants and procedures

Participants consented to protocols approved by the local
Human Investigations Committees at both UNC-Chapel Hill
and Duke University Medical Centers. Sixteen right-handed
autistic adult participants were recruited from the Autism
Subject Registry through the UNC Carolina Institute for
Developmental Disabilities; a matched group of 16 neurotypical
adult participants were recruited via the Duke-UNC Brain
Imaging and Analysis Center (BIAC) subject lists (Table 1).
For every autistic participant, a neurotypical participant was
matched on a one-to-one basis along several factors (i.e., sex
assigned at birth, race, ethnicity, age within & one year, and
IQ within =+ five points). Neurotypical participants were not
taking any psychotropic medications at the time of scanning.
All participants had normal or corrected-to-normal vision, and
exclusion criteria for the autistic group included a history of
medical conditions, including Fragile X syndrome, tuberous
sclerosis, neurofibromatosis, phenylketonuria, epilepsy, and
gross brain injury, IQ < 80, or MRI contraindications. One
autistic participant was dropped from analysis due to report
of not following task instructions, thus the final sample
presented here is representative of the 15 autistic participants
and 16 neurotypical participants (Table 1). Regarding race
and ethnicity, the neurotypical sample consisted of two
participants who self-identified as Asian, one participant who
self-identified as Black, and 13 participants that self-identified
as White. In the autistic group, two participants self-identified
as Asian, one participant self-identified as Black and 12
participants self-identified as White. No participants reported
Hispanic or Latino ethnicity. Additionally, the majority of
the sample was right-handed, and one participant per group
was left-handed.

Both groups completed the Wechsler Abbreviated Scale of
Intelligence (WASI; Wechsler, 1999), as a brief measure of
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TABLE 1 Participant characteristics.

Autistic group Neurotypical group P-value
n=15 n=16
M (SD) M (SD)
Age (years) 26.14 (8.13) 25.82 (7.00) 0.91
Range 18.25-43.92 19.08-42.92
FSIQ-4 (SS) 113.60 (13.77) 116.25 (12.12) 0.57
Range 79-128 95-134
Sex Assigned at Birth 13:2 14:2 0.94
(M:F)
ADOS-G Total Score 15.4 (6.94) - -
Range 8-37
ADOS-G 5.33 (4.29) - -
Communication
Range 2-20
ADOS-G Social 8.07 (2.37) - -
Interaction
Range 4-12
ADOS-G 2.00 (1.69) - -
Stereotyped
Behaviors and
Restricted Interests
Range 0-5 - -
IRB Total Score 21.60 (6.28) 3.69 (4.19) < 0.001
Range 13-32 0-13
IRB Motor 6.80 (3.61) 0.88 (1.41) < 0.001
Stereotypies Score
Range 0-13 0-4
IRB Insistence on 6.33(3.68) 0.38 (0.89) < 0.001
Sameness Score
Range 0-14 0-3
IRB Circumscribed 8.47 (6.27) 2.43 (2.94) < 0.001
Interests Score
Range 4-13 0-9
RBS-R Total Score 38.07 (22.84) 9.38 (14.03) < 0.001
Range 11-75 0-50
RBS-R Stereotyped 5.44 (3.54) 2.13(3.32) 0.01
Score
Range 1-11 0-8
RBS-R Self-Injurious 2.67 (2.30) 0.44 (1.27) 0.002
Score
Range 0-7 0-5
RBS-R Compulsive 8.07 (5.43) 2.63 (4.44) 0.005
Score
Range 0-17 0-16
RBS-R Ritualistic 6.13 (5.30) 1.38 (2.63) 0.003
Score
Range 0-16 0-10
RBS-R Sameness 10.93 (7.80) 1.88 (2.90) < 0.001
Score
Range 2-24 0-11
RBS-R Restricted 4.87 (3.00) 0.94 (1.34) < 0.001
Score
Range 0-10 0-5

Means, standard deviations, and ranges for demographic and characteristic variables by
diagnostic group.
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intellectual functioning, the Repetitive Behavior Scale-Revised
(RBS-R; Bodfish et al, 1999, 2000) to assess self-reported
severity of repetitive behaviors, and the Inventory for Repetitive
Behavior (IRB; Bodfish, 2003; Boyd et al,, 2013) to evaluate
the presence of circumscribed interests. The autistic group
completed the Autism Diagnostic Observation Schedule -
Generic (ADOS-G; Lord et al., 2000) to confirm criteria for
autism spectrum disorder. Additional measures are reported in
our previous paper (Richey et al.,, 2015). Following eligibility,
participants completed a cognitive reappraisal training session
and a cognitive reappraisal fMRI task with simultaneous eye-
tracking and pupil data collection.

Measures
Autism diagnostic observation schedule — G

The ADOS-G is a
diagnostic measure designed to assess the domains of

semi-structured standardized

Communication, Social Interaction, and Stereotyped
(Lord et 2000).

Trained clinicians observed and coded behaviors, which

Behaviors and Restricted Interests al,,
were loaded onto algorithm scores for each domain. The
Stereotyped Behaviors and Restricted Interests score was used
for brain-behavior correlations.

Wechsler abbreviated scale of intelligence

The WASI (Wechsler, 1999) is a brief clinician-administered
assessment for intelligence. The four subscale version of the Full
Scale intelligence quotient (FSIQ-4) standard score was used to
characterize the sample.

Inventory for repetitive behavior

The IRB (Bodfish, 2003) is a brief semi-structured interview
used to evaluate the (1) frequency, (2) intensity, (3) interference,
(4) accommodation, and (5) peculiarity of repetitive behaviors
and interests. Trained interviewers assign a severity score
on a Likert scale (0-4) in each of domains listed above
on (1) Motor Stereotypies, (2) Insistence on Sameness, and
(3) Circumscribed Interests. Total scores range from 0-25,
with higher scores indicating more functional impairment.
This measure was used to confirm the presence of CI
and determine the personalized stimuli to be used in the
paradigm. The CI total impairment rating was used for brain-
behavior correlations.

Repetitive behavior scale-revised

The RBS-R (Bodfish et al.,, 1999) is a 43-item self-report
questionnaire that measures both the presence and severity of
repetitive behaviors. Each item is rated on a four-point scale
ranging from zero “behavior does not occur” to three “behavior
occurs and is a severe problem.” Higher scores indicate more
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severe repetitive behaviors. The measure was developed with six
subscales: Stereotyped, Self-injurious, Compulsive, Ritualistic,
Sameness, and Restricted behavior. The RBS-R total score was
used for brain-behavior correlations.

Cognitive reappraisal training sessions

Before undergoing the imaging portion of the study, all
participants completed a cognitive reappraisal training session
conducted in a one-on-one format with a clinical psychologist
(J.LAR). The cognitive reappraisal training consisted of
three phases: First, the experimenter explained the cognitive
reappraisal strategies using several sample images not used
in the fMRI task. Participants were instructed to reinterpret
the meaning of the image in a way that changed their
emotional reactions to the picture. To “think positive” about
a picture, participants were instructed to imagine the picture
is of something they are interested in, something they
really like. To “think negative” about an image, they were
instructed to imagine that the picture is of something they
do not like. Participants were reminded that they may be
asked to “think negative” (i.e., downregulate) about pictures
that they liked and to “think positive’ (ie., upregulate)
about pictures that they did not like. Both self-focused
and situation-focused reappraisal strategies were permitted
(Ochsner et al, 2004). Participants were also told not to
look away from images, not to distract themselves, and
not to close their eyes as ways to modify the emotional
responses. Second, participants worked collaboratively with
the experimenter to practice generating appropriate cognitive
reappraisal strategies in the context of several additional
images (also not drawn from the fMRI paradigm). During
this phase, participants were asked to generate and verbalize
a cognitive reappraisal strategy and feedback was provided
regarding the appropriateness of each attempt. Examples
of correct responses (e.g., describing or interpreting the
stimulus in the instructed emotional direction) included the

», «

following: For “think positive” “I would think of a positive
experience I had with [object/image].” For “think negative”:
“I would think about bad things that could happen with
[object/image].” Conversely, examples of incorrect responses
(e.g., using emotional terms inconsistent with the instructed
direction) included the following: For “think positive™ “It’s
useful.” For “think negative”™ “I don’t like [object/image].”
Finally, to verify cognitive reappraisal comprehension, twelve
additional practice images were shown and participants
were asked to generate and verbalize examples of cognitive
reappraisal strategies independently. Two autistic participants
who otherwise met inclusion criteria for the study did not
demonstrate adequate comprehension on at least 10/12 practice

trials and thus were not scanned, resulting in a final sample of

frontiersin.org


https://doi.org/10.3389/fnbeh.2022.1057736
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org/

Antezana et al.

Cognitive Reappraisal Task
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FIGURE 1

Cognitive reappraisal task. This task was used with Cl and
nonsocial object stimuli, task instructions included prompting to
either “Think Positive” or “Think Negative” about the stimulus.

15 autistic participants who participated in the fMRI portion of
the study.

Cognitive reappraisal functional
magnetic resonance imaging task

For details on fMRI acquisition see our previous study
(Richey et al., 2015). A modified version of a standard cognitive
reappraisal task was used (e.g., Heller et al, 2009), wherein
participants viewed a stimulus before and while implementing
cognitive reappraisal (Figure 1). For each participant, a total
of 10 nonsocial object stimuli were used for the task, which
were randomized from a set of 40 nonsocial object images
(Sasson et al., 2008). Autistic participants were asked to bring
in 10 pictures of their personalized CI, as determined by the
IRB, to be used as task stimuli for the autistic participant
and matched neurotypical participant. CI categories included:
Video/computer games (n = 3), Anime (n = 1), Music/Band
(n=1), Actors (n =2), Vehicles (n = 3), Tools/Mechanics (n = 4),
City (n = 1). Stimuli were presented using E-Prime software
version 2.0 (Psychology Software Tools Inc., Pittsburgh, PA).
Trials began with a 1 s fixation coupled with an orienting
tone, after which an image was presented for 10 s. 4 s after
image onset, audio prompts to either “Think Positive” or
“Think Negative” signaled the participant to engage a specific
cognitive reappraisal strategy. Across four runs that were each
480 s in length, 40 images were presented: 16 were presented
with instructions to “Think Positive”; 16 were presented with
instructions to “Think Negative”; and eight additional trials were
presented with instructions to “Look” at the image to reduce
predictability. As the “Look” condition was previously found
to be underpowered in our previous study, we excluded this
condition from our analyses (Richey et al., 2015).
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Picture ratings

After scanning, participants completed a picture rating task
outside of the scanner which inquired about valence and arousal
ratings using the self-assessment mannequin (Bradley and Lang,
1994).

Eye tracking and pupillometry measures

Eye tracking and pupil responses were simultaneously
collected at 60 Hz while participants completed the cognitive
reappraisal fMRI task. Details on acquisition and pre-processing
of pupillometry and eye tracking are outlined in our previous
paper (Richey et al., 2015). Pupillary responses are an index of
arousal and of cognitive effort (Cabestrero et al., 2009), which
are linked to cognitive reappraisal, such that expanded pupil
diameter corresponds to greater expended effort (Johnstone
et al.,, 2007; van Reekum et al., 2007). The mean diameter for
the half-second prior to regulation instructions were subtracted
from the mean pupil diameter during each half-second picture
periods following cognitive reappraisal instructions, and the
proportional change in pupil diameter was then computed for
each of the time points following the instruction [i.e., (post-
pre)/pre]. Thus, negative change in pupil diameter indicates
more constriction, whereas positive change in pupil diameter
indicates greater dilation. Variables of interest for between group
analyses included percentage of time spent on images and
average change in pupil diameter response for each condition.

Data analysis plan

Statistical analysis

For Affective Ratings, we conducted two (Valence, Arousal),
2 (Group: Neurotypical, Autistic) x 2 (Stimulus: CI, Nonsocial
Think Negative”,
and “Think Positive”) repeated measures ANOVAs. Follow-up

» o«

object) x 3 (Condition: “Pre-Regulation”,

t-tests were Bonferroni corrected. We used the same statistical
approach for pupillometry and eye tracking data.

Functional magnetic resonance imaging
analysis

Functional image processing and statistical analyses were
then completed using FMRIB’s Software Library (FSL), version
5.0.10 with the FMRIB’s Expert Analysis Tool (FEAT; Smith
et al, 2004; Jenkinson et al, 2012). At the first-level, each
task condition (i.e., CI Pre-Regulation, CI Enhance Positive,
CI Enhance Negative, CI Both Regulation, Nonsocial Pre-
Regulation, Nonsocial Enhance Positive, Nonsocial Enhance
Negative, Nonsocial Both Regulation) was coded as an
explanatory variable (EV) and convolved with a double gamma
function, along with its temporal derivative. Each EV yielded
a per-voxel parameter estimate (8 map) that represented
the activation magnitude associated with that regressor. For
comparisons of interest, § maps were contrasted. Functional
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data were registered to MNI stereotactic space using affine
transformations. Second-level analyses (i.e., collapsing runs
within-subject) used a fixed-effects model. Third-level between-
group analyses used FMRIB’s linear analysis of mixed effects
(FLAMELI + 2) for each contrast of interest (i.e., CI Regulation
vs. Nonsocial Regulation), followed by two-sample t-tests
(Autistic vs. Neurotypical Group). Due to our small sample
size, whole-brain Z-statistic maps were cluster defined using a
threshold of Z > 2.6 (p < 0.005) and cluster-corrected using
Gaussian random field theory (RFT) at p < 0.05.

Post-hoc generalized psychophysiological
interaction analysis

Generalized psychophysiological interaction reveals how
brain activity from a particular seed region is differentially
correlated with specific brain areas depending on task
conditions (i.e., Enhance Positive, Enhance Negative; McLaren
et al, 2012). In order to explore the role of the PCC in
ER toward CI in autism, a mask of the PCC cluster from
the CI Regulation vs. CI Pre-Regulation (MNI,¢, = 44, 40,
56) contrast was extracted and binerized, and then multiplied
by a binarized structural PCC mask from the Harvard-
Oxford cortical atlas. Individual PCC time series data for each
participant’s runs were extracted using fslmeants. FSL FEAT
was used to conduct the gPPI analyses. Following similar
methods to (Harrison et al., 2017), the first-level FEAT design
modeled the original EVs of the task (Richey et al., 2015), PCC
time series data, six MCFLIRT motion regressors, and a total
of 6 psychophysiological interactions with each condition of
interest (i.e., CI and Nonsocial conditions of Pre-Regulation,
Enhance Positive, and Enhance Negative). A confound EV
was added from the framewise displacement matrix created by
fsl_motion_outliers. Moreover, following methods from Diano
et al. (2017), a GLM contrast comparing each regulation
condition’s PPI against the pre-regulation condition’s PPI was
computed. These contrasts allowed for the examination of the
unique contribution of the regulation condition by discounting
the unspecific effects of the pre-regulation condition. Second-
level analyses used a fixed-effects model to combine the
participant’s four run results together. The final, group-level
analysis collapsed participants by group and used FLAMEL + 2.
As these post-hoc analyses were exploratory, the results were
cluster-corrected for multiple comparisons at the whole-brain
level of Z > 2.3, p < 0.01.

Brain-behavior correlations

In order to examine brain-behavior relationships within
the autistic group, we extracted parameter estimates for six
anatomically-derived ROIs of bilateral nucleus accumbens,
caudate, and putamen from the Harvard-Oxford subcortical
(Kotter et 2001) from the CI
Regulation > CI Pre-Regulation contrast. Additionally, we

probabilistic atlas al,

conducted post-hoc exploratory correlations of peak (5 mm)
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posterior cingulate cortex (PCC) from the CI Regulation > CI
Pre-Regulation and CI Pre-Regulation > Nonsocial Pre-
regulation contrasts. We used spearman’s rank correlations
to examine the link between brain activity with ADOS-G
Stereotyped Behaviors and Restricted Interests domain (Sears
et al, 1999) and Pearson’s correlations to examine the link
between brain activity with RBS-R and IRB scores.

Results

Affective ratings

Valence ratings

To test the hypothesis that the autistic group, compared to
neurotypical group, would demonstrate greater positive affect
to the CI than nonsocial object stimuli, a repeated measures
ANOVA was conducted (Figure 2). A main effect of Group (F(1,
24)=16.61,p < 0.001, npz =0.41) was observed, with the autistic
group reporting greater valence than the neurotypical group.
A main effect of Stimulus (F(1, 24) = 10.42, p = 0.004, np2 =0.31)
was found, with the CI images having higher valence ratings
than the nonsocial object images. There was also a main effect
of Condition (F(1, 24) = 61.60, p < 0.001, npz = 0.72). Follow-
up Bonferroni-corrected t-tests revealed significant differences
amongst all conditions (all ps < 0.001) with the highest valence
ratings for Enhance Positive, followed by Pre-Regulation, and
then Enhance Negative. Significant interactions were found for
Group-by-Stimulus (F(1, 24) = 7.07, p = 0.02, > = 0.23), but
not for Group-by-Condition (p > 0.29). Additionally there was
a Stimulus-by-Condition interaction (F(1, 24) = 4.24, p = 0.02,
np? = 0.15) and a trend for Group-by-Stimulus-by-Condition
interaction (F(1, 24) = 2.71, p = 0.08, np2 =0.10).

Arousal ratings

The repeated measures ANOVA for arousal ratings
(Figure 2) revealed a similar pattern to the valence ratings.
A main effect of Group (F(1, 24) = 6.05, p = 0.02, np? = 0.20),
Stimulus (F(1, 24) = 19.75, p < 0.001, np2 =0.45) and Condition
(F(1, 24) =9.12, p < 0.001, npz = 0.28) were found. Significant
interactions were found for Group-by-Stimulus (F(1, 24) = 5.83,
p=0.02,1,? =0.20), but not for Group-by-Condition (p > 0.24).
Additionally there was a Stimulus-by-Condition interaction
(F(1, 24) = 17.31, p < 0.001, np2 = 0.15). No interaction was
found for Group-by-Stimulus-by-Condition (p > 0.31).

Pupillometry and eye tracking
Pupillometry
The repeated measures ANOVA for pupillary responses

(Figure 3) revealed no effect of Group (p > 0.78). A main effect
of Stimulus (F(1, 25) = 7.05, p = 0.01, ,* = 0.22) was found, with
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Affective ratings. Valence and arousal ratings toward stimuli were collected. Group differences emerged for (A) valence ratings and (B) arousal
ratings, i.e., that the autistic group reported greater valence and arousal than controls. Additionally, the autistic group reported greater valence

and arousal toward Cl images than nonsocial object images

a greater difference in pupillary diameter for CI than nonsocial
object images, such that there was more pupillary constriction
for CI than nonsocial images. There was also a main effect of
Condition (F(2, 24) = 22.01, p < 0.001, npz = 0.65). Follow-
up Bonferroni-corrected ¢-tests revealed significant differences
in pupil diameter between Enhance Positive, and Enhance
Negative, as compared to Pre-Regulation (ps < 0.001). No
difference was found in pupil diameter for Enhance Positive vs.
Enhance Negative (p = 0.75). No significant interactions were
found (all ps > 0.42).

Eye tracking

The repeated measures ANOVA for percent of time spent
looking at the image (Figure 3) revealed no effect of Group
(p > 0.94) or Condition (p = 0.50). A main effect of Stimulus
(F(1, 25) = 8.90, p = 0.006, np2 =0.26) was found, with a greater
percentage of time spent on CI than nonsocial object images. No
significant interactions were found (all ps > 0.12).

Functional magnetic resonance
imaging

Group differences in omnibus contrasts

In order to test between-group differences in the omnibus
contrast we collapsed nonsocial object and CI conditions
and examined Enhance Positive > Pre-regulation, Enhance

Frontiers in Behavioral Neuroscience

Negative > Pre-Regulation, and Both Regulation > Pre-
regulation. Whole-brain analysis revealed that when compared
to the neurotypical group, the autistic group demonstrated
decreased activation of the L Hippocampus (MNIpeq =—32,
—40, 0; Zyax = 3.39; k = 220) when engaging in positive
regulation as compared to pre-regulation. Additionally,
compared to the neurotypical group, the autistic group

Pupillometry & Eye-Tracking
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FIGURE 3

Pupillometry and eye tracking. No group differences emerged
for (A) change in pupil diameter or (B) percentage of time spent
on stimuli
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demonstrated increased activation in the L Supramarginal
Gyrus (MNLyey =—66, —44, 32; Zyax = 4.13; k = 224) when
engaging in negative regulation as compared to pre-regulation.
No between-group differences were present when comparing
both regulation conditions (enhance negative and enhance
positive) to pre-regulation.

Group differences in main effects (Enhance
positive, enhance negative, pre-regulation,
both regulation) by stimulus type
Group differences in main effects of nonsocial objects
When engaging in positive regulation of nonsocial object
images, between-group whole-brain analysis revealed that
as compared to the neurotypical group, the autistic group
demonstrated decreased activation in the L Lateral Occipital
Cortex (MNIpeak =—6, —72, 60; Zyax = 4.64; k = 225). When
engaging in negative regulation with nonsocial object images,
the autistic group demonstrated decreased activation in the R
[FG (MNIpeax = 48, 40, 25 Zypar = 3.56; k = 302) compared
to the neurotypical group. No between-group differences were
present for pre-regulation or both regulation conditions of
nonsocial object images.

Group differences in main effects of circumscribed
interests

For pre-regulation of CI images, the autistic group
demonstrated greater activation of the PCC (MNI,eq = 43,
44, 54; Zpax = 3.82; k = 471) compared to the neurotypical
group. For positive regulation of CI images, the autistic group
demonstrated decreased activation in the L MFG (MNIpeqx = 4,
—38, 36; Zmax = 3.65; k = 188) compared to the neurotypical
group. No between-group differences were present for negative
regulation of CI images. For both regulation, the autistic group
demonstrated less activation in the L MFG (MNIeqe =—36,
10, 42; Zax = 3.22; k = 414), L SEG (MNIpepc =—6, 52, 50;
Zmax = 3.32; k = 269), and L Frontal Pole (MNIeq =—46, 52,
—12; Zynax = 3.55; k = 239) compared to the neurotypical group.

Group differences in regulation vs.
pre-regulation contrasts by stimulus type
Group differences in regulation vs. pre-regulation of
nonsocial objects

Lower order interactions were tested, which were organized
by stimulus type to assess between-group differences in whole-
brain activation. There were no between-group differences when
comparing positive regulation, negative regulation, and both
regulation to pre-regulation of nonsocial object images.

Group differences in regulation vs. pre-regulation of
circumscribed interests

The between-group whole-brain analysis revealed that
when compared to the neurotypical group, the autistic group
demonstrated decreased activation in the PCC (MNI¢q = 2,
—46, 40; Zyax = 3.52; k = 507) and R lateral occipital cortex
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(MNIeq = 36, —64, 625 Znax = 3.72; k = 286) for both regulation
as compared to pre-regulation of CI images (Figure 4). Further,
the PCC (MNILpeg = 2, —44, 34; Zyax = 3.72; k = 265) was
less active in the autistic group vs. neurotypical group for
positive regulation as compared to pre-regulation of CI images.
Similarly, compared to the neurotypical group, the autistic
group demonstrated less activation of the PCC (MNI,¢q =—14,
—64, 30; Zmax = 3.67; k = 728) for negative regulation as
compared to pre-regulation of CI. Further examination of these
differences shows that group differences in these contrasts were
related to lack of modulation of these areas in the autistic group,
while the neurotypical group demonstrated greater activation of
these areas during regulation, and decreased activation of these
areas during pre-regulation (Figure 4).

Group differences in circumscribed interests
vs. nonsocial object contrasts

Between-group  whole-brain that
compared to the neurotypical group, the autistic group
demonstrated greater activation of the PCC (MNIpeq =—12,
—48, 32; Zmax = 3.78; k = 818), L lateral occipital cortex
(MNIpeak =—44, —74, 46; Zyax = 3.98; k = 365), and SFG
(MNIpege = 0, 48, 40; Zyax = 3.64; k = 224) during the
pre-regulation period for CI images as compared to the

analysis revealed

pre-regulation period for nonsocial object images (Figure 5).
The neurotypical group evidenced greater activation than the
autistic group in the L frontal pole (MNIpe, =—50, 54, —8;
Zimax = 345; k = 256) and L MTG (MNI,e, =—60, —30, —2;
Zmax = 3.4; k = 236) when regulating CI as compared to vs.
regulating nonsocial object images (Figure 6). There were
no other between-group differences when comparing CI vs.
nonsocial objects.

Group differences in functional
connectivity

A gPPI analysis was conducted to examine a functionally-
defined PCC connectivity to the whole-brain during both
regulation (enhance positive and enhance negative) compared
to pre-regulation of CI images. As compared to the neurotypical
group, the autistic group demonstrated greater coupling of
the PCC with the L lateral occipital cortex (MNIpey =—22,
—78, 40; Zyax = 3.51; k = 1218) and R Supramarginal Gyrus
(MNIpeax = 54, —32, 52; Zyax = 4.05; k = 620), during both
regulation conditions as compared to pre-regulation of CI
images.

Correlations between brain activation
and repetitive behaviors

We examined parameter estimates, which were averaged
across anatomically-defined ROIs of the nucleus accumbens,
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FIGURE 4

Cl regulation
occipital cortex when regulating Cl images vs. viewing Cl images

caudate, and putamen to test our a priori hypotheses that striatal
activation during the task would be linked to RRBI in the
autistic group. When comparing both regulation conditions to
pre-regulation of CI, we found significant correlations between
the Stereotyped Behaviors and Restricted Interests domain of
the ADOS-G and R caudate (rho = 0.65, p = 0.009), and L
putamen (rho = 0.67, p = 0.007; Figure 7), with higher repetitive
behaviors associated with greater increase in striatal activation
while asked to regulate response to CI than when viewing
CI. Exploratory post-hoc correlations of peak PCC activation
revealed that greater decrease in PCC activation for CI pre-
regulation as compared to nonsocial object pre-regulation was
correlated with IRB sameness scores (r =—0.59, p = 0.02),
such that the greater the insistence on sameness, the less PCC
activation was observed when viewing CI images relative to
nonsocial objects.

Discussion

This study examined biological and behavioral mechanisms
of emotion regulation toward highly motivating contexts (i.e.,
CI and nonsocial object images) in autistic adults. In the
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Cl pre-regulation. Compared to controls, the autistic group demonstrated decreased activation in the PCC and R lateral

present study, different levels of behavioral and biometric
data revealed differences in emotion regulation toward CI and
nonsocial objects. On a behavioral level, autistic participants
reported greater overall positive affect and greater arousal to
CI stimuli compared to neurotypical participants. Typically,
greater arousal and interest is associated with increased pupil
size and looking time. However, no group differences in eye
tracking or pupillometry data were observed in the present
study. On a neural level, group differences were observed both
when collapsing CI and nonsocial objects, as well as in response
to viewing CI without regulation instructions. Finally, neural
patterns of activation were associated with measures of RRBI.
Each level of analysis is informative for understanding the
mechanisms of emotion regulation specific to highly motivating
stimuli in autistic adults.

In the present study, autistic participants demonstrated
greater activation in the PCC compared to neurotypical
participants across multiple contexts related to viewing their CI
(i.e., pre-regulation), including group differences in comparison
to viewing nonsocial objects, and regulation conditions.
Notably, the PCC is not known as part of the neural response
to rewarding stimuli, and therefore it was not a hypothesized
region of interest. The use of the PCC to process Cl is significant,
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> nonsocial pre-regulation. Compared to controls, the autistic group demonstrated increased activation in the PCC and SFG,

and L Lateral Occipital Cortex when viewing Cl images vs. viewing nonsocial object images

as the PCC is increasingly associated with resting-state brain
networks, and personalized processing. Recruitment of the
PCC may specifically relate to the stimuli we used and its
interaction with systems that modulate ER. First, the PCC has
been demonstrated to be involved in attention to self- (i.e.,
autobiographical memory, imagining future self) and other-
referential processing (i.e., evaluating and processing other’s
mental states; Brewer et al., 2013). As personalized CI are highly
intrinsically motivating (Grove et al., 2018) and qualitative work
has noted that CI in autism are intertwined with self-images
(Winter-Messiers, 2007), the self-referential role of CI may be
modulated differently in the PCC for autistic people compared
to neurotypical people. Second, the PCC is a main hub of
the default mode network (DMN), which is a brain network
that decreases in activity when one is focused on a task, and
increases in activity when engaging in “internally focused tasks,”
ie., letting one’s mind wander (Buckner et al., 2008; Greicius
et al,, 2009). Our findings of increased activation during pre-
regulation of CI, and lack of modulation of the PCC when
regulating, suggest that CI may elicit ER responses akin to the
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absence of task demands and similar to relaxed state for autistic
people. Moreover, although PCC recruitment for cognitive
reappraisal is not commonly found, with most work supporting
frontolimbic areas (Buhle et al., 2014), previous cross sectional
work by McRae et al. (2012) found that the PCC was more
active during regulation for adolescents ages 14-17 years, as
compared to both children and adults. There is a need in parsing
the role of the PCC in autism as it relates to ER mechanisms,
as several studies have found alterations with the PCC and
DMN in autistic samples, with alterations frequently linked to
autistic traits (Spencer et al,, 2012; Lynch et al, 2013; Yerys
et al,, 2015; Padmanabhan et al,, 2017). Further, recent work
has emphasized the role of the DMN and PCC in ER difficulties
(i.e., repetitive negative thinking, internalizing symptomology)
for autistic people (Burrows et al., 2017; Hogeveen et al.,, 2018).
Thus, alterations in PCC activation toward CI stimuli add to our
understanding of altered ER mechanisms for autistic people.
Although there are many positive aspects to CI for autistic
people, including a sense of satisfaction and wellbeing, very high
intensity of CI has been linked with poorer subjective wellbeing
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- nonsocial regulation. Compared to the autistic group, the control group demonstrated increased activation of the L MTG, and

dIPFC when regulating affect toward Cl vs. regulating affect toward nonsocial object images

in autistic adults, such that those with very high levels of time
spent on CI reported overall less satisfaction, less happiness,
and poorer quality of life than those that spent less time on
CI (Grove et al,, 2018). Moreover, higher interest intensity has
been linked to greater social, adaptive, and executive function
difficulties (Anthony et al., 2013). Grove et al. (2018) suggested
two potential reasons that very high intensity of CI and negative
outcomes may be related: (a) there may be a “trade-oft” with
very high intensity CI impacting negatively on well-being, or (b)
there may be greater use of CI as a means to cope with high
levels of distress. The latter is consistent with recent qualitative
work suggesting that CI may be an emotion regulation strategy
to prevent autistic burnout, or chronic exhaustion, decreased
ability to function, and increased sensory sensitivity due to
masking of autistic traits or life stressors (Raymaker et al., 2020;
Higgins et al., 2021; Mantzalas et al.,, 2022a,b). More work is
needed in examining these hypotheses, and it may be the case
that both patterns exist for different people, at different levels,

or at different times.
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Our brain correlations support a link between intensity of
RRBI and emotion regulation mechanisms, such that higher
clinician-reported RRBI was linked to greater reward activation
during cognitive reappraisal vs. pre-regulation of CI in the
autistic group, indicating a potential difficulty in regulating
reward areas when engaging in ER strategies. Moreover,
decreased PCC activation when comparing viewing CI to
viewing nonsocial images was linked to greater insistence on
sameness, suggesting an association between modulation of
the PCC toward various types of information and insistence
on sameness for autistic people. This finding is consistent
with work linking repetitive thinking to neural mechanisms of
internalizing symptomology in autism (Burrows et al., 2017;
Hogeveen et al,, 2018). Altogether, these results support that
neural mechanisms of ER toward CI may be uniquely linked to
RRBL

These findings are largely consistent with prevailing
ER frameworks suggesting that recruitment of cognitive
control areas including dIPFC are related to experienced
emotion (Ochsner and Gross, 2005). A meta-analysis by
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Brain-behavior correlations. Within the autistic group, correlations were found between less striatal area activation during viewing of Cl images
and greater RRBI. Correlations were found for greater striatal area activation when regulating Cl than when viewing Cl and greater RRBI

Buhle et al. (2014) found that dorsolateral PFC, dorsomedial
PFC, ventrolateral PFC, and posterior parietal areas were
active during cognitive reappraisal of both positively-valenced
and negatively-valenced stimuli, and comparatively, that
greater amygdala activation was present during natural
viewing. Atypical ER mechanisms have been found in
autsitic vs. neurotypical people when regulating emotionally
evocative stimuli (Pitskel et al, 2014) and neutral face
stimuli (Richey et al, 2015) with cognitive reappraisal tasks.
Specifically, alterations in prefrontal and limbic areas have been
supported. This study converges with previous work in that
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the autistic group demonstrated decreased activation of PFC
areas for regulation of both CI and nonsocial object images
compared to the neurotypical group. Additionally, although the
two previous studies have found decreased amygdala activation
during cognitive reappraisal in autism vs. neurotypicals (Pitskel
et al,, 2014; Richey et al., 2015), we did not find this effect. Lack
of differences in amygdala activation may be related to stimuli
used in this study. Previous studies have used stimuli which
are sensitive to threat and social salience, which may explain
magnify the role of amygdala reactivity during ER (Phelps and
LeDoux, 2005; Schultz, 2005; Herrington et al., 2015).
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More work is needed in understanding how positively-
valenced stimuli may impact ER systems (Buhle et al., 2014).
In autism, there is limited work on emotion regulation
of highly positive stimuli, with work focusing on positive
social information. For example, one study highlighted that
autistic and neurotypical persons report similar affective
empathy in response to socially positive stimuli, though group
differences are amplified for cognitive empathy, especially when
interpreting socially negative stimuli (Mazza et al, 2014). In
our current study, greater activation in frontal brain regions
of the neurotypical vs. autistic group was found regulation
of CI vs. regulation of nonsocial images. Our finding of
increased left MFG, SFG, and frontal pole activation in the
neurotypical vs. autistic group is consistent with previous results
of increased left frontal brain regions when regulating affect
toward positive images (i.e., images that elicit joy; Mak et al,,
2009). One potential explanation for this difference is that the
autistic group did not need the same level of processing to
regulate their CI as the neurotypical participants, as they may
already have a well-developed system for regulating emotion
toward CL

This study is not without limitations, which are important
to note. First, it is a small sample. Due to this small sample
size, we used a relatively liberal cluster defining threshold
(p < 0.005) and future work with larger sample sizes should
use conservative cluster defining thresholds or non-parametric
permutation testing. Our sample was predominantly comprised
of male participants without intellectual disability. It should
be noted that within our sample we did not collect data on
age of autism diagnosis, current interventions, socioeconomic
status, and education level, and this information may have
been useful in better characterizing our sample. Moreover,
this study specifically screened for the presence of CI and
not all autistic people endorse CI (Klin et al., 2007; Grove
et al, 2018). Thus, as with any study, the generalizability
of these results should be interpreted with caution. Second,
we did not have a measure of ER to confirm whether brain
activation during cognitive reappraisal related to real-world
ER or psychopathology. Though our arousal and valence
ratings support changes in affective modulation, it will be
important for future work to include real-world ER measures
in addition to affective ratings. Third, the study was designed
so that all autistic participants viewed their personalized CI,
while matched neurotypical participants viewed an autistic
participant’s CI. Therefore results related to PCC activation
from the CI condition may be conflated with familiarity
of personalized CI images within the autistic group. It will
be important for future work to include familiar interest
images for neurotypicals to better parse the role of the PCC
in ER. As CI is a common feature of autism, intensity of
interests may not have been possible to match in the general
population. Despite this potential intensity difference, previous
work has used personalized interest stimuli for neurotypical
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participants with success and including this type of control
in future work will allow for more specific interpretations
(e.g., Kohls et al, 2018). Additionally, the present study also
included nonsocial object images to attempt to minimize
confounds between CI with social interests, as CI are not
always nonsocial.

It is important for future work to prioritize understanding
how altered ER mechanisms toward social and nonsocial images
relate to real-world ER strategies and difficulties (i.e., anxiety,
depression), as well as to autistic traits across both social and
RRBI domains. Further characterizing these relationships may
reveal pathways for risk and resilience as well as targeted
intervention. Moreover, considering the altered profiles of RRBI
in autistic girls (Antezana et al., 2019) and the elevated emotion
regulation difficulties noted in females (Gotham et al,, 2014;
Hiller et al., 2014; White et al., 2017; Wieckowski et al., 2020),
it may be important to understand mechanisms of ER toward
CI for autistic females, and its relationship to co-occurring
symptomology.

The present study is significant in a number of ways.
First, this study characterizes ER mechanisms in autistic adults,
whereas much of the current literature to date has examined
ER in primarily autistic youth (Cai et al., 2018). Further, this
study impresses the importance of measuring multiple units of
analysis in order to detect regulation effects. For example, the
present eye tracking findings indicate that both groups found
the CI more interesting and arousing than general nonsocial
stimuli, whereas behaviorally the autistic group reported greater
positive affect and arousal while viewing the images compared
to neurotypical group. Thus, gaining self-reported valence and
arousal in autism remains important. Neural responses gave
an additional layer of information on the specific mechanisms.
Recruitment of the PCC in autistic group while regulating
responses to CI has the potential to inform clinical interventions
for ER for autism more broadly. Modulation of the PCC
has been implicated in several mindfulness-based interventions
(Brewer and Garrison, 2014; Kral et al., 2019; Cernasov et al.,
2021). Emerging work on mindfulness-based interventions that
target ER difficulties in autism have demonstrated promising
results (Singh et al., 2011; de Bruin et al.,, 2015; Conner et al,,
2019; Beck et al., 2022; Shaffer et al,, 2022) and understanding
ER mechanisms which promote outcomes will aid in the
specificity of targeted treatments. As our work highlights that
the PCC may play an important role in ER mechanisms
for autistic people, it will be important for future work to
bridge this gap.

Conclusion
The purpose of this study was to examine multiple levels

of ER (i.e., neural activity, eye-tracking/pupillometry, affective
ratings) to investigate the mechanisms of ER during passive
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viewing and cognitive reappraisal of personalized (self-selected)
CI and nonsocial object images. Although results did not
indicate group differences in eye-tracking/pupillometry, the
autistic group demonstrated comparatively reduced modulation
of the PCC activation between passive viewing vs. cognitive
reappraisal of CI images. Further, the PCC was more active
for the autistic vs. neurotypical group when viewing their
CI vs. nonsocial object images, while the neurotypical group
demonstrated greater frontal activation during regulation of CI
vs. nonsocial object images. Moreover, greater PCC coupling
with left lateral occipital and right supramarginal areas was
found in the autistic vs. neurotypical group. We conclude that
in autistic adults, CI may be differentially modulated via PCC
during ER. In light of the documented role of the PCC as a core
hub of the DMN, we further postulate that ER of CI may be
linked to enhanced self-referential cognition.

Data availability statement

The data analyzed in this study is subject to the following
licenses/restrictions: Participants did not consent to publicly
available data. Requests to access these datasets should be
directed to richey@vt.edu.

Ethics statement

This study involved human participants and was reviewed
and approved by the Local Human Investigations Committees
at both UNC-Chapel Hill and Duke University Medical Centers.
The participants provided written and verbal consent to
participate in this study.

Author contributions

LA led the conception of the study aims, analyses, and initial
draft, under the mentorship of JR. LA, MC, AD, and JR were
involved in drafting and revisions of the manuscript. All authors
contributed to the article and approved the submitted version.

References

Abbott, A. E., Linke, A. C., Nair, A., Jahedi, A., Alba, L. A., Keown, C. L., et al.
(2018). Repetitive behaviors in autism are linked to imbalance of corticostriatal
connectivity: A functional connectivity MRI study. Soc. Cogn. Affect. Neurosci. 13,
32-42. doi: 10.1093/scan/nsx129

Aldao, A., and Dixon-Gordon, K. L. (2014). Broadening the scope of research on
emotion regulation strategies and psychopathology. Cogn. Behav. Ther. 43, 22-33.

Aldao, A., and Nolen-Hoeksema, S. (2010). Specificity of cognitive emotion
regulation strategies: A transdiagnostic examination. Behav. Res. Ther. 48, 974-
983. doi: 10.1016/j.brat.2010.06.002

Frontiers in Behavioral Neuroscience

15

10.3389/fnbeh.2022.1057736

Funding

This research was supported by the Clinical Translational
Core of the Carolina Institute for Developmental Disabilities
(P50HD103573; Dichter, G.S.) and T32HD40127 (JR). We thank
support from George E. and Hester B. Aker Fellowship (LA),
Hulick Serving Spirit Award (LA), and T32MHO018951 (LA).

Acknowledgments

We are grateful for the participants who aided with this
research. Additionally, we thank the clinicians at Chapel Hill
Division TEACCH for consultation on the cognitive reappraisal
training instructions. We thank BIAC MRI technologists Susan
Music, Natalie Goutkin, and Luke Poole for assistance with data
acquisition, and BIAC Director Allen Song for assistance with
various aspects of this project.

Conflict of interest

JR discloses that he is a statistical consultant for “Behaivior
LLC”, the company has no interest in the results presented here,
financial or otherwise.

The remaining authors declare that the research was
conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict of
interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Aldao, A., Nolen-Hoeksema, S., and Schweizer, S. (2010). Emotion-regulation
strategies across psychopathology: A meta-analytic review. Clin. Psychol. Rev. 30,
217-237. doi: 10.1016/j.cpr.2009.11.004

American Psychiatric Association (2013). Diagnostic and statistical manual of
mental disorders: DSM-5. Virginia, VA: American Psychiatric Association.

Antezana, L., Factor, R. S., Condy, E. E., Strege, M. V., Scarpa, A., and
Richey, J. A. (2019). Gender differences in restricted and repetitive behaviors
and interests in youth with autism. Autism Res. 12, 274-283. doi: 10.1002/aur.
2049

frontiersin.org


https://doi.org/10.3389/fnbeh.2022.1057736
mailto:richey@vt.edu
https://doi.org/10.1093/scan/nsx129
https://doi.org/10.1016/j.brat.2010.06.002
https://doi.org/10.1016/j.cpr.2009.11.004
https://doi.org/10.1002/aur.2049
https://doi.org/10.1002/aur.2049
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org/

Antezana et al.

Anthony, L. G., Kenworthy, L., Yerys, B. E., Jankowski, K. F., James, J. D.,
Harms, M. B., et al. (2013). Interests in high-functioning autism are more
intense, interfering, and idiosyncratic than those in neurotypical development.
Dev. Psychopathol. 25, 643-652. doi: 10.1017/50954579413000072

Bargh, J. A., and Williams, L. E. (2007). “The nonconscious regulation of
emotion,” in Handbook of emotion regulation, ed. J. J. Gross (New York, NY:
Guilford Press), 1-429.

Beck, K. B,, Northrup, J. B., Breitenfeldt, K. E., Porton, S., Day, T. N., MacKenzie,
K. T,, et al. (2022). Stakeholder informed development of the emotion awareness
and skills enhancement team-based program (EASE-Teams). Autism 26, 586-600.
doi: 10.1177/13623613211061936

Berkovits, L., Eisenhower, A., and Blacher, J. (2017). Emotion regulation in
young children with autism spectrum disorders. J. Autism Dev. Disord. 47, 68-79.
doi: 10.1007/s10803-016-2922-2

Bodfish, J. (2003). Unpublished rating scale. Center research reports. Inventory
for repetitive behaviors (IRB). Chapel Hill, NC: University of North Carolina.

Bodfish, J. W., Symons, F. J., and Lewis, M. H. (1999). The repetitive behavior
scales (RBS). Research reports. Chapel Hill, NC: Western Carolina Center.

Bodfish, J. W., Symons, F. J., Parker, D. E., and Lewis, M. H. (2000). Varieties of
repetitive behavior in autism: Comparisons to mental retardation. J. Autism Dev.
Disord. 30, 237-243.

Bos, D.J., Silverman, M. R, Ajodan, E. L., Martin, C,, Silver, B. M., Brouwer, G.].,
et al. (2019). Rigidity coincides with reduced cognitive control to affective cues in
children with autism. J. Abnorm. Psychol. 128, 431-441. doi: 10.1037/abn0000423

Boyd, B. A., Woodard, C. R., and Bodfish, J. W. (2013). Feasibility of exposure
response prevention to treat repetitive behaviors of children with autism and an
intellectual disability: A brief report. Autism 17, 196-204.

Bradley, M. M., and Lang, P. . (1994). Measuring emotion: The self-assessment
manikin and the semantic differential. J. Behav. Ther. Exp. Psychiatry 25, 49-59.
doi: 10.1016/0005-7916(94)90063-9

Brandl, F., Le Houcq Corbi, Z., Mulej Bratec, S., and Sorg, C. (2019). Cognitive
reward control recruits medial and lateral frontal cortices, which are also involved
in cognitive emotion regulation: A coordinate-based meta-analysis of fMRI
studies. Neuroimage 200, 659-673. doi: 10.1016/j.neuroimage.2019.07.008

Brewer, J. A., and Garrison, K. A. (2014). The posterior cingulate cortex as a
plausible mechanistic target of meditation: Findings from neuroimaging. Ann.
N. Y. Acad. Sci. 1307, 19-27. doi: 10.1111/nyas.12246

Brewer, J., Garrison, K., and Whitfield-Gabrieli, S. (2013). What about the
“self” is processed in the posterior cingulate cortex? Front. Hum. Neurosci. 7:647.
doi: 10.3389/fnhum.2013.00647

Buckner, R. L., Andrews-Hanna, J. R., and Schacter, D. L. (2008). The brain’s
default network: Anatomy, function, and relevance to disease. Ann. N. Y. Acad.
Sci. 1124, 1-38. doi: 10.1196/annals.1440.011

Buhle, J. T., Silvers, J. A., Wager, T. D., Lopez, R., Onyemekwu, C., Kober,
H., et al. (2014). Cognitive reappraisal of emotion: A meta-analysis of human
neuroimaging studies. Cereb. Cortex 24, 2981-2990. doi: 10.1093/cercor/bht154

Burrows, C. A., Timpano, K. R, and Uddin, L. Q. (2017). Putative brain
networks underlying repetitive negative thinking and comorbid internalizing
problems in autism. Clin. Psychol. Sci. 5, 522-536. doi: 10.1177/2167702616683506

Cabestrero, R., Crespo, A., and Quirds, P. (2009). Pupillary dilation as an index
of task demands. Percept. Mot. Skills 109, 664-678. doi: 10.2466/pms.109.3.664-
678

Cai, R. Y., Richdale, A. L., Uljarevie, M., Dissanayake, C., and Samson, A. C.
(2018). Emotion regulation in autism spectrum disorder: Where we are and where
we need to go. Autism Res. 11, 962-978. doi: 10.1002/aur.1968

Cascio, C.J., Foss-Feig, ]. H., Heacock, J., Schauder, K. B., Loring, W. A., Rogers,
B. P., et al. (2014). Affective neural response to restricted interests in autism
spectrum disorders. J. Child Psychol. Psychiatry 55, 162-171. doi: 10.1111/jcpp.
12147

Cernasov, P, Walsh, E. C,, Kinard, J. L., Kelley, L., Phillips, R., Pisoni,
A, et al. (2021). Multilevel growth curve analyses of behavioral activation
for anhedonia (BATA) and mindfulness-based cognitive therapy effects on
anhedonia and resting-state functional connectivity: Interim results of a
randomized trial¥. J. Affect. Disord. 292, 161-171. doi: 10.1016/j.jad.2021.
05.054

Charlton, A. S., Smith, I. C., Mazefsky, C. A., and White, S. W. (2019). The role
of emotion regulation on co-occurring psychopathology in emerging adults with
ASD. J. Autism Dev. Disord. 50, 2585-2592. doi: 10.1007/s10803-019-03983-5

Chevallier, C., Kohls, G., Troiani, V., Brodkin, E. S., and Schultz, R. T. (2012).
The social motivation theory of autism. Trends Cogn. Sci. 16, 231-239. doi: 10.
1016/j.tics.2012.02.007

Frontiers in Behavioral Neuroscience

16

10.3389/fnbeh.2022.1057736

Clements, C. C., Ascunce, K., and Nelson, C. A. (2022). In context: A
developmental model of reward processing, with implications for autism and
sensitive periods. J. Am. Acad. Child Adolesc. Psychiatry. doi: 10.1016/j.jaac.2022.
07.861 [Epub ahead of print].

Clements, C. C., Zoltowski, A. R., Yankowitz, L. D., Yerys, B. E., Schultz, R. T,,
and Herrington, J. D. (2018). Evaluation of the social motivation hypothesis of
autism: A systematic review and meta-analysis. JAMA Psychiatry 75, 797-808.
doi: 10.1001/jamapsychiatry.2018.1100

Conner, C. M., White, S. W., Beck, K. B,, Golt, J., Smith, I. C., and Mazefsky,
C. A. (2019). Improving emotion regulation ability in autism: The emotional
awareness and skills enhancement (EASE) program. Autism 23, 1273-1287. doi:
10.1177/1362361318810709

de Bruin, E. L, Blom, R,, Smit, F. M., van Steensel, F. J., and Bogels, S. M. (2015).
MYmind: Mindfulness training for youngsters with autism spectrum disorders
and their parents. Autism 19, 906-914. doi: 10.1177/1362361314553279

Diano, M., Tamietto, M., Celeghin, A., Weiskrantz, L., Tatu, M.-K., Bagnis,
A, et al. (2017). Dynamic changes in amygdala psychophysiological connectivity
reveal distinct neural networks for facial expressions of basic emotions. Sci. Rep.
7:45260. doi: 10.1038/srep45260

Dichter, G. S., Felder, J. N., Green, S. R,, Rittenberg, A. M., Sasson, N. J., and
Bodfish, J. W. (2012). Reward circuitry function in autism spectrum disorders. Soc.
Cogn. Affect. Neurosci. 7, 160-172. doi: 10.1093/scan/nsq095

Dichter, G. S. (2018). Motivational impairments in autism may be broader than
previously thought. JAMA psychiatry. 75, 773-774. doi: 10.1001/jamapsychiatry.
2018.1078

Foss-Feig, J. H., McGugin, R. W., Gauthier, I, Mash, L. E., Ventola, P., and
Cascio, C. J. (2016). A functional neuroimaging study of fusiform response to
restricted interests in children and adolescents with autism spectrum disorder.
J. Neurodev. Disord. 8:15. doi: 10.1186/s11689-016-9149-6

Gabriels, R. L., Agnew, J. A., Pan, Z., Holt, K. D., Reynolds, A., and Laudenslager,
M. L. (2013). Elevated repetitive behaviors are associated with lower diurnal
salivary cortisol levels in autism spectrum disorder. Biol. Psychol. 93, 262-268.
doi: 10.1016/j.biopsycho.2013.02.017

Gotham, K., Bishop, S. L., Brunwasser, S., and Lord, C. (2014). Rumination and
perceived impairment associated with depressive symptoms in a verbal adolescent-
adult ASD sample. Autism Res. 7, 381-391. doi: 10.1002/aur.1377

Greenlee, J. L., Stelter, C. R., Piro-Gambetti, B., and Hartley, S. L. (2021).
Trajectories of dysregulation in children with autism spectrum disorder. J. Clin.
Child Adolesc. Psychol. 50, 858-873. doi: 10.1080/15374416.2021.1907752

Greicius, M. D., Supekar, K., Menon, V., and Dougherty, R. F. (2009). Resting-
state functional connectivity reflects structural connectivity in the default mode
network. Cereb. Cortex 19, 72-78. doi: 10.1093/cercor/bhn059

Gross, J. J. (1998). The emerging field of emotion regulation: An integrative
review. Rev. Gen. Psychol. 2, 271-299. doi: 10.1037/1089-2680.2.3.271

Grove, R., Hoekstra, R. A., Wierda, M., and Begeer, S. (2018). Special interests
and subjective wellbeing in autistic adults. Autism Res. 11, 766-775. doi: 10.1002/
aur.1931

Grove, R., Roth, I, and Hoekstra, R. A. (2016). The motivation for special
interests in individuals with autism and controls: Development and validation of
the special interest motivation scale. Autism Res. 9, 677-688. doi: 10.1002/aur.1560

Haga, S. M, Kraft, P., and Corby, E.-K. (2009). Emotion regulation: Antecedents
and well-being outcomes of cognitive reappraisal and expressive suppression in
cross-cultural samples. J. Happiness Stud. 10, 271-291. doi: 10.1007/s10902-007-
9080-3

Han, G. T., Tomarken, A. J., and Gotham, K. O. (2019). Social and nonsocial
reward moderate the relation between autism symptoms and loneliness in adults
with ASD, depression, and controls. Autism Res. 12, 884-896. doi: 10.1002/aur.
2088

Harrison, T. M., McLaren, D. G., Moody, T. D., Feusner, J. D., and Bookheimer,
S. Y. (2017). Generalized psychophysiological interaction (PPI) analysis of
memory related connectivity in individuals at genetic risk for Alzheimer’s disease.
J. Vis. Exp. 129:55394. doi: 10.3791/55394

Heller, A. S., Johnstone, T., Shackman, A. J., Light, S. N., Peterson, M. J.,
Kolden, G. G,, et al. (2009). Reduced capacity to sustain positive emotion in major
depression reflects diminished maintenance of fronto-striatal brain activation.
Proc. Natl Acad. Sci. U.S.A. 106, 22445-22450. doi: 10.1073/pnas.0910651106

Herrington, J. D., Miller, J., Pandey, J., and Schultz, R. T. (2015). Anxiety
and social deficits have distinct relationships with amygdala function in autism
spectrum disorder. Soc. Cogn. Affect Neurosci. 11, 907-914. doi: 10.1093/scan/
nsw015

Higgins, J. M., Arnold, S. R., Weise, J., Pellicano, E., and Trollor, J. N. (2021).
Defining autistic burnout through experts by lived experience: Grounded Delphi

frontiersin.org


https://doi.org/10.3389/fnbeh.2022.1057736
https://doi.org/10.1017/S0954579413000072
https://doi.org/10.1177/13623613211061936
https://doi.org/10.1007/s10803-016-2922-2
https://doi.org/10.1037/abn0000423
https://doi.org/10.1016/0005-7916(94)90063-9
https://doi.org/10.1016/j.neuroimage.2019.07.008
https://doi.org/10.1111/nyas.12246
https://doi.org/10.3389/fnhum.2013.00647
https://doi.org/10.1196/annals.1440.011
https://doi.org/10.1093/cercor/bht154
https://doi.org/10.1177/2167702616683506
https://doi.org/10.2466/pms.109.3.664-678
https://doi.org/10.2466/pms.109.3.664-678
https://doi.org/10.1002/aur.1968
https://doi.org/10.1111/jcpp.12147
https://doi.org/10.1111/jcpp.12147
https://doi.org/10.1016/j.jad.2021.05.054
https://doi.org/10.1016/j.jad.2021.05.054
https://doi.org/10.1007/s10803-019-03983-5
https://doi.org/10.1016/j.tics.2012.02.007
https://doi.org/10.1016/j.tics.2012.02.007
https://doi.org/10.1016/j.jaac.2022.07.861
https://doi.org/10.1016/j.jaac.2022.07.861
https://doi.org/10.1001/jamapsychiatry.2018.1100
https://doi.org/10.1177/1362361318810709
https://doi.org/10.1177/1362361318810709
https://doi.org/10.1177/1362361314553279
https://doi.org/10.1038/srep45260
https://doi.org/10.1093/scan/nsq095
https://doi.org/10.1001/jamapsychiatry.2018.1078
https://doi.org/10.1001/jamapsychiatry.2018.1078
https://doi.org/10.1186/s11689-016-9149-6
https://doi.org/10.1016/j.biopsycho.2013.02.017
https://doi.org/10.1002/aur.1377
https://doi.org/10.1080/15374416.2021.1907752
https://doi.org/10.1093/cercor/bhn059
https://doi.org/10.1037/1089-2680.2.3.271
https://doi.org/10.1002/aur.1931
https://doi.org/10.1002/aur.1931
https://doi.org/10.1002/aur.1560
https://doi.org/10.1007/s10902-007-9080-3
https://doi.org/10.1007/s10902-007-9080-3
https://doi.org/10.1002/aur.2088
https://doi.org/10.1002/aur.2088
https://doi.org/10.3791/55394
https://doi.org/10.1073/pnas.0910651106
https://doi.org/10.1093/scan/nsw015
https://doi.org/10.1093/scan/nsw015
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org/

Antezana et al.

method investigating #AutisticBurnout. Autism 25, 2356-2369. doi: 10.1177/
13623613211019858

Hiller, R. M., Young, R. L., and Weber, N. (2014). Sex differences in autism
spectrum disorder based on DSM-5 criteria: Evidence from clinician and teacher
reporting. J. Abnorm. Child Psychol. 42, 1381-1393. doi: 10.1007/510802-014-
9881-x

Hogeveen, J., Krug, M. K,, Elliott, M. V., and Solomon, M. (2018). Insula-
retrosplenial cortex overconnectivity increases internalizing via reduced insight
in autism. Biol. Psychiatry 84, 287-294. doi: 10.1016/j.biopsych.2018.01.015

Hopp, H., Troy, A. S., and Mauss, I. B. (2011). The unconscious pursuit
of emotion regulation: Implications for psychological health. Cogn. Emot. 25,
532-545. doi: 10.1080/02699931.2010.532606

Jahromi, L. B., Meek, S. E., and Ober-Reynolds, S. (2012). Emotion regulation
in the context of frustration in children with high functioning autism and their
typical peers. J. Child Psychol. Psychiatry 53, 1250-1258. doi: 10.1111/j.1469-7610.
2012.02560.x

Jenkinson, M., Beckmann, C. F., Behrens, T. E. J., Woolrich, M. W., and Smith,
S. M. (2012). FSL. Neuroimage 62, 782-790. doi: 10.1016/j.neuroimage.2011.09.
015

Johnstone, T., van Reekum, C. M., Urry, H. L., Kalin, N. H., and Davidson,
R. J. (2007). Failure to regulate: Counterproductive recruitment of top-down
prefrontal-subcortical circuitry in major depression. J. Neurosci. 27, 8877-8884.
doi: 10.1523/J]NEUROSCI.2063-07.2007

Kapp, S. K, Steward, R., Crane, L., Elliott, D., Elphick, C., Pellicano, E., et al.
(2019). ‘People should be allowed to do what they like’: Autistic adults’ views and
experiences of stimming. Autism 23, 1782-1792. doi: 10.1177/1362361319829628

Klin, A., Danovitch, J. H., Merz, A. B., and Volkmar, F. R. (2007). Circumscribed
interests in higher functioning individuals with autism spectrum disorders: An
exploratory study. Res. Pract. Persons Severe Disabl. 32, 89-100. doi: 10.2511/rpsd.
32.2.89

Kohls, G., Antezana, L., Mosner, M. G., Schultz, R. T., and Yerys, B. E.
(2018). Altered reward system reactivity for personalized circumscribed interests
in autism. Mol. Autism 9:9. doi: 10.1186/s13229-018-0195-7

Kohls, G., Schulte-Riither, M., Nehrkorn, B., Miiller, K., Fink, G. R., Kamp-
Becker, I, et al. (2013). Reward system dysfunction in autism spectrum disorders.
Soc. Cogn. Affect. Neurosci. 8, 565-572. doi: 10.1093/scan/nss033

Kotter, R., Mazziotta, J., Toga, A., Evans, A., Fox, P., Lancaster, J., et al. (2001).
A probabilistic atlas and reference system for the human brain: International
Consortium for Brain Mapping (ICBM). Philos. Trans. R. Soc. Lond. B Biol. Sci.
356, 1293-1322. doi: 10.1098/rstb.2001.0915

Kral, T.R. A., Imhoff-Smith, T., Dean, D. C.III, Grupe, D., Adluru, N., Patsenko,
E., et al. (2019). Mindfulness-based stress reduction-related changes in posterior
cingulate resting brain connectivity. Soc. Cogn. Aﬂect. Neurosci. 14, 777-787.
doi: 10.1093/scan/nsz050

Langen, M., Durston, S., Kas, M. J. H,, van Engeland, H., and Staal, W. G.
(2011a). The neurobiology of repetitive behavior: ...and men. Neurosci. Biobehav.
Rev. 35, 356-365. doi: 10.1016/j.neubiorev.2010.02.005

Langen, M., Kas, M. J. H,, Staal, W. G., van Engeland, H., and Durston, S.
(2011b). The neurobiology of repetitive behavior: Of mice. ... Neurosci. Biobehav.
Rev. 35, 345-355. doi: 10.1016/j.neubiorev.2010.02.004

Lecavalier, L. (2006). Behavioral and emotional problems in young people
with pervasive developmental disorders: Relative prevalence, effects of subject
characteristics, and empirical classification. J. Autism Dev. Disord. 36, 1101-1114.
doi: 10.1007/5s10803-006-0147-5

Lewis, E. J., Yoon, K. L., and Joormann, J. (2018). Emotion regulation
and biological stress responding: Associations with worry, rumination, and
reappraisal. Cogn. Emot. 32, 1487-1498. doi: 10.1080/02699931.2017.1310088

Lord, C,, Risi, S., Lambrecht, L., Cook, E. H., Leventhal, B. L., DiLavore, P. C,,
et al. (2000). The autism diagnostic observation schedule-generic: A standard
measure of social and communication deficits associated with the spectrum of
autism. J. Autism Dev. Disord. 30, 205-223.

Lynch, C. J., Uddin, L. Q., Supekar, K., Khouzam, A., Phillips, J., and Menon,
V. (2013). Default mode network in childhood autism: Posteromedial cortex
heterogeneity and relationship with social deficits. Biol. Psychiatry 74, 212-219.
doi: 10.1016/j.biopsych.2012.12.013

Mak, A. K. Y, Hu, Z, Zhang, J. X, Xiao, Z, and Lee, T. M. C.
(2009). Neural correlates of regulation of positive and negative emotions:
An fMRI study. Neurosci. Lett. 457, 101-106. doi: 10.1016/j.neulet.2009.
03.094

Mantzalas, J., Richdale, A. L., Adikari, A., Lowe, ]., and Dissanayake, C. (2022a).
What is autistic burnout? A thematic analysis of posts on two online platforms.
Autism Adulthood 4, 52-65. doi: 10.1089/aut.2021.0021

Frontiers in Behavioral Neuroscience

17

10.3389/fnbeh.2022.1057736

Mantzalas, J., Richdale, A. L., and Dissanayake, C. (2022b). A conceptual model
of risk and protective factors for autistic burnout. Autism Res. 15, 976-987. doi:
10.1002/aur.2722

Martinez-Gonzadlez, A. E., Cervin, M., and Piqueras, J. A. (2021). Relationships
between emotion regulation, social communication and repetitive behaviors in
autism spectrum disorder. J. Autism Dev. Disord. 52, 4519-4527. doi: 10.1007/
s10803-021-05340-x

Mazefsky, C. A., and White, S. W. (2014). Emotion regulation: Concepts &
practice in autism spectrum disorder. Child Adolesc. Psychiatr. Clin. N. Am. 23,
15-24. doi: 10.1016/j.chc.2013.07.002

Mazefsky, C. A., Borue, X., Day, T. N., and Minshew, N. J. (2014). Emotion
regulation patterns in adolescents with high-functioning autism spectrum
disorder: Comparison to typically developing adolescents and association with
psychiatric symptoms. Autism Res. 7, 344-354. doi: 10.1002/aur.1366

Mazefsky, C. A., Collier, A., Golt, J., and Siegle, G. J. (2020). Neural features of
sustained emotional information processing in autism spectrum disorder. Autism
24, 941-953. doi: 10.1177/1362361320903137

Mazefsky, C. A., Herrington, J., Siegel, M., Scarpa, A., Maddox, B. B., Scahill,
L., et al. (2013). The role of emotion regulation in autism spectrum disorder.
J. Am. Acad. Child Adolesc. Psychiatry 52, 679-688. doi: 10.1016/j.jaac.2013.
05.006

Mazefsky, C. A., Pelphrey, K. A., and Dahl, R. E. (2012). The need for a broader
approach to emotion regulation research in autism. Child Dev. Perspect. 6, 92-97.
doi: 10.1111/j.1750-8606.2011.00229.x

Mazza, M., Pino, M. C., Mariano, M., Tempesta, D., Ferrara, M., De Berardis, D.,
etal. (2014). Affective and cognitive empathy in adolescents with autism spectrum
disorder. Front. Hum. Neurosci. 8:791. doi: 10.3389/fnhum.2014.00791

McLaren, D. G., Ries, M. L, Xu, G, and Johnson, S. C. (2012). A
generalized form of context-dependent psychophysiological interactions (gPPI):
A comparison to standard approaches. Neuroimage 61, 1277-1286. doi: 10.1016/j.
neuroimage.2012.03.068

McRae, K., Gross, J. J., Weber, J., Robertson, E. R., Sokol-Hessner, P., Ray, R. D.,
etal. (2012). The development of emotion regulation: An fMRI study of cognitive
reappraisal in children, adolescents and young adults. Soc. Cogn. Affect. Neurosci.
7, 11-22. doi: 10.1093/scan/nsr093

Nuske, H. J., Vivanti, G., and Dissanayake, C. (2013). Are emotion impairments
unique to, universal, or specific in autism spectrum disorder? A comprehensive
review. Cogn. Emot. 27, 1042-1061. doi: 10.1080/02699931.2012.762900

Ochsner, K. N., and Gross, J. J. (2005). The cognitive control of emotion. Trends
Cogn. Sci. 9, 242-249. doi: 10.1016/j.tics.2005.03.010

Ochsner, K. N, Bunge, S. A., Gross, J. J., and Gabrieli, J. D. E. (2002). Rethinking
feelings: An FMRI study of the cognitive regulation of emotion. J. Cogn. Neurosci.
14, 1215-1229. doi: 10.1162/089892902760807212

Ochsner, K. N, Ray, R. D., Cooper, J. C., Robertson, E. R., Chopra, S., Gabrieli,
J. D. E,, et al. (2004). For better or for worse: Neural systems supporting the
cognitive down- and up-regulation of negative emotion. Neuroimage 23, 483-499.
doi: 10.1016/j.neuroimage.2004.06.030

Padmanabhan, A., Lynch, C. J., Schaer, M., and Menon, V. (2017). The default
mode network in autism. Biol. Psychiatry Cogn. Neurosci. Neuroimaging 2, 476
486. doi: 10.1016/j.bpsc.2017.04.004

Patel, S., Day, T. N,, Jones, N., and Mazefsky, C. A. (2017). Association
between anger rumination and autism symptom severity, depression symptoms,
aggression, and general dysregulation in adolescents with autism spectrum
disorder. Autism 21, 181-189. doi: 10.1177/1362361316633566

Phelps, E. A,, and LeDoux, J. E. (2005). Contributions of the amygdala to
emotion processing: From animal models to human behavior. Neuron 48, 175~
187. doi: 10.1016/j.neuron.2005.09.025

Pitskel, N. B., Bolling, D. Z., Kaiser, M. D., Pelphrey, K. A., and Crowley, M. J.
(2014). Neural systems for cognitive reappraisal in children and adolescents with
autism spectrum disorder. Dev. Cogn. Neurosci. 10, 117-128. doi: 10.1016/j.dcn.
2014.08.007

Raymaker, D. M., Teo, A. R,, Steckler, N. A., Lentz, B., Scharer, M., Delos
Santos, A., et al. (2020). “Having all of your internal resources exhausted beyond
measure and being left with no clean-up crew”: Defining autistic burnout. Autism
Adulthood 2, 132-143. doi: 10.1089/aut.2019.0079

Richey, J. A., Damiano, C. R, Sabatino, A., Rittenberg, A., Petty, C., Bizzell,
J., et al. (2015). Neural mechanisms of emotion regulation in autism spectrum
disorder. J. Autism Dev. Disord. 45, 3409-3423. doi: 10.1007/s10803-015-2359-z

Rieffe, C., De Bruine, M., De Rooij, M., and Stockmann, L. (2014). Approach
and avoidant emotion regulation prevent depressive symptoms in children with an
autism spectrum disorder. Int. J. Dev. Neurosci. 39, 37-43. doi: 10.1016/j.ijdevneu.
2014.06.003

frontiersin.org


https://doi.org/10.3389/fnbeh.2022.1057736
https://doi.org/10.1177/13623613211019858
https://doi.org/10.1177/13623613211019858
https://doi.org/10.1007/s10802-014-9881-x
https://doi.org/10.1007/s10802-014-9881-x
https://doi.org/10.1016/j.biopsych.2018.01.015
https://doi.org/10.1080/02699931.2010.532606
https://doi.org/10.1111/j.1469-7610.2012.02560.x
https://doi.org/10.1111/j.1469-7610.2012.02560.x
https://doi.org/10.1016/j.neuroimage.2011.09.015
https://doi.org/10.1016/j.neuroimage.2011.09.015
https://doi.org/10.1523/JNEUROSCI.2063-07.2007
https://doi.org/10.1177/1362361319829628
https://doi.org/10.2511/rpsd.32.2.89
https://doi.org/10.2511/rpsd.32.2.89
https://doi.org/10.1186/s13229-018-0195-7
https://doi.org/10.1093/scan/nss033
https://doi.org/10.1098/rstb.2001.0915
https://doi.org/10.1093/scan/nsz050
https://doi.org/10.1016/j.neubiorev.2010.02.005
https://doi.org/10.1016/j.neubiorev.2010.02.004
https://doi.org/10.1007/s10803-006-0147-5
https://doi.org/10.1080/02699931.2017.1310088
https://doi.org/10.1016/j.biopsych.2012.12.013
https://doi.org/10.1016/j.neulet.2009.03.094
https://doi.org/10.1016/j.neulet.2009.03.094
https://doi.org/10.1089/aut.2021.0021
https://doi.org/10.1002/aur.2722
https://doi.org/10.1002/aur.2722
https://doi.org/10.1007/s10803-021-05340-x
https://doi.org/10.1007/s10803-021-05340-x
https://doi.org/10.1016/j.chc.2013.07.002
https://doi.org/10.1002/aur.1366
https://doi.org/10.1177/1362361320903137
https://doi.org/10.1016/j.jaac.2013.05.006
https://doi.org/10.1016/j.jaac.2013.05.006
https://doi.org/10.1111/j.1750-8606.2011.00229.x
https://doi.org/10.3389/fnhum.2014.00791
https://doi.org/10.1016/j.neuroimage.2012.03.068
https://doi.org/10.1016/j.neuroimage.2012.03.068
https://doi.org/10.1093/scan/nsr093
https://doi.org/10.1080/02699931.2012.762900
https://doi.org/10.1016/j.tics.2005.03.010
https://doi.org/10.1162/089892902760807212
https://doi.org/10.1016/j.neuroimage.2004.06.030
https://doi.org/10.1016/j.bpsc.2017.04.004
https://doi.org/10.1177/1362361316633566
https://doi.org/10.1016/j.neuron.2005.09.025
https://doi.org/10.1016/j.dcn.2014.08.007
https://doi.org/10.1016/j.dcn.2014.08.007
https://doi.org/10.1089/aut.2019.0079
https://doi.org/10.1007/s10803-015-2359-z
https://doi.org/10.1016/j.ijdevneu.2014.06.003
https://doi.org/10.1016/j.ijdevneu.2014.06.003
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org/

Antezana et al.

Rottenberg, J., and Gross, J. J. (2007). Emotion and emotion regulation: A
map for psychotherapy researchers. Clin. Psychol. Sci. Pract. 14, 323-328. doi:
10.1111/j.1468-2850.2007.00093.x

Samson, A. C., Hardan, A. Y., Lee, I. A., Phillips, J. M., and Gross, J. J.
(2015a). Maladaptive behavior in autism spectrum disorder: The role of emotion
experience and emotion regulation. J. Autism Dev. Disord. 45, 3424-3432. doi:
10.1007/s10803-015-2388-7

Samson, A. C., Hardan, A. Y., Podell, R. W, Phillips, J. M., and Gross, J. J.
(2015b). Emotion regulation in children and adolescents with autism spectrum
disorder. Autism Res. 8, 9-18. doi: 10.1002/aur.1387

Samson, A. C., Huber, O., and Gross, J. J. (2012). Emotion regulation in
Asperger’s syndrome and high-functioning autism. Emotion 12, 659-665. doi:
10.1037/a0027975

Samson, A. C., Phillips, J. M., Parker, K. J., Shah, S., Gross, J. J., and Hardan, A. Y.
(2014). Emotion dysregulation and the core features of autism spectrum disorder.
J. Autism Dev. Disord. 44, 1766-1772. doi: 10.1007/s10803-013-2022-5

Samson, A. C., Wells, W. M., Phillips, J. M., Hardan, A. Y., and Gross, J. J.
(2015¢). Emotion regulation in autism spectrum disorder: Evidence from parent
interviews and children’s daily diaries. J. Child Psychol. Psychiatry 56, 903-913.
doi: 10.1111/jcpp.12370

Sasson, N. J., and Touchstone, E. W. (2014). Visual attention to competing social
and object images by preschool children with autism spectrum disorder. J. Autism
Dev. Disord. 44, 584-592. doi: 10.1007/s10803-013-1910-2z

Sasson, N. J., Dichter, G. S., and Bodfish, J. W. (2012). Affective responses by
adults with autism are reduced to social images but elevated to images related to
circumscribed interests. PLoS One 7:¢42457. doi: 10.1371/journal.pone.0042457

Sasson, N. J., Elison, J. T., Turner-Brown, L. M., Dichter, G. S., and
Bodfish, J. W. (2011). Brief report: Circumscribed attention in young children
with autism. J. Autism Dev. Disord. 41, 242-247. doi: 10.1007/s10803-010-
1038-3

Sasson, N. J., Turner-Brown, L. M., Holtzclaw, T. N., Lam, K. S. L., and Bodfish,
J. W. (2008). Children with autism demonstrate circumscribed attention during
passive viewing of complex social and nonsocial picture arrays. Autism Res. 1,
31-42. doi: 10.1002/aur.4

Schultz, R. T. (2005). Developmental deficits in social perception in autism: The
role of the amygdala and fusiform face area. Int. J. Dev. Neurosci. 23, 125-141.
doi: 10.1016/j.ijdevneu.2004.12.012

Sears, L. L., Vest, C., Mohamed, S., Bailey, J., Ranson, B. J., and Piven, J. (1999).
An MRI study of the basal ganglia in autism. Prog. Neuropsychopharmacol. Biol.
Psychiatry 23, 613-624.

Shaffer, R. C., Schmitt, L. M., Reisinger, D. L., Coffman, M., Horn, P., Goodwin,
M. S, et al. (2022). Regulating together: Emotion dysregulation group treatment
for ASD youth and their caregivers. J. Autism Dev. Disord. 1-21. doi: 10.1007/
$10803-022-05461-x

Singh, N. N, Lancioni, G. E., Manikam, R., Winton, A. S. W,, Singh, A. N. A,
Singh, J., et al. (2011). A mindfulness-based strategy for self-management of
aggressive behavior in adolescents with autism. Res. Autism Spectr. Disord. 5,
1153-1158. doi: 10.1016/j.rasd.2010.12.012

Smith, S. M., Jenkinson, M., Woolrich, M. W., Beckmann, C. F., Behrens,
T. E.J., Johansen-Berg, H., et al. (2004). Advances in functional and structural MR
image analysis and implementation as FSL. Neuroimage 23(Suppl. 1), 208-219.
doi: 10.1016/j.neuroimage.2004.07.051

Frontiers in Behavioral Neuroscience

18

10.3389/fnbeh.2022.1057736

Spencer, M. D., Chura, L. R,, Holt, R. J., Suckling, J., Calder, A. J., Bullmore,
E. T., et al. (2012). Failure to deactivate the default mode network indicates
a possible endophenotype of autism. Mol. Autism 3:15. doi: 10.1186/2040-23
92-3-15

Totsika, V., Hastings, R. P., Emerson, E., Lancaster, G. A., and Berridge, D. M.
(2011). A population-based investigation of behavioural and emotional problems
and maternal mental health: Associations with autism spectrum disorder and
intellectual disability. J. Child Psychol. Psychiatry 52, 91-99. doi: 10.1111/j.1469-
7610.2010.02295.x

Traynor, J. M., Gough, A., Duku, E., Shore, D. I, and Hall, G. B. C. (2019). Eye
tracking effort expenditure and autonomic arousal to social and circumscribed
interest stimuli in autism spectrum disorder. J. Autism Dev. Disord. 49, 1988-2002.
doi: 10.1007/s10803-018-03877-y

Turner-Brown, L. M., Lam, K. S. L., Holtzclaw, T. N., Dichter, G. S., and Bodfish,
J. W. (2011). Phenomenology and measurement of circumscribed interests in
autism spectrum disorders. Autism 15, 437-456. doi: 10.1177/136236131038
6507

Uddin, L. Q., Supekar, K., Lynch, C. J., Khouzam, A., Phillips, J., Feinstein, C.,
et al. (2013). Salience network-based classification and prediction of symptom
severity in children with autism. JAMA Psychiatry 70, 869-879. doi: 10.1001/
jamapsychiatry.2013.104

van Reekum, C. M., Johnstone, T., Urry, H. L., Thurow, M. E., Schaefer,
H. S., Alexander, A. L., et al. (2007). Gaze fixations predict brain activation
during the voluntary regulation of picture-induced negative affect. Neuroimage 36,
1041-1055. doi: 10.1016/j.neuroimage.2007.03.052

Wechsler, D. (1999). Wechsler abbreviated scale of intelligence. San Antonio, TX:
Psychological Corporation.

White, E. I, Wallace, G. L., Bascom, J., Armour, A. C., Register-Brown, K., Popal,
H. S, et al. (2017). Sex differences in parent-reported executive functioning and
adaptive behavior in children and young adults with autism spectrum disorder.
Autism Res. 10, 1653-1662. doi: 10.1002/aur.1811

White, S. W., Mazefsky, C. A., Dichter, G. S., Chiu, P. H,, Richey, J. A, and
Ollendick, T. H. (2014). Social-cognitive, physiological, and neural mechanisms
underlying emotion regulation impairments: Understanding anxiety in autism
spectrum disorder. Int. J. Dev. Neurosci. 39, 22-36. doi: 10.1016/j.ijdevneu.2014.
05.012

Wieckowski, A. T., Luallin, S., Pan, Z., Righi, G., Gabriels, R. L., and
Mazefsky, C. (2020). Gender Differences in emotion dysregulation in an autism
inpatient psychiatric sample. Autism Res. 13, 1343-1348. doi: 10.1002/aur.
2295

Winter-Messiers, M. A. (2007). From tarantulas to toilet brushes:
Understanding the special interest areas of children and youth with
Asperger syndrome. Remedial Spec. Educ. 28, 140-152. doi: 10.1177/
07419325070280030301

Yerys, B. E. (2015). “An update on the neurobiology of repetitive behaviors in
autism,” in International review of research in developmental disabilities, Vol. 49,
eds R. M. Hodapp and D. J. Fidler (Cambridge, MA: Academic Press), 91-150.
doi: 10.1016/bs.irrdd.2015.06.006

Yerys, B. E., Gordon, E. M., Abrams, D. N, Satterthwaite, T. D., Weinblatt, R.,
Jankowski, K. F., et al. (2015). Default mode network segregation and social deficits
in autism spectrum disorder: Evidence from non-medicated children. Neuroimage
Clin. 9, 223-232. doi: 10.1016/j.nicl.2015.07.018

frontiersin.org


https://doi.org/10.3389/fnbeh.2022.1057736
https://doi.org/10.1111/j.1468-2850.2007.00093.x
https://doi.org/10.1111/j.1468-2850.2007.00093.x
https://doi.org/10.1007/s10803-015-2388-7
https://doi.org/10.1007/s10803-015-2388-7
https://doi.org/10.1002/aur.1387
https://doi.org/10.1037/a0027975
https://doi.org/10.1037/a0027975
https://doi.org/10.1007/s10803-013-2022-5
https://doi.org/10.1111/jcpp.12370
https://doi.org/10.1007/s10803-013-1910-z
https://doi.org/10.1371/journal.pone.0042457
https://doi.org/10.1007/s10803-010-1038-3
https://doi.org/10.1007/s10803-010-1038-3
https://doi.org/10.1002/aur.4
https://doi.org/10.1016/j.ijdevneu.2004.12.012
https://doi.org/10.1007/s10803-022-05461-x
https://doi.org/10.1007/s10803-022-05461-x
https://doi.org/10.1016/j.rasd.2010.12.012
https://doi.org/10.1016/j.neuroimage.2004.07.051
https://doi.org/10.1186/2040-2392-3-15
https://doi.org/10.1186/2040-2392-3-15
https://doi.org/10.1111/j.1469-7610.2010.02295.x
https://doi.org/10.1111/j.1469-7610.2010.02295.x
https://doi.org/10.1007/s10803-018-03877-y
https://doi.org/10.1177/1362361310386507
https://doi.org/10.1177/1362361310386507
https://doi.org/10.1001/jamapsychiatry.2013.104
https://doi.org/10.1001/jamapsychiatry.2013.104
https://doi.org/10.1016/j.neuroimage.2007.03.052
https://doi.org/10.1002/aur.1811
https://doi.org/10.1016/j.ijdevneu.2014.05.012
https://doi.org/10.1016/j.ijdevneu.2014.05.012
https://doi.org/10.1002/aur.2295
https://doi.org/10.1002/aur.2295
https://doi.org/10.1177/07419325070280030301
https://doi.org/10.1177/07419325070280030301
https://doi.org/10.1016/bs.irrdd.2015.06.006
https://doi.org/10.1016/j.nicl.2015.07.018
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org/

	Effects of nonsocial and circumscribed interest images on neural mechanisms of emotion regulation in autistic adults
	Introduction
	Materials and methods
	Participants and procedures
	Measures
	Autism diagnostic observation schedule – G
	Wechsler abbreviated scale of intelligence
	Inventory for repetitive behavior
	Repetitive behavior scale-revised

	Cognitive reappraisal training sessions
	Cognitive reappraisal functional magnetic resonance imaging task
	Picture ratings
	Eye tracking and pupillometry measures

	Data analysis plan
	Statistical analysis
	Functional magnetic resonance imaging analysis
	Post-hoc generalized psychophysiological interaction analysis
	Brain-behavior correlations


	Results
	Affective ratings
	Valence ratings
	Arousal ratings

	Pupillometry and eye tracking
	Pupillometry
	Eye tracking

	Functional magnetic resonance imaging
	Group differences in omnibus contrasts
	Group differences in main effects (Enhance positive, enhance negative, pre-regulation, both regulation) by stimulus type
	Group differences in main effects of nonsocial objects
	Group differences in main effects of circumscribed interests

	Group differences in regulation vs. pre-regulation contrasts by stimulus type
	Group differences in regulation vs. pre-regulation of nonsocial objects
	Group differences in regulation vs. pre-regulation of circumscribed interests

	Group differences in circumscribed interests vs. nonsocial object contrasts

	Group differences in functional connectivity
	Correlations between brain activation and repetitive behaviors

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


